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Contribution in the evaluation of a performance index

of hot forging dies

Youcef Bendjoudi' - Eric Becker” - Régis Bigot” - Abdelaziz Amirat®

Abstract The present paper focuses on a new concept of
evaluation of a performance index of hot forging dies through
the combination of a process behaviour model and a reliability
approach analysis of the forging process. The process behav-
iour is modelled and simulated using the computer-aided en-
gineering FORGE® tool that allowed optimizing the forging
parameters and determining the stresses and strains together
with temperatures during the forging process and also identi-
fying the factors affecting the die life. The respective reliabil-
ity mechanical model is developed and reliability simulations
have been conducted using PHIMECASoft tool in order to
evaluate the reliability index § and determine the sensitivity
of the variations in the random values of the input parameters
of the forging process. The concept of this contribution has
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been applied to real industrial dies used to forge automotive
steering levers produced in the forging workshop of the
Ferrovial Company of Annaba in Algeria. The performance
index is given by the number of forged parts corresponding to
the reliability index of the dies before failure occurs.
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1 Introduction

In the forging industry, a key concern is the die life despite the
efforts that have been spent during the last decade in develop-
ing high technology to make the production process accurate,
reliable and efficient. The duration of the material forming
process in one stage is about 0.08 s, and during this time it is
very hard to follow or to observe the process [1]. Meanwhile,
damaged die is complex and difficult to analyse because of the
mutual interactions between the factors involved in the mech-
anism of hot forming [2]. Bayramoglu et al. [3] have investi-
gated the effect of die coating on die life. The performance of
dies has been evaluated on the basis of the ratio of expenses on
dies over the number of the products that can be produced in a
real production line. Compared to uncoated dies that have been
hardened and tempered, the die life for coated dies has been
increased, and the best performance is observed for the cobalt
weld overlay since the production was 892 % higher and the
reduction in cost was of 80 %. Wei et al. [4] have based their
work on the selection of heat treatment process and the wear
mechanism of high wear-resistant Cr—Mo—V hot-forging die
steel. They have shown that when an appropriate combination
of hardness, toughness and microstructure thermal stability is
applied, good wear resistance in high-temperature forging is
obtained. Navinsek et al. [5] have used duplex BALINIT®
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FUTURA coatings in order to improve the process of hot forg-
ing of steel components. Performance tests conducted on more
than 10,000 parts in real working conditions in the UNIOR hot
forging industry in Zrece, Slovenia, have revealed that the tool
life has been significantly improved compared to single coat-
ing. Meanwhile, they could not perform tests after 1050 strokes
when micro-cracking and structural changes are induced in the
dies; therefore, they suggest laboratory analysis for prediction
of tooling performance. Forging simulation offers significant
advantages by providing detailed insight into the forging pro-
cess before tool selection and process decisions are made on
the shop floor [6]. The importance of using forging process
simulation software in industry in order to solve accurately
many practical problems of forging technology has been re-
ported by Tang et al. [7]. Later on, Brucelle and Bernhart [§]
have presented a method for service life increase of hot forging
tools based on the simultaneous use of numerical simulations
and experimental laboratory and industrial tests. The simula-
tions relied on Forge2® computer code for the process, Ideas®
software for the meshing and ABAQUS® computer code for
the thermal stress calculation. The method has been applied to
produce an airbag part made from austenitic stainless steel
AISI 316L using punching tools and has shown that the ther-
mal stress induced by sharp thermal gradient during forging
corresponded to 75 % of the total stress field, in the areas of die
surface cracking. Parametric analysis has allowed optimizing
the forging process parameters such as part temperature and
punching velocity that lead to producing good parts with better
die life.

