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Abstract

Tribological conditions in forming operations depend on several parameters such as tool-workpiece interface pressure,
surface expansion, sliding length, sliding speed, tool and workpiece materials and the roughness of the parts. Among
indirect parameters, the most influential one is the tool-workpiece interface temperature, which directly influences the
lubricant performance. Prior to testing new tribo-systems to determine their limits of lubrication, it is therefore
important to find the interface temperature. However, measurement of the interface temperature in metal forming is
difficult. The present work investigates the determination of the interface temperature in an industrial ironing
operation, where severe process parameters lead to lubricant film breakdown and galling after several strokes. The
methodology combines finite element simulations and experimental measurements. The overall procedure is based on

a steady-state thermal analysis to determine the temperature distribution within the tool and a transient thermo-



mechanical analysis of the ironing process when steady-state conditions are achieved. Results show that the proposed
methodology applied to a single stroke can effectively and accurately predict the interface temperature in the test tool,
thus avoiding the otherwise required thermo-mechanical FEM analyses of hundreds of strokes to reach steady-state.
Furthermore, the influence of parameters, such as the predicted steady-state tool temperature, the friction coefficient
and the heat transfer coefficient on the contact temperature, is analysed. It is concluded that the frictional heating is
the primary cause for the peak temperature. By calibration of the friction coefficient and the heat transfer coefficient
to ensure matching of the numerical results and the experimental measurements, a maximum tool-workpiece interface

temperature of 158°C was determined during the forward stroke and 150°C during the backward stroke.
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1. Introduction

Up to 95 % of the mechanical energy involved in metal forming processes is transformed into heat. The generated
heat partly stays in the deformed material, partly flows into the undeformed region, the tooling and the environment.
The distribution and the level of the temperature in a forming process mainly depend on the initial temperature of each
component, the heat generation through friction and plastic deformation, and the heat transfer between the parts and
the lubricant and the parts and the environment (Farren and Taylor, 1925).

The prediction of the tool-workpiece interface temperature in a metal forming process is an important issue due to
its effect on friction and lubrication. Increasing temperature implies lower viscosity of the lubricant, diminishing film
thickness and the risk of film breakdown, metal-to-metal contact between tool and workpiece surface, pick-up and
galling (van der Heide and Schipper, 2003, Olsson et al., 2004, Friis et al. 2008, Ceron et al., 2014). Increased
temperature due to forming may on the other hand also facilitate the process in some cases. In solid film lubrication

(e.g. in cold forging lubrication with conversion coating and soap), increasing temperature results in lower friction



(Wibom et al., 1994, Bay et al., 2011). In boundary lubrication, the lubricant additives may be activated at a certain
temperature level. By chemical or physical adsorption or by chemical reaction, a boundary layer of only one or a few
molecules can prevent metal-metal contact to be formed (Schey, 1970).

Determination of the tool-workpiece interface temperature has been a subject of intense research. A way to measure
the interface temperature experimentally is to establish a hot junction between the thermocouple wires at the contact
interface (Jimbo et al., 1998). Alternatively, the two conductor metals can be placed onto a surface if it has uniform
temperature and is conductive (Henningsen et al., 1998). When the access to the contact is limited, the thermocouple
wires can be welded into the tool, close to the surface contacting the workpiece material, while making sure that the
drilled holes do not weaken the rigidity of the tool (Nielsen, 2011). This indirect measurement technique requires
extrapolation by analytical or numerical solutions for an accurate estimation of tool-workpiece temperature.

