N

N

Thermal behaviour modelling of superplastic forming
tools
Vincent Velay, Thierry Cutard, N. Guegan

» To cite this version:

Vincent Velay, Thierry Cutard, N. Guegan. Thermal behaviour modelling of superplastic forming
tools. EuroSPF08 - 6th EUROSPF Conference, Sep 2008, Carcassonne, France. p. 1-9. hal-00348613

HAL Id: hal-00348613
https://hal.science/hal-00348613
Submitted on 19 Dec 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00348613
https://hal.archives-ouvertes.fr

6" EUROSPF Conference

THERMAL BEHAVIOUR MODELLING OF
SUPERPLASTIC FORMING TOOLS

Vincent. VELAY"', Thierry CUTARD', Nicolas GUEGAN®

'"Toulouse University — Mines Albi- Research Centre on Tools, Materials and Processes (CROMeP)
Campus Jarlard — 81013 Albi Cedex 09 - FRANCE
vincent.velay@enstimac.fr
thierry.cutard@enstimac. fr
*Metal Forming Manager — AIRBUS France
316 route de Bayonne — 31060 Toulouse Cedex 9 — France
nicolas.guegan@airbus.com

Abstract

High-temperature operational conditions of super plastic forming (SPF) tools induce very complex thermo-
mechanical loadings responsible to their failure. Various materials can be used to manufacture forming tools: ceramic,
refractory castable or heat resistant steel. In this paper, an experimental and numerical analysis is performed in order to
characterise the environmental loadings undergone by the tool whatever the considered material. This investigation allows to
lead a thermal calculation. It is a preliminary and essential stage to perform the complete thermo-mechanical calculation in
order to assess accurate stress levels, or plastic strain occurring during the forming process.
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1 INTRODUCTION

Heat resistant cast steels or ceramic materials are currently used to manufacture SPF tools
[1,2]. They allow to form superplastically titanium based sheets. The environmental
conditions are severe as the superplastic forming process is carried out at a maximal
temperature close to 900°C (inside the heating press) and at a minimal temperature
depending on the location at the surface of the die close to 200°C when the mould is pulled
out from the heating press to replace the formed component by a new sheet [3]. These thermal
cyclic conditions are repeated as many times as necessary to produce the required number of
parts to be manufactured during one campaign. They induce mechanical stresses and cyclic
plasticity that lead to the failure of the die. These mechanisms are very difficult to evaluate
from an experimental point of view. Numerical simulation seems to be an accurate way to
reach such information in order to optimise the tool design [4] and to improve its lifetime [5].
So, constitutive models can be developed to reproduce the mechanical behaviour of tools
depending on the material used to manufacture the mould [5,6]. However, the temperature
fields have to be first determined precisely during the whole forming process. Indeed, an
accurate mechanical behaviour model will not be useful if the thermal gradients within the
tool are not well assessed. In this investigation, the thermal environment and behaviour of
SPF tools are investigated for both materials commonly used to manufacture SPF dies: a heat
resistant steel and a ceramic material. Two geometries combining shapes close to those
considered on industrial SPF tools are investigated. The first one considers a heat resistant
cast steel whereas the second one is manufactured with a fused silica based ceramic material.
For both geometries, temperature measurements are performed on the one hand on an
industrial SPF press furnace and on the other hand on a pilot heating facility dedicated to
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reproduce the cooling-heating operations occurring in the SPF process and developed at the
Research Centre on Tools, Materials and Processes (CROMeP). Moreover, thermal

simulations of SPF tools are performed and are then compared with the temperature
measurements provided both by the industrial press and the pilot heating facility.

2 EXPERIMENTAL INVESTIGATION

2.1 MATERIALS AND TOOLS
Materials investigated are widely used to manufacture SPF tools: a heat resistant cast

steel and a fused silica based ceramic are examined. Thermal properties of both materials
are presented in tables 1 and 2. The density are not temperature dependant, p= 8200

Kg/m® for steel and p = 1940 Kg/m® for the brittle monolithic ceramic.