In the last 15 years, the use of computer-simulated forming
process has known great development. Tomov et al. [9] have
used the software package FORM-2D in order to improve the
process planning and die design and have adapted a new ap-
proach for the classification of axis-symmetrical forged parts.
Arbak et al. [10] have investigated the production of bearing
rings by three hot forging methods. With the help of a com-
mercial finite element software package (MSC/AutoForge) to
support their experimental work, using an appropriate shape
preformed die, they have found that a reduction of the forming
pressure of 15 % is possible and that the tool life increases and
die fracture can be prevented. The growing interest of using
numerical simulation has been evidenced by Hartley and
Pillinger [11] who have provided an overview on the research
in the numerical simulation of forging that reports on the im-
portance of re-meshing in realistic forging modelling with
regard to the correct die shape, the assessment of die stresses
and the analysis of die failure. In the current decade, two main
established codes, DEFORM™ and FORGE®, are being used
for computer simulation of solid-state metal forming opera-
tions. They both offer a large number of parametric analyses
for optimizing and settlement of parameters on the forging
machine. Choi et al. [12] have developed a method that deter-
mines the abrasive wear parameters in order to estimate the die

failure. They have demonstrated that the cost and time spent in
predicting die failure through experimental work and die try-
outs can be minimized with the use of finite element method
(FEM) simulations. Equbal et al. [13] have shown that
DEFORM™ 3D FEM-based simulation software was an ef-
fective tool in investigating the effect of design and process
parameters on forging load and loss of billet temperature.
Using potential of Taguchi design of experiments, analysis
of variance and the Grey—Taguchi method in multi-objective
optimization of process parameters, they have optimized the
parameters to better performance of the forging process.

Therefore, the use of design experiment and statistical tools
is very interesting when coupled with finite element analyses.
For instance, Majerus et al. [14] have presented a reviewing
paper showing how to obtain statistically meaningful data
from precision closed-die forging experiments, so that accu-
rate and reliable tests can be conducted for different forging
simulation programs. It is the case of Snape et al. [15] who
have provided a useful forging process guide for quantifying
and comparing the sensitivity of thermomechanical parame-
ters to variations in different inputs of the involved parameters
such as the flow stress of the forged steel, the heat transfer and
the friction at the die—part interface. The analyses of their
investigation have followed the model used in FORGE2®
code using full-factorial design of experiment for parametric
variation assessment. Allam et al. [16] have conducted Monte
Carlo simulations to evaluate the process parameter variations
in order to investigate the effect of key parameter variations on
product specification deviations. They have proposed a deci-
sion support system that helps control the pertinence of the
forging process.

In fact, the above review of literature shows how much the
die life is economically important and complex to estimate.
Therefore, with computer facilities existing nowadays, the re-
search for faster and realistic simulation methodology in order
to assess the performance of hot forging dies is required sig-
nificantly to improve the competitiveness of forging, specifi-
cally in improving the in-service life [17].

The above state of the art aimed to present the main impor-
tant works that have been carried out to overcome the problem
of increasing die life. Nowadays, forging simulation tools
have known a great development and are becoming very use-
ful and necessarily. In addition, the use of statistical tech-
niques, in combination with numerical simulation FEM codes,
has been increasingly registered both in the industrial and
academic worlds [18]. The present contribution proposes a
new concept of analysing die life using a computer-aided en-
gineering (CAE) tool and a probability and reliability tool.
The present work is a contribution in the evaluation of a per-
formance index of hot forging dies based on the combination
of a forging process model with a die damage model. The
combined model is used to predict the probability of die fail-
ure expressed in terms of reliability index ( according to a



limit state function of the forging process. The concept of
assessment of die performance is first presented and devel-
oped. Then, this concept is applied on a real case study in dies
used to forge automotive levers produced in the forging work-
shop of the Ferrovial Company of Annaba in Algeria. The
objective is then to integrate a decision tool on the site of the
production in order to prevent any failure which can lead to
production delays or shutdown.

2 Concept of die performance

The present work focuses on a new concept in predicting forg-
ing die life based on the reliability PhimecaSoft computing tool
[19] that requires a geometrical model of the die, a mechanical
engineering model expressing the behaviour of the die during
service, the probabilistic laws of the parameters involved with-
in the mechanical engineering model and a limit state function
separating the safety domain from the failure domain. The
geometrical model of the die is developed from the geometry
of the part to be forged. The mechanical engineering model is
determined by combining, on one hand, the rheological law
included in the forge simulation code and, on the other hand,
the damage law for dies given for instance by the Lemaitre and
Chaboche law [20]. Then, the reliability assessment follows
the procedure described by PhimecaSoft [19]. The results
aim to know the probability of failure of dies as a function of
the number of forged parts, which should be used as a referen-
tial in the industrial site to predict die life. The following de-
scription concerns the concept of the present approach.

