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Methodology for service life increase of hot forging tools

Olivier Brucelle, Gérard Bernhart *

Ecole des Mines d’Albi-Carmaux, Material Research Center, Route de Teillet, 81013 ALBI CT Cedex 09, France

Abstract

Hot forging is widely used in the manufacturing of automotive components. The high production rate induces severe
thermomechanical stresses in the tools. The lifetime of dies is commonly driven either by wear or thermal cracking. This paper
describes the methodology that has been applied to gain understanding of the thermomechanical stress field in a cemented carbide
punch used for the manufacture of airbag container type parts. The stresses are the result of a combination of purely mechanical
stresses due to the forging process, and thermomechanical stresses induced by the thermal cycling of the punch surface during
successive hot forging and waiting periods. Simulation results have been validated as a result of experimental investigations. The
results show that in the critical area subjected to thermal cracking, the thermomechanical stress contribution is as high as 75% of
the total stress field. As a consequence, it has been determined that an increased tool life could be expected by a global modification

of the nominal hot-forging process parameters, i.e. by the modification of billet temperature and forging rate.
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1. Introduction

Subcontractors and suppliers are increasingly under
pressure with regard to cost reduction and responsibil-
ity for the development of new components. This is
particularly critical in the automotive industry [1]. As a
result, they need to gain increased technical skills in the
areas of material science and metallurgy, in process
definition simulation, as well as in the design of compo-
nents and tools. Knowledge of computer aided design
and numerical calculation also becomes mandatory.

In the forging industry, the tooling cost can consti-
tute up to 50% of the component total cost. With
regard to this proportion, it becomes obvious that
component cost reduction requires an optimization of
the dies, and in particular, an increase in performance
and service life. Much work has been done in this
direction for cold-forging tools [2] [3] where an increase
of lifetime is often obtained by a reduction of the stress
levels through a modification of the tool design. The
use of adequate coatings or surface treatment is another
way to increase die life.

* Corresponding author. Fax: + 33 0563 493099; e-mail: bern-
hardt@enstimac.fr.

During hot-forging processes, the tools are not only
subjected to mechanical stresses, but also to thermome-
chanical stresses that are induced by the thermal cycling
and the result of successive forging steps and waiting
periods. This cycling initiates tool damage that is
known as heat checking. With regard to thermal
stresses, it is well known that a change in the geometry
is generally not the best way to reduce the stress level.

This paper describes the methology that has been
followed to increase the tool service life of a cemented
carbide punch for the manufacture of airbag type parts.
The importance of a simultaneous use of numerical
simulation (process simulation and thermomechanical
stress calculation) and experimental testing (laboratory
and industrial tests) is highlighted. The industrial prob-
lem and the recommended modifications of the process
parameter are presented.

2. Description and analysis of the industrial problem
The airbag component is manufactured in a one-step

forward/backward hot-forging operation. The initial
workpiece, made of austenitic stainless steel AIST 316L,
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Fig. 1. Final and initial shape of the workpiece.

and the final shape of the part are presented in Fig. 1.
The tooling system (Fig. 2) includes several pieces;
amongst them a cemented carbide punch on which the
present study is focused. The forging operation is per-
formed with a 200 t press, with the workpiece initially
at 1000°C. The drop of the punch is done in 0.3 s and
the effective contact duration between the tool and the
billet is =~ 30 ms.

After a few hundred forging operations, the punch
shows [4] (Figs. 3 and 4) a circumferential crack at the
fillet radius 2 and a network of cracks at the shoulder 3.
After =~ 500 cycles, a coalescence of cracks occurs near
to shoulder 3 and initiates surface damages by splitting
off: the punch has to be changed at this time.

The crack at fillet radius 2 is a ‘mechanical induced’
crack, in contrast to the network at shoulder 3, which

Fig. 2. Tooling system.

Shoulder 1

Fillet radius 2

Shoulder 3

Fig. 3. Crack network of the punch.

corresponds to what is commonly called ‘heat check-
ing’. This type of damage is the result of constraints
generated by high thermal gradients. During forging,
the surfaces of the dies are subjected to a thermal flux
of >1 MW m 2, whereas, between two successive
operations, the surface temperature drops. Locally, the
surfaces of the tools are subjected to thermomechanical
fatigue (TMF) cycling which can exceed the purely
elastic-behaviour domain, and cause the initiation of
cracks.