Table 1: Thermal properties of heat resistant cast steel
Tem[f;eé;‘t“re 20 | 100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000
Specific
Heat Cp 415 442 464 481 498 520 561 571 581 595 610
[J/kg/K]
Thermal
Conductivity 9 11 13 14 16 18 21 23 24 26 28
A [W/m/K ]
Table2: Thermal properties of fused silica based ceramic
Tem[‘iecr?m 20 100 200 500 600 900
Specific Heat
Cp [J/ke/K] 737 856 1002 1240 1340 1650
Thermal
Conductivity 0.91 1.05 1.14 1.45 1.54 1.87
A [W/m/K ]

The tool shapes investigated consider severe geometric singularities (hole, humps, ramps
...) in order to reproduce the thermal gradients induced in the industrial dies. Figure 1

presents the fused silica based ceramic (a) and the steel moulds (b).
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Figurel: a: Silica based ceramic die; b: cast steel die
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2.2 THERMAL CYCLES

Thermal cycles typical of the SPF process have been measured on both tools. In situ
monitoring of the temperature at the surface of the tool was performed using K-
thermocouples as presented in figure 1b. Twenty thermocouples were considered for the
heat resistant tool and fifteen for the ceramic one. All of them were welded (steel die) or
glued (silica die) at the surface of the tools. One of them was located at bottom surface in
contact with the heating platen in order to control the temperature ramp during the heating
operations. Different test campaigns were performed on an industrial SPF press (located in
AIRBYS St-Eloi plant) and also on the CROMeP pilot facility. Thermal cycles
investigated are representative to the industrial ones with a cooling time between 2 and 10
minutes. Several phases can define a test campaign (see figure 2). The first stage consists
in a slow increase of the temperature till 900°C. The stage n° 2 includes a temperature
stabilisation (FT) followed by the heating press opening to allow the tool pull out and
implies a cooling of the part (C + HT). Finally, the die is pushed into the furnace again
that induces an increase of the tool surface temperature (H). The stage 2 is repeated as
many time as necessary to produce the required number of components. Last, the stage 3
considers the end of the campaign with a slow decrease of the temperature towards the
room temperature. The thermal cycles defined in the stage 2 consider a heating time
around two hours in order to ensure a thermal stabilisation after the furnace charging. This
stage is repeated eleven times on the industrial SPF press and twice on the CROMeP
heating facility both for the heat resistant steel and for the ceramic mould.
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Figure 2: Description of the different stages of a SuperPlastic Forming campaign
2.3 RESULTS

For all campaigns, the heating platens were fixed to a temperature of 900°C. The heating
time was calculated in order to obtain a temperature gap between the minimal temperature
(at the surface of the mould) and the maximal temperature (at the bottom) not exceeding
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10°C. The figure 3 illustrates typical thermal cycles undergone by the cast steel die for
different cooling times between 2 and 10 minutes. Two thermocouple locations are
examined. The first one considers the temperature field monitored in a hole and the
second one monitored in a hump. In this last case, a minimal temperature around 550°C is
reached for a cooling time of 10 min whereas a minimal temperature around 700°C is
provided by the thermocouple welded in the hole. Figure 3 concerns thermal tests
performed on the industrial SPF press. Several cycles were performed, a cyclic
stabilisation was observed. Moreover, the same experimental campaign was conducted
twice and a good repeatability was obtained whatever the considered tool. These tests
were also conducted on the CROMeP heating facility. Figure 4 shows a comparison of the
thermal cycles provided by the two devices set up at the same location, for the ceramic
mould and two cooling times (2 and 10 min). A good correlation between the two cycles
can be noticed for the cooling operation. However, some differences were observed
during the heating phase with a temperature rate provided by the CROMeP heating facility
more important as illustrated in figure 4. Indeed, the thermal environment is not exactly
the same for both devices, so that the thermal gradient induced into the tool is less
important in the case of the industrial press.
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Figure 3: Thermal cycles at different locations at the surface of the tool for several cooling
times
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Figure 4: Comparison of the thermal cycles provided by the industrial SPF press (dot
lines) and those obtained with the CROMeP heating facility (continuous lines) in the case
of the ceramic die)

Whatever the locations investigated at the surface of the metallic or ceramic tools, the
same conclusions can be formulated. These experimental thermal cycles allow to
characterize the thermal environment of SPF dies and to validate a Finite Element model
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able to assess the cyclic thermal gradients induced in the moulds and responsible for the
tool damage.