Nowadays, forming process behaviour is commonly
modelled and simulated and analysed by means of forming
purpose CAE codes, FORGE® and DEFORM . However, de-
spite the efficiency of the CAE tools, the results can be easily
altered because of the uncertainties associated with the values of
the parameters of the phenomenon involved in the industrial
process due to tooling, equipment and process phases.
Therefore, in order to estimate more accurately the global per-
formance of the forming process and overcome the effect of the
variable uncertainties, reliability tools can bring better explicit
information on the forming process. The proposed approach
consists of combining the process behaviour model with a dam-
age model to allowing simulations that can predict the probabil-
ity of failure, which will be used as a decision tool to character-
ize an industrial performance index. Meanwhile, when assessing
the die performance, the respective criteria must be observed,
such as qualification for the industry, the degree of confidence in
using the purpose-developed combined models and the scenario
of failure for predicting the performance index.

The process models rely on computing codes used by forg-
ing and forming industries seeking for accuracy and interna-
tional competition. They are used for carrying out a complete
analysis of a forming process and allow

(a) Optimizing the factors required for the forging procedure
to produce good parts with better life of dies,

(b) Identifying required efforts and stresses applied on dies,
(c) Checking the rate of elastic and plastic deformation and
(d) Checking the thermal cycles of the part and the dies.

When the formulation of the process is carefully done
and the empirical models with the related parameters are
fairly identified and accurate, the CAE simulation is used
for ease of implementation and computing time reduction
and can be predictive in offering opportunities to making
good decisions when die life is concerned. At this level,
only the nominal values of the process parameters are
defined. Then, in order to match the uncertainties associ-
ated with these nominal values, reliability tools can be
applied using FORM/SORM or Monte Carlo methods to
make realistic comprehension of the process behaviour.
So the main objective of the present concept was to de-
termine the optimal variables that best affect the accuracy
of the forging process and control and even predict dam-
age in dies. Figure 1 shows the concept of evaluating the
performance index of hot forming dies.

The next part of this paper develops this concept, which is
illustrated by an industrial example: assessment of hot forging
die life used to produce steering levers.

3 Identifying die failure from an industrial case

Steering levers produced in the forging workshop of the
Ferrovial Company of Annaba in Algeria can be considered
as a good industrial case, which is evident in this present work.
The levers made of 34CrMo4 material are obtained through a
procedure that includes heating the billet at 1200 °C, free
drawing of a billet, then bending on a KH250 press machine,
reheating to 1200 °C before pre-forming and final forming on
a KH500 Lasco hammer machine. The dies are manufactured
from commercial SM2 steel corresponding to X38CrMoV5
steel within the same company. They are preheated at
250 °C. As expected during service, a die is subjected to
damage, as shown in Fig. 2, and has to be repaired by grinding
and refilling and electrochemical machining. However, it is
still very difficult to predict the number of parts at which the
die breaks down. The simulation of stamping operation was
selected in order to assess the equivalent strain. The simula-
tion objects are presented in Table 1. The die material used for
simulation is a 30CrNiMoS8 steel. The parameters of the dam-
age model (Table 2) were found in the work of Thibault
Herbland [21].

Figure 2 illustrates the condition of the lower die after pro-
ducing 2800 parts. Damage zones are observed all around the
imprint on the die in three distinctive areas: along the surface
of the burrs (Fig. 2a), down in the descendant imprint surface
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Table 1  Simulation objects
Objects Piece Deformable Deformable
tool 1 tool 2

Description Billet Lower die Upper die
Material file 34CrtMo4.tmf 30CrNiMo8.tmf 30CrNiMo8.tmf
Initial temperature 1200 250 250

°C)
Mass of billet (kg) 1.8 - -
Mesh size 2 2 2

negligible, their cumulative effect may lead to fatigue [23].
Usually, it is difficult to prevent when a die fails, particularly
when fatigue phenomenon takes place. That is the worst thing
that could happen to real-line production, particularly when
the die breaks into two parts, as in the case of the die shown in
Fig. 3. The lower die has been broken into two parts and then
weld repaired in order to reactivate the production.
Unfortunately, there has not been a sufficient number of good
produced parts, so new dies have been machined. Therefore, a
series of die inspection is highly recommended to avoid un-
predictable fracture and manage the maintenance of the dies.