Pereira and Rolfe (2014) have studied sheet stamping of high strength steel on a single-action, mechanical press in
order to investigate the friction- and deformation-induced heating. They developed a thermo-mechanical, numerical
model and validated their predictions against temperature measurements at a low speed. Then, the numerical model
was used to replicate the production-type operation condition with 32 strokes per minute (spm). They found that the
frictional heating was the primary cause for the peak temperature at the die surface. However, the developed model
did only emulate single-stroke operations. Fallahiarezoodar et al. (2016) have investigated the temperature increase
in the tool-workpiece interface in U-channel drawing and deep drawing for single as well as multiple strokes. They
found that the maximum temperature rise in the tool-workpiece interface reached 120 °C in only nine strokes. It is
vital to ensure that the process is in a steady-state condition before determining the interface temperature. Nielsen et
al. (2011) predicted the tool-workpiece temperature for an industrial deep drawing and ironing operation of AISI 304
stainless steel, performed in a five-step progressive tool. They measured the tool temperature 2 mm from the contact
surface in the final ironing operation during which the wall thickness was reduced by 25%. The developed thermo-
mechanical model simulated 100 strokes. The numerically calculated temperature was then compared with the
experimental measurements for validation of the model. They determined the maximum interface temperature to
110°C in the production test at 100 spm using a PM tool steel, VVancron 40, as tool material and a chlorinated paraffin

oil, Castrol PN226, as lubricant. Afterwards, they tested various tribo-systems in laboratory conditions using the



previously found industrial interface temperature. However, they reported very long CPU time and convergence
problems using DEFORM™ 2D. State of the art shows that determination of interface temperatures in industrial metal
forming is performed either for a limited number of strokes without ensuring steady-state production conditions or by
inefficient numerical modelling.

The present study reports on the determination of the contact temperature in a tribologically severe multistage deep
drawing and ironing process applied by the Danish company Grundfos. The aim is to analyse the tool-workpiece
interface temperature in production in order to carry out subsequent laboratory tests of several alternative tribo-
systems under realistic conditions. The analysis is based on a recently developed combined numerical-experimental
approach (Ceron et al., 2014). The experimental measurements of temperature in a few points of the tool are the inputs
to the thermal modelling of steady-state conditions. The determined temperature distribution in the tool is used as a
boundary condition in the subsequent thermo-mechanical analysis. In this way, the thermo-mechanical model
simulates the stage when the production is already in a steady-state condition, thereby avoiding the simulation of the
preceeding hundreds of strokes, which leads to steady-state conditions. The model is validated by experimental
measurements, and it is furthermore tested with and without inclusion of frictional heating to evaluate the reliability
of the thermo-mechanical coupling. Finally, the sensitivity of the model is examined to estimate the effect of the initial

steady-state temperature distribution of the tool, varying friction coefficient and heat transfer coefficient.

2. Experimental Set-Up

2.1. Process Conditions

The industrial ironing operation is performed on a Raster 400 ton mechanical press with link drive operating at 38

spm. Fig. 1a and b shows an outline of the ironing operation.
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Fig. 1. a) Tool set-up for ironing, open tool, b) set-up during ironing, ¢) ram speed as a function of ram displacement.

The direction of the velocity pattern is clockwise. BDC and TDC indicate the bottom and top dead centers.

The ram speed of the eccentric press can be adjusted by introducing a linkage system. Fig. 1¢ shows the speed with
and without the link drive. Negative ram speed corresponds to the punch moving downwards. Introducing the link
drive has the advantage of decreasing the forward forming speed to protect the tool and increasing the backward

ejection speed of the punch to increase the productivity.
2.2. Temperature Measurement

Fig. 2 shows a schematic of the ironing punch applied. The tribologically critical region is the punch nose encircled

by an ellipse in Fig. 2a, where the workpiece-punch contact occurs.
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Fig. 2. a) Schematic drawing of the ironing punch, b) top view of the ironing punch with the main components used

in the assembly, c) assembled ironing punch and main components seen from below.

The aim is to measure the temperature as closely to the contact interface as possible. Fig. 2a shows the location of
the holes for thermocouples. They are 86.3 mm deep and the diameter is 2.2 mm. The distance from the center of the
holes to the outer surface of the punch nose is 4.375 mm and 5.375 mm, respectively. The holes were manufactured
by Electrical Discharge Machining (EDM). For identification of the actual geometry, flatness and positioning of the
holes, Computed Tomography (CT) scanning was applied. For the experiments, a T-type thermocouple with a

grounded probe was selected.