3 THERMAL CALCULATION

3.1 MODELLING

Both geometries were meshed with linear tetrahedron element types. As the global size of
the metallic tool is twice as important, Finite Element models generated consider about
102000 degrees of freedom (dof) for the metallic mould and 75000 dof for the ceramic
die. Figure 5 shows the Finite Element meshes of the metallic and ceramic tools.

(a) metallic tool (b) ceramic tool
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Figure 5: Finite Element meshes of the metallic (a) and ceramic (b) tools

The heat transfer analysis is performed with ABAQUS® software. It combines
conduction, convection and radiation to describe the different stages of the SPF process.
Equation 1 is considered to perform an uncoupled heat transfer analysis:

Jy PCpEedV = — [ AATAV + [, rdV 0

where p, A and C, are the thermal material properties presented in the previous section. T
is the temperature field, V is the volume of the tool and r is the heat supplied externally
into the body per unit volume. Several thermal boundary conditions have to be considered.
First, in order to reproduce the heating operation, prescribed temperature T is specified on
the surface of the tool in contact with the lower heating platen whose value is provided by
the thermocouple welded at this location. Second, prescribed surface heat flux allows to
consider surface convection and to take into account the cooling of the part, it can be
described by equation 2:

q=h(T—Tx) )

where h is the film coefficient and T the sink temperature. Last, surface radiation was
taken into account by equation 3 in order to describe the heat losses during the cooling
phase and the temperature increase during the heating phase:
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where A the constant radiation (emissivity times the Stefan-Boltzmann constant) and T is
the absolute zero. An initial temperature equals to 900°C was considered for all the
simulations. So only stationary calculation is considered and thermal cycles are assumed
to be stabilized. Moreover, the first temperature increase at the beginning of the SPF
campaign and the last decrease at the end were not investigated.

3.2 RESULTS

Emissivity of metallic material was considered as equal to 0.82 and to 0.5 for the ceramic
one. The sink temperature was selected to be 25°C corresponding to the ambient
temperature during the cooling stage and 900°C during the heating stage corresponding to
the hearth temperature. Moreover, experimental thermal cycles allow to determine an
uniform film coefficient at the surface of the tools close
radiation conditions, a sink temperature of 25°C is considered for the cooling phase and
900°C for the heating stage. Last, temperature evolution monitored by the thermocouple
welded on the surface in contact with the bottom was applied to simulate the thermal
loading/unloading. Figure 6 illustrates a comparison between experimental and calculated
thermal cycles at different locations at the surface of the metallic mould.
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Figure 6: Comparison of experimental and calculated thermal cycles for two different
locations at the surface of the metallic mould (hole and hump)

Same agreements between experimental and numerical responses are obtained for the
other locations at the surface of the tool. Moreover, the same investigation conducted on
the ceramic mould leads to the same conclusions (figure 7).
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Figure 7: Comparison of experimental and calculated thermal cycles for two different
locations at the surface of the ceramic mould (hole and hump)
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Figure 8 presents the temperature maps for both forming tools at the end of the cooling (10
min). It is obvious that the maximal temperature is obtained at the lower surface of the mould,
surface in contact with the heating platen, whereas the minimal temperature occurs at the
upper surface specifically in the corners of the die and on the hump. A maximal temperature
change of 225°C between the hottest and coldest conditions is calculated. Same observations
can be formulated for the ceramic tool, but the maximal temperature change increases up to
550°C. Repeated thermal loadings induce a cyclic plasticity (metallic mould) and high stress
levels (ceramic mould) responsible for the tool damage.
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Figure 8: Calculated temperature fields at the end of the cooling operation: (a) steel and
(b) ceramic moulds

In order to reproduce the thermo-mechanical loading of SPF dies, it is quite necessary to well
assess the thermal gradient induced into the tools during the forming process. Otherwise the
thermo-mechanical calculation will not be efficient to obtain accurate strain and stress levels
even if the mechanical model used to describe the material behaviour (metallic or ceramic) is
relevant. This was the main objective of this study. Hence, the next part proposes an example
of thermo-mechanical calculation that intends to reproduce the complete super plastic forming
cycle.