Thermal fatigue is the result of a partially or com-
pletely constrained thermal expansion [5]. It can be the
result of internal constraints due to thermal gradients
or material heterogeneities, and external constraints due
to the mechanical loads on the surface [6]. In this
paper, the two types of constraints are superimposed;
moreover, this is the general case encountered in such
type of industrial problems.

3. Methodological approach

3.1. General description of the methodology

The problem has been solved in the following way
(Fig. 5):

Shoulder 3

Fig. 4. Details of cracking.
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Fig. 5. Methodological approach.

1. The forging process was simulated with the
FORGE2" computer code. No coupling was made
intentionally between the mechanical and thermal
loads. The results are the purely mechanical stresses
in the punch and the evolution of the surface tem-
perature of the punch;

2. After meshing with IDEAS® software, the thermal
stresses of the punch have been calculated with
ABAQUS®,

3. Validation of the two previous simulations have
been performed by experimental tests.

In more detail, the methodological approach com-
bines nine steps:

step 1: mesh generation of the workpiece and the

punch with the integrated mesh generation tool of

FORGE2®

step 2: tool data file definition (punch forging speed,

step 5: postprocessing of the FORGE2® results and
extraction of the temperature—time evolution laws on
the punch surface nodes,

step 6: punch thermal mesh generation with IDEAS®
software,

step 7: ABAQUS® input data file preparation for the
thermoelastic calculation of the punch thermomech-
nical stress distribution,

step 8: validation of the thermal gradients at the
punch surface. For this, thermal measurements with
an instrumented punch have been made on the indus-
trial facility and are compared to the calculated
values. This step validates, in particular, the die/
workpiece heat transfer coefficient.

step 9: post-processing of ABAQUS® results: thermal
stress distribution in the punch.

number of tools, geometries,...), 3.2. Forging process simulation and validation

step 3: FORGE2" input data file definition (material
properties, interface properties,...) and process

General description of the FORGE2® process simu-

simulation, lation tool can be found in [7]. During simulation, four
step 4: validation of step 3 through the expertise of a components are taken into account: three tooling com-
forged part. The calculated flow-line is compared to ponents and the workpiece. The elements related to the
the observed flow-line with the aim of validating the lower die and the ejector are considered as rigid bodies,
material flow during the forging operation and, as a the punch is assumed to have thermo-elastic behaviour
consequence, the process simulation step for the part and the workpiece to have thermo-elasto-viscoplastic
related to the mechanical loads. behaviour.
Table 1

Physical properties of the punch materials

Material E (GPa) v p (g cm—3) G,

kg 'K K (Wm~!' K™ x (10~ °C—1)

WC-Co 85-15 530 0.23 14 220 100 5.8
X85WCrMoV6-5-4-2 216 0.29 8.15 439 20 12
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Fig. 6. Flow line comparison.

The physical properties of the punch materials are
listed in Table 1.

The elastic behaviour of the billet material is de-
scribed by assuming that its Youngs modulus follows a
linear law with temperature in the form:

E=FE, (1 —aTl) where E, and a are constants.

A Norton—Hoff law is used to describe the visco-
plastic behaviour. In FORGE2® the tensorial formula-
tion is:

s=2-K(T,8) (/3-8 "¢
where:
K(T8) =Ky (E+5) e /T

p, K, and & are constants, 7 is temperature, K is
consistency, m is the strain-rate exponent, s is the stress
deviator, & is the effective strain, & is the effective
strain-rate and # is the hardening coefficient.

The corresponding AISI 316L material parameters
are listed in Table 2 [7].

The interface description between the tool and the
workpiece takes into account the three following as-
pects: contact, friction and heat transfer. The friction
law used during simulation is the Coulomb law limited
by Tresca shear stress:

| =w-0, if wo,<m 0—03

_ 0Oy _ 0Op
T||=m-—=, if uro,>m-—=
=T e
with:

0y =/3 K@ET) (/39"

where m is the shear friction factor; u is the Coulomb
friction coefficient; o, is the flow stress; 7 is the friction
shear stress; and o, is the normal stress at the interface.

The heat exchange at the interface boundary involves
conductive heat-transfer and dissipative energy due to
friction. Radiative transfer is negligible.