Fig. 2b shows the punch from above after mounting of the thermocouples. The punch foot was provided with a
plane side matching a plane side of the on the right hand side of the punch-housing in order to prevent the punch from
rotating during production. The punch base was supported by an upper plate provided with grooves for the
thermocouple wires. Fig. 2¢ shows the assembly of the parts. Temperature acquisition was conducted using a National
Instruments NI-9212 input module with 8 channels, a maximum sampling rate of 95 measurements per second (per

channel) and an accuracy of 0.71 °C.

3. Numerical Model

The numerical analysis includes two steps:
a- Steady-state thermal analysis of the punch.

b- Transient thermo-mechanical analysis of the ironing process.

3.1. Steady-state analysis

The first step of the numerical analysis is to estimate the temperature distribution in the ironing punch when the
steady-state condition is reached. The aim of this model is to determine a temperature field for the punch without
simulating the multiple steps before steady-state is obtained.

Fig. 3 shows the 2D-axisymmetric finite element mesh of the punch. The punch was discretized by approximately
1650 quadrilateral solid elements and 2400 nodal points. The nodes subjected to a fixed input temperature value are
highlighted in yellow in Fig. 3a. During the actual production, the punch was mounted in the tooling system which
restricted direct access to the punch. The yellow nodal points at the punch base were assumed to have a constant
temperature Tpase = 40°C at steady-state. This assumption was chosen between a lower limit of 28.2°C representing
the room temperature and an upper limit of 50°C representing the punch nose temperature measured by a laser gun
two seconds after production stop. The accuracy of the assumption will be analysed in section 4.3.1. Two
thermocouples were inserted into the tool with varying distances to the punch nose. The position of the nodes where

the temperature was measured are shown in Fig. 3a. Due to limitations in the allocated time for testing in production,



the output of thermocouple A could not be read. The temperature of thermocouple B was measured as Tg = 112°C at
steady-state. The input temperature of node B in the steady-state model is therefore assigned to 112°C.

The steady-state thermal analysis was run for thermal isotropic punch material using the implicit solver of the finite
element software LS-DYNA. The resulting temperature field is shown in Fig. 3b. The heat capacity and the thermal
conductivity of the tool material Vanadis 4E are shown in Table 1. The temperature of each node was saved in an
output file, which was subsequently used as input temperature distribution of the punch for the transient thermo-

mechanical coupled analysis.
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Fig. 3. a) 2D-axisymmetric finite element model of the ironing punch and location of the prescribed temperature

boundary input nodes A and B. b) Steady-state temperature distribution in the punch.

3.2. Transient thermo-mechanical analysis

The second step of the numerical analysis is based on a thermo-mechanically coupled approach of the ironing
process calculating the heat generation due to plastic deformation and frictional work and the heat transfer and heat

loss. The frictional work transformed into heat is assumed as 100% whereas the plastic work transformed into heat is



assumed as 95% because the remainder 5% are assumed to be expended to cause changes in dislocation density, grain
boundaries and phases. This procedure allows taking the temperature dependency of the mechanical properties of the
workpiece and the tool into account.

In this coupled thermo-mechanical simulation, the calculations are based on the relation given in Fig. 4.

Mechanical Thermal
. Geometry :

e  Plastic work e Heat from plastic work
Part contact gap thickness e Contact conductance based
Temperature dependent on gap thickness
material properties e Heat from interface friction

e  Thermal expansion _ e Update temperature

e Update geometry Temperature

Fig. 4. Representation of thermo-mechanical coupling (Shapiro, 2003).

Fig. 5 illustrates the geometry of the problem and the corresponding finite element model. The model is
axisymmetric and neglects the volume of the thermocouple holes, since it corresponds to less than 3% of the entire
volume of the ironing punch and since a previous investigation (Ustiinyagiz, 2018) corroborates this assumption
showing no significant difference in the distribution of temperature obtained with a full three-dimensional model with
thermocouple holes and a simplified three-dimensional model without holes. The overall tooling system was
discretized by approximately 5000 quadrilateral solid elements. Initially, the undeformed blank was discretized by
1250 elements and the previous deep drawing operations were simulated. The deformed shape of the part together
with the distribution of the variables related to the deformation history was used as input for the thermo-mechanical

ironing process.