4 THERMOMECHANICAL ANALYSIS

In this part, only the heat resistant cast steel is investigated. The mechanical approach used to
reproduce the material behaviour was investigated in the PhD work of Martinier [7]. A
viscoplastic model is used. It is able to take into account strain rate and dwell time effects
that becomes very important at high temperature. This model was implemented in ABAQUS®
software using Z-mat library [8]. An uncoupled Finite Element simulation is considered, it
consists in reading the temperature map provided by the pure thermal simulation. Thus, an
example of a complete Super Plastic Forming cycle can be simulated. First, an initial
temperature of 900°C is considered into the tool (isothermal steady state). Moreover, the floor
that supports the die is considered to be a rigid surface. Then, the calculation can be divided
into 5 different stages:

- stage 1 (4s): a pressure of 2 MPa is applied on the edges of the upper surface, it
reproduces the clamping pressure of the sheet

- stage 2 (3600s): the forming pressure is applied on the whole upper surface to
simulate the sheet forming
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- stage3 (4s): all pressures are released

- stage 4: the mould is pulled out from the heating press, it corresponds to the
cooling phase

- stage 5: the mould is pushed into the press again to form a new component.

Stages 1 to 5 illustrate a complete SPF cycle. The simulation of the first forming cycle
was performed, it allows to conclude that a slight plasticity occurs during the clamping
pressure application (Stages 1 to 3). But the maximal plasticity and stress concentrations
occur at the end of the cooling phase. So, stage 4 seems to be the most damaging step of
the forming process cycle. Figure 9 illustrates the von Mises stress and equivalent plastic
strain maps at the end of the cooling stage (2 min). Then, the critical locations where the
tool could be preferentially cracked can be determined.

Von Mises Stress Equivalent plastic strain
. SDV7
S8, Mises {Ave. Crit.: 75%)
fAve. Crit.: 75%) +3.385=2-03
+9,8532a+01 +3.1168-03
+5.764e+01 +2.833e-03
+7.996e+01 +2.550e-03
+7.2259e+01 +2.267-03
+6.461e+01 +1.5984e-032
+5 . 893 a+01 +1.70le-032
+4.026a+01 +1.2i82-03
+4.158e+01
+32 S0e+01
+2.8622e+01
+1.855e+01
+1.,087e+0l1
+ 123e+00

Deformation scale factor 50

Figure 9: Calculated von Mises stress and equivalent plastic strain maps at the end of the
cooling phase.

This methodology can be applied to perform design optimisation of industrial dies. It
would consist in modifying the shape in order to reduce the cyclic plasticity and the stress
concentrations in the tool and consequently would allow to increase the lifetime.

5 CONCLUSION

A methodology to describe the thermal behaviour of SPF dies was developed. It considers
two materials used to manufacture SPF tools. It includes a complete experimental
investigation providing in-situ temperature measurements at different locations on the
surface of the moulds. Two main experimental campaigns were conducted, on an
industrial press and on a laboratory heating facility. It allows to validate the different
parameters required by the numerical simulation (film coefficient, sink temperatures,
emissivity ...). This work is an important preliminary stage before performing the thermo-
mechanical calculation of a complete Super Plastic Forming cycle. One example is given
for a heat resistant cast steel mould. A mechanical model developed in non isothermal
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conditions [7] was used to run the Finite Element simulation. So, the critical locations can
be assessed in terms of cyclic plasticity or stress concentration. This approach can
constitute an efficient numerical way to optimise the mould design in order to increase its
lifetime.
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