A comparison was made between the predicted work-
piece flow-line and the observed flow-line on a sec-
tioned airbag part, after etching. The similarity of the
two figures (Fig. 6) validates the material constitutive
laws and tribological laws used for simulation.

As a consequence, the purely mechanical stresses in
the punch are available.

3.3. Thermal stress analysis
The thermomechanical stress analysis is only focused

on the punch and is performed with ABAQUS®™ soft-
ware to obtain a more precise analysis of the thermal

Table 2

AISI 316L material parameters

E, (GPa) a (°C— 1! B (°C—h n K (kg m—! s~ 1:93) m

216 —3.773x107* 0.215x 1072 0.205 0.1777 x 107 0.6400 x 10!
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Fig. 7. Punch meshing.

gradient and the induced thermal stresses. For this, a
special mesh, refined near to the surface, has been
generated with IDEAS® software (Fig. 7). The punch is
considered as thermo-elastic, and only a thermal load
case analysis is performed. This load case is defined by
the thermal evolution at the surface nodes: tempera-
ture—time profiles during forging, derived from the
process simulation, and a low convective flux during
the waiting periods.

3.4. Experimental punch temperature monitoring

It is of prime importance to be confident with the
temperature distribution inside the punch during suc-
cessive forging operations. The calculated surface tem-
peratures are directly linked to the heat-transfer
coefficient at the tool/workpiece interface. It is known
that the heat-transfer coefficient is affected by numer-
ous factors [8]; amongst them the more important being
contact pressure, the surface topography, duration of
contact and temperature difference level.

A punch was instrumented with type K thermocou-
ples; for practical and economical reasons, a tool steel
(X85WCrMoV6-5-4-2) was used for the manufacture of
the test punch. After preliminary simulations (with
thermal properties of this type of material, see Table 1),
five thermocouples were located in the test punch as
shown in Fig. §, some of them at 1 mm beneath the
surface. The tests were been performed on an industrial
press without any lubricant.

Data acquisition during testing was performed with a
computer system at a rate of 100 Hz. Typical experi-
mental evolution of the thermal response at the various
locations in the test punch are presented in Fig. 9. It
can be noted that in the punch itself, the thermal wave
is smoothed and shifted in time, in comparison with the
30 ms duration of contact.
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Fig. 8. Thermocouple location.
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Fig. 9. Experimental temperature evolution.

Successive numerical iterations have been per-
formed changing the value of the heat-transfer coeffi-
cient, until the calculated temperature evolution was
in agreement with the experimental thermocouple re-
sponse. As a result, a value of 15 kW m~! K~!

Scq= 9648
Scq= R4R.9
Scq= 733.0
Scq= 617.0
Scq= $01.1
Scq= 388.2

Scq= 269.2

[ EEEE

' Scq= 1533

Maxi= 1081,
Mini= 37.38

was identified as heat transfer coefficient for the defi-
nition of the cemented carbide punch thermal load
case. Reference [9] reports such a value for high con-

tact pressure and high temperature difference
(1000°C).

Fig. 10. Von Mises mechanical stress (MPa).
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Fig. 11. Simulated temperature evolution.

4. Results and discussion

4.1. Mechanical and thermomechanical stress
distribution

The purely mechanical stresses in the punch are
compressive stresses, and the equivalent Von Mises
stress distribution in the punch as shown in Fig. 10, for
the maximum forging load. Near to the surface, the
stresses are generally low ( ~200-300 MPa), except in
fillet radius 2 and at the end of shoulder 3, where they
reach a level of 600—700 MPa.

Temperature profiles on the punch surface are plot-
ted for different points in Fig. 11. These temperatures
can reach 700°C at shoulder 3 (point 4) and shoulder 1
(point 2), with the evolution versus time being different
at each location. The temperature distribution in the
punch at the end of the forging step is illustrated in Fig.
12. The sharp thermal gradient induces high thermal
stress distribution, shown in Fig. 13. The stresses are
compressive on the surface, the equivalent stresses
reaching a value of 1360 MPa.

If the type of stresses is explores more closely, it can
be seen that the highest levels are located at the same
places as the cracks, and that: (i) at fillet radius 2, the
maximal stresses are compressive in the zz direction
(punch motion direction) having a level of — 2450 MPa
(— 1050 MPa from the mechanical and — 1400 MPa

from the thermal stress); and (ii) at shoulder 3, the
maximum stresses are compressive in the circonferential
direction (along the outer diameter of the punch),
reaching a level of — 2300 MPa (— 700 MPa from the
mechanical and — 1600 MPa from the thermal stress).