The tools were assumed rigid. The workpiece material, stainless steel EN 1.4301, was modelled as a piecewise
linear plastic material. The stress-strain curve, obtained through plane strain compression tests is illustrated in Fig. 6.
No inertia effects were taken into consideration because the workpiece material is strain rate independent at the process

working conditions (Doege et al., 1986).
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Fig. 5. Representation of 2D-axisymmetric, thermo-mechanical finite element model.

The overall system was assumed to be thermal-isotropic. The material properties used in the numerical model in

addition to Fig. 6 are presented in Table 1.
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Fig. 6. Flow stress curve for EN 1.4301 obtained from plain strain compression tests.
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Table 1. Material parameters used in numerical simulations.

Parameter Tool, Vanadis 4E Workpiece, 1.4301 (AISI 304)
(Uddeholm, 2017) (Outokumpu, 2013)

Young’s modulus [GPa] 206 200

Poisson’s ratio 0.3 0.3

Structural density [9/m?] 7.7 7.9

Heat conductivity [W/m-K] 30 15

Heat capacity [Jkg K] 460 500

Measurements with an infrared digital temperature gun with laser point showed an initial temperature of the
workpiece strip before ironing of 40°C. The accuracy of measurement was +/-1°C. The lower die temperature was
measured similarly to be 42°C. These values were used as input for the numerical simulations. The initial temperature
distribution in the punch was taken from the steady-state analysis. The elements along the punch nose were subjected
to heat transfer by flushing of the punch nose with a 30°C lubricant. The constant heat transfer coefficient between
lubricant and punch was assumed to be 0.15 kWw/m?K (Ustiinyagiz, 2018). The constant heat transfer coefficients
between the punch and the workpiece strip and between die and the workpiece strip were 100 kW/m?2K (Olsson et al.,
2004). In production, lubrication in the ironing operation is flushed over the punch before as well as after the forward
stroke. Friction was modelled by means of the Coulomb friction law and a friction coefficient u=0.04 was selected
(Altan and Tekkaya, 2012), which also matches with experimental temperature measurement as seen later. The
maximum shear stress applied in the Coulomb friction law was taken from the material flow stress.

The ram speed used for the numerical analysis is illustrated in Fig. 7. The distance from the punch nose to the
flange surface in the bottom dead center was given by the company. The displacement curve in the forward and
backward strokes and the corresponding velocity curve are shown in Fig. 7. The corresponding process window,
where the ironing process takes place, is identified with a blue rectangular box. This determines the velocity input in

the numerical analysis.
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Fig. 7. Ram speed and displacement as a function of time with identification of the ironing process window.

4. Results and Discussion
4.1. Validation of Numerical Results by Experimental Measurements

Fig. 8a shows the experimental temperature development Tg in position B. Tgincreases rapidly in the beginning of
the production and reaches 110°C after 100 strokes (i.e., within three minutes). Afterwards, the temperature increases
very slowly to 112°C at 150 strokes and reaches the maximum value of 114°C after 300 strokes. The stroke number

150 is assumed as the begining of the steady-state regime.

The experimental measurement of three consecutive temperature cycles after stroke number 150 is shown in Fig.
8b together with the corresponding numerical simulation. In order to take into account the elastic expansion and
deflection of the lower die, its radial displacement was calculated by the numerical model assuming elastic tools. The
lower punch expanded 0.03 mm radially during the forward stroke and 0.015 mm during the backward stroke. These
elastic tool displacements were implemented in the model with rigid tools and the temperature Tg was calculated,
since this turned out to give more stable temperature calculation than running with the elastic tools. The output of the

calculated temperature distribution in the punch was used as input for the following stroke. The calculated temperature
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Tg in three consecutive strokes is shown in Fig. 8b. The difference in the maximum standard deviation between
experimental and numerical temperature is 0.04 %. Including elastic contraction of the lower die during the backward

stroke predicts the temperature evaluation accurately and will be used in the parametric study in the following.
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Fig. 8. a) Experimental temperature evolution of thermocouple B in production test and b) numerical and experimental

temperature evolution of thermocouple B for three consecutive temperature cycles after stroke number 150.

4.2. Numerical Model Analysis

To analyse the validity of the numerical model, heat generation due to plastic deformation and friction and its effect
on the temperature distribution within the workpiece as well as in the punch are studied. For this purpose, the
simulations are performed with two friction coefficients, u = 0 and 0.04. The frictionless condition is chosen to
determine the heat generation due to plastic deformation only. The friction coefficient u = 0.04 is the value proposed

for this specific ironing application. Justification for this value is given in section 4.3.2.
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Fig. 9a shows the forming window (refer to Fig. 7) in terms of the ram displacement and time when the ironing
process takes place. The cross signs represent the times when the temperature values were taken from the specific
nodes along the radial axis. The temperature values were read when the maximum temperature appeared during the
forward stroke at t = 0.88 s and during the backward stroke at t = 1.04 s. Along the radial axis with the same z-
coordinate, four nodes in the punch and four nodes in the strip were taken. The selected nodes are shown with black
points under each figure in Fig. 9b and Fig. 9c. The illustrated temperature distributions are shown for yu = 0.04.

Fig. 9b and Fig. 9c show that frictional heating, when u = 0.04, results in considerably larger temperature gradients
along the cross section of tool and workpiece than when u = 0 with a steep rise towards the tool-workpiece contact.
As the process continues, during the backward stroke the temperature along the workpiece cross-section becomes
more even depending on the contact conditions and heat capacity of the material.

Fig. 10 shows the instantaneous maximum temperature along the punch contact surface as a function of time. For
this specific ironing process, the average reduction during the forward stroke is 20% and 4% during the backward
stroke. The contribution from deformation heating during the forward stroke should therefore be expected to be
considerably higher than during the backward stroke. However, it was realised that the collar drawing results in thinner
wall at the lower edge of the workpiece, whereas the wall was thicker towards the die corner (See Fig. 9¢). As a result,
higher strains, and consequently higher temperature, were observed right before the ejection of the punch when t=1.03
s. The results show that the deformation-induced heating gives rise to a temperature of up to 130°C during the forward
stroke, while the maximum temperature during the backward stroke reaches 120°C. The instantaneous maximum
temperature curve taking both deformation and frictional heating into account increases to a peak temperature of

158°C during the forward stroke and 150°C during the backward stroke.
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Fig. 10. Instantaneous maximum punch temperature versus time obtained with deformation heating only and with

deformation and frictional heating for u = 0.04.

The numerical model was furthermore applied to analyse the temperature development within the tool at various
distances from the contact surface. Fig. 11 shows the calculated temperature of nodes B, C and D with the distances
4.375 mm, 1.3 and 0.4 mm to the contact surface, respectively. Node E is located on the surface of the punch. The
temperature response of the contact node, E, is the fastest node as a consequence of the direct contact with the
workpiece undergoing plastic deformation. As soon as the contact ceases, the temperature in node E decreases. As
regards node D located 0.4 mm below the punch surface, the peak temperatures for both forward and backward strokes
appear slightly later than observed in contact node E. Moving further away from node E to node C, the fluctuations
are almost vanished and replaced by a slight, monotonic increase in temperature and in node B, representing the
location of the thermocouple, the temperature is almost constant. Overall, it can be stated that the larger the distance
from the contact zone is, the further the delay in temperature increase/decrease response is. Furthermore, while the
temperature response and corresponding delay are significant close to the contact zone, the temperature remains almost

constant around the inner region of the punch including the region around the thermocouple B.
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4.3. Sensitivity Analysis

In the previous section, the calculated maximum contact temperature was 158°C during the forward stroke and
150°C during the backward stroke. This section investigates the influence of the predicted tool temperature distribution
in steady-state conditions, the selected friction coefficient range and the heat transfer coefficient on the calculated

contact temperature.

4.3.1. Influence of predicted steady-state tool temperature distribution

The calculated steady-state temperature distribution in the punch was given in Section 3.1. As indicated before, a
constant temperature of 40°C was assigned to the nodes along the punch base. The referred nodes are marked in yellow
within the rectangular box in Fig 12a. The steady-state temperature distribution of the punch was re-calculated by
assigning two new base temperatures of the punch, 28.2°C and 50°C. These values were selected as extrema, since the
environmental temperature in production was 28.2°C and the maximum temperature tip of the punch nose was

measured as 50°C. After obtaining the steady-state temperature distribution of the punch adopting the two new
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boundary temperatures, 28.2°C and 50°C, the thermo-mechanical calculation was performed again with the
corresponding, new initial punch temperature distributions.