4.2. Discussion

4.2.1. Cemented carbide behaviour

Cemented carbide material properties are linked
closely to the Co content and the WC particle size. In
tension and compression, the WC—Co composite ex-
hibits an elasto-plastic behaviour. The onset of plastic
deformation depends on the material composition, as
shown in [10]. The punch is manufactured with a 85-15
WC-Co material. SEM investigations have shown that
the mean particle size is close to 2.5 um (Fig. 14).

For such compositions, reference [10] reports a true
elastic limit (at 0.002%) of 1050 MPa and a conven-
tional limit (at 0.2%) of elasticity of 3100 MPa at room
temperature. The elastic and rupture properties de-
crease slowly up to 600°C, whereas at higher tempera-
ture, a modification of the stress—strain curve is
observed [11].

A stress level of 2400 MPa, as calculated previously,
corresponds to a plastic deformation as high as 0.1%
when related to room temperature properties and prob-
ably much higher at 700°C. As a consequence, the
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Fig. 12. Temperature distribution (°C).

material is subjected to low cycle fatigue which is able
to induce cracks after a limited number of cycles.

4.2.2. Options for service life increase

Without taking into account punch material changes
and coatings, service life increase requires a decrease in
the stress and temperature level in the punch. The
thermal stresses are as high as 75% of the total stress
field in the critical areas of the punch; as a conse-
quence, a reduction of the thermal gradient during
forging must be obtained.

Two ways may be used; the first involving a change
of the process parameters to decrease the temperature.
This solution is based on the following points: (i) a
decrease of the workpiece temperature increases the
flow stress and the related forging load. However, the
capacity of the available press is much greater than
needed: (30 t used out of 200 t available); and (ii) a
decrease of the punch speed allows a decrease of the
flow stress. The second way consists of using lubricat-
ing/insulating products during forging to decrease
workpiece/die heat transfer. The selection of an ade-
quate product remains empirical even though it has

been shown that a decrease of 50% of the heat transfer
coefficient can be reached [12]. The first option was
followed in this study.

4.2.3. Process parameter modification

Taking into account the capacities of the industrial
press, a numerical parametric study has been performed,
and the influence of the forging speed and the initial
workpiece temperature on the final thermomechanical
stresses have been studied. An optimum has been found
for the following conditions: initial workpiece tempera-
ture, 500°C; forging speed decreased by a factor of 1.5.

With these process parameters, the forging load is
~ 140 t and the maximum punch surface temperature is
close to 600°C in shoulder 3. The resulting thermal
stress distribution is shown Fig. 15. The maximum
equivalent Von Mises stress is close to 1000 MPa which
corresponds to a decrease of 30%. Circonferential and
longidudinal zz stresses are reduced by the same
proportion.

To avoid an increase of purely mechanical stresses in
fillet radius 2, further design modification of the punch
is required [13].
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Fig. 13. Thermal stress distribution (MPa).

5. Conclusions

The lifetime of hot forging dies is often shortened by
surface cracking and subsequent material splitting. This
has been observed on a punch used in a one-step
forward/backward hot forging process.

Fig. 14. 85-15 WC—Co microstructure.

This work describes the methodological approach
that has been applied to study the reasons for the crack
formation and to propose a solution to increase the
lifetime.

A combined numerical and experimental approach is
mandatory:

1. A two-step numerical simulation: first, process simu-
lation allows the calculation of purely mechanical
stresses, forging load and punch thermal boundary
conditions; second, thermo-elastic simulation for
thermal stress analysis of the punch.

2. A two-step experimental work: metallurgical obser-
vation allows the validation of workpiece material
constitutive laws and industrial tests allow punch
thermal boundary conditions.

It has been shown that thermal stresses, induced by
the sharp thermal gradient during forging, correspond
to 75% of the total stress field in the areas of surface
cracking. After a parametric analysis, a modification of
the forging process parameters (workpiece temperature
and punch velocity) has been proposed.

This work clearly shows the benefits of a methodol-
ogy based on combined numerical and experimental
approaches to determine the thermomechanical stress
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field in hot forging tools, and, consequently to derive
solutions for lifetime increase.
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