Fig. 12b shows the maximum interface temperature along the punch nose with respect to time after ironing starts
until the end of contact comparing the two new boundary conditions with the earlier one of 40°C. The results indicate

that the temperature of the punch base does not have any significant effect on the maximum punch temperature.
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Fig. 12. a) 2D-axisymmetric finite element model of the ironing punch with its regions and representation of
prescribed boundary temperatures indicated in yellow, b) Instantaneous maximum punch temperature versus time

obtained with different predicted steady-state punch temperature boundary conditions.

To ensure the repeatability of the experimental results, the temperature in the production was measured again. The
steady-state temperature Tg was 117°C. The steady-state temperature distribution in the punch was re-calculated by
assigning a temperature of 117°C in node B, which is indicated with a yellow dot in the punch nose region in Fig. 12a.
A re-calculated temperature distribution was used as input to the thermo-mechanical model. All other parameters were

the same. Fig 12b shows that an increase of Tg has a larger effect on the maximum contact temperature than an
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increase of the temperature in the punch base. The peak contact temperature increased around 2°C when Tg was raised

from 112 °C to 117 °C in the steady-state analysis.

4.3.2. Influence of the friction coefficient

In the previous calculations, a coefficient of friction u = 0.04 was assumed. To investigate the influence of the
friction coefficient, FEM simulations were carried out with two alternative values; u = 0.03 and x = 0.05.

Each case was calculated in two consecutive strokes. Fig. 13a represents the numerically computed temperature
versus time of node B and the corresponding experimental temperature curve. The numerical simulations show that a
friction coefficient of u = 0.05 overestimates the temperature increase, whereas; u = 0.03 gives lower temperature
increase than experimentally measured. Although the current study suggests that the friction coefficient is u = 0.04,
one may claim that depending on the model assumptions and other process parameters, the friction coefficient may
change slightly. However, in this study the main interest is to determine the contact temperature. Fig. 13b shows the
maximum temperature of the punch surface to be 158+8°C in the forward stroke is and 150+6°C in the backward

stroke in the range 0.03 < u < 0.05.
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Fig. 13. a) Numerical and experimental temperature evolution at thermocouple B position and b) maximum contact

temperature evolution with various friction coefficients 4 = 0.03, 0.04 and 0.05.
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4.3.3. Influence of heat transfer coefficient

To investigate the influence of the heat transfer coefficient (HTC) calculations were performed with three different
values: h=50, 100 and 150 kW/(m?-K). The selection of HTC was based on the values proposed by Olsson et al. (2004),
who investigated a single-stroke strip reduction test at various reductions. The assumption of a constant heat transfer
coefficient along the tool-workpiece interface is considered acceptable since the heat transfer coefficient is insensitive
to the pressure in forging above a threshold pressure as shown by Burte et al. (1990) for a deformation process with a
pressure range similar to that of the present ironing. The friction coefficient was u = 0.04, and as Burte et al. (1990)
has found, the effect of the friction coefficient on the heat transfer coefficient calibration curves is small. The heat

transfer and the friction may therefore be decoupled in the sensitivity analysis.
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Fig. 14. a) Numerical and experimental temperature evolution at thermocouple B position and b) maximum contact

temperature evolution with various heat transfer coefficients h=50, 100 and 150 kW/(m?K).

In Fig. 144a, the numerically computed temperature curves versus time of node B and the experimental temperature
curve are given. The overall temperature distribution inside the punch at the thermocouple position was not sensitive
to the changes in heat transfer coefficient. Fig. 14b shows the instantaneous maximum punch temperature. The results
indicate that the instantaneous contact temperature tends to be slightly higher for higher heat transfer coefficients. The

peak temperature along the punch-workpiece interface is 158+1°C during the forward stroke and 150+1°C during the
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backward stroke. In general, the heat transfer coefficient affects the peak temperature only slightly. Since the transient
thermo-mechanical analysis starts with a previously calculated temperature distribution corresponding to the steady-

state, the heat transfer coefficient has less effect on temperature increase at higher speeds.

5. Summary and Conclusions

When testing the performance of new tribo-systems for sheet forming operations with simulative laboratory tests,
it is vital to ensure similar values of the main tribo-parameters, such as normal pressure, sliding length, sliding velocity
and tool-workpiece interface temperature.

The present paper shows the determination of the interface temperature for an industrial ironing operation, where
severe process parameters lead to lubricant film breakdown and galling. The analysis was performed by means of a
combined numerical-experimental approach that uses the experimental measurements of the tool temperature in a few
points at thermal steady-state to define appropriate boundary conditions in the subsequent thermo-mechanical
analysis.

The analysis of the heat generation within the punch and the strip for various friction conditions showed that:

e The temperature gradients in the tool and workpiece are significantly larger when including friction in
the calculations. Higher friction results in higher interface temperature.

Furthermore, a sensitivity analysis was performed to analyse the effect of selected parameters such as steady-state
tool temperature distribution, friction coefficient and heat transfer coefficient. It was found that:

e Experimentally measured temperatures used for determining the steady-state tool temperature
distribution must be as close as possible to the contact surface. The closer the measured temperature is to
the contact interface, the larger its effect on the predicted interface temperature changes is.

e The friction coefficient has a large influence on the interface temperature, whereas the heat transfer
coefficient has no practical effect when the process is already in steady-state.

e The peak temperature in the tool-workpiece interface is approximately 158°C in the forward stroke and

150°C in the backward stroke.
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Future work will include the design of a laboratory test to emulate the found contact temperatures for both forward

and backward stroke and testing of several tribo-systems.
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Figure Captions

Fig. 1. a) Tool set-up for ironing, open tool, b) set-up during ironing, ¢) ram speed as a function of ram displacement.

The direction of the velocity pattern is clockwise. BDC and TDC indicate the bottom and top dead centers.

Fig. 2. a) Schematic drawing of the ironing punch, b) top view of the ironing punch with main components used in

assembly, c) assembled ironing punch and main components seen from below.

Fig. 3. a) 2D-axisymmetric finite element model of the ironing punch and location of the prescribed temperature

boundary input nodes A and B. b) Steady-state temperature distribution in the punch.

Fig. 4. Representation of thermo-mechanical coupling (Shapiro, 2003).

Fig. 5. Representation of 2D-axisymmetric, thermo-mechanical finite element model.

Fig. 6. Flow stress curve for EN 1.4301 obtained from plain strain compression tests.

Fig. 7. Ram speed and displacement as a function of time with identification of the ironing process window.

Fig. 8. a) Experimental temperature evolution of thermocouple B in production test and b) numerical and experimental

temperature evolution of thermocouple B for three consecutive temperature cycles after stroke number 150.

Fig. 9. a) Ram displacement versus time during the ironing process with the details of forward and backward stroke
time intervals and indication of time where the temperature distributions are shown. Temperature distribution with

respect to r-coordinate for b) forward stroke at t=0.88 s, and c) backward stroke at t=1.04 s.

Fig. 10. Instantaneous maximum punch temperature versus time obtained with deformation heating only and with

deformation and frictional heating for u = 0.04.

Fig. 11. Numerical temperature evolution of nodes B, C, D and E.
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Fig. 12. a) 2D-axisymmetric finite element model of the ironing punch with its regions and representation of
prescribed boundary temperatures indicated in yellow, b) Instantaneous maximum punch temperature versus time

obtained with different predicted steady-state punch temperature boundary conditions.

Fig. 13. a) Numerical and experimental temperature evolution at thermocouple B position and b) maximum contact

temperature evolution with various friction coefficients u = 0.03, 0.04 and 0.05.

Fig. 14. a) Numerical and experimental temperature evolution at thermocouple B position and b) maximum contact

temperature evolution with various heat transfer coefficients h=50, 100 and 150 kW/(m?K).

Table Captions

Table 1. Material parameters used in numerical simulations.