4 Mechanical model for reliability analysis

The first step in reliability analysis is to determine the physical
or mechanical model representing the behaviour of the pro-
cess. But before that, the process should be geometrically
modelled in order to identify the operating parameters of the
process. The geometrical model is a determinant in simulating
the forging process that allows developing the mechanical
model for reliability analysis.

Table 2 Random variables and corresponding parameters

4.1 Geometrical CAD model

Steering levers are parts usually presenting a complex mor-
phology, on which much attention should be paid in order to
analyse their behaviour during the forming process.
Moreover, the more complex the part, the longer the stimula-
tion time. Therefore, in order to minimize the number of pa-
rameters to be considered, it has been decided to simplify the
geometry of the steering lever as to obtain a core of constant
diameter and similar ends. Figure 4 shows the geometrical
computer-aided design (CAD) model of the simplified
steering lever to be simulated in the present work. The
forming procedure which is followed is that one applied in
the industry: firstly, cutting a billet; secondly, hot rolling and
drawing the lever; and, thirdly, hot cambering the lever then
hot forging. All the rheological and forming parameters are
determined for a real forging process.

4.2 Mechanical engineering model

Die life during hot forging is mainly dependent on resistance
to wear, thermal fatigue, plastic deformation and mechanical
fatigue. Despite the identification of failure modes on hot
forging dies, only a few studies have related the mechanisms
of fatigue [24]. The mechanical model aims to define this
resistance as a function of different applied loadings: energy,
displacements and obvious damage phenomena such as fa-
tigue that is due to fatigue crack growing. The approach then
consists of defining a mechanical model combining a forging
process model and a damage model. Forging tools perform
cycles to determine their damage. Thus, several cycles simu-
late them one after another up to when fracture is not feasible.
In addition, a reliability model is developed to predict the

Type of variables Symbol  Description Probability Mean value Coefficient of Source of
distribution model variation (%)  information
Fatigue parameters  a Constant material Normal 1 1 [21]
I3 Coefficient of the damage model 2.94 1
o Material coefficient Normal 480 1 Results from FORGE®
Damage parameters ~ AJ Stress deviator 1121 1 simulations
D, Critical damage Normal 0.6 16.66 [22]
Parameters of the A Material coherence Normal 1695 0.5 Forming properties
rheological law my Sensitivity of material 262x107° 0.5 base FPD 1.3 FORGE®
to temperature
my Sensitivity of material to stress 5618 x107° 1
;s Sensitivity of material 13,812x107° 1
according to strain rate
my Sensitivity of material to strain 4007%107° 0.5
Equivalent strain € Equivalent strain resulting Normal 0.08 5 Results from FORGE®
from the first cycle of forging
Die temperature T Die temperature 257 227 simulations




Fig. 3 Views of weld-repaired
lower die for steering lever
forging

number of cycles to failure. Damage of the Lemaitre—
Chaboche law allows calculating directly the life of the tool
from certain data from the first cycle forging. It is integrated in
the reliability model, and it takes into account the history of
the load and also the effect of the mean stress for any stress
ratio. In this work, the FORGE software was used. It especial-
ly allows simulation of the multi-object forging operation in
order to observe the equivalent distortion on a die area. One of
the commonly used models in forging code is the rheological
Hansel-Spittel [25] model, the law of which applies to
viscoplastic behaviour. It is temperature-dependent and takes
account of the phenomena of hardening or softening. It takes
into account the strain rate of the material. It is presented in
[25] and the law given in Eq. 1.

o= AemTemete” (1)

where 4 is the material die coherence, 7 'is the die temperature,
m; defines the sensibility of the material to the temperature,
m, and my, define the sensibility of the material to strain and
m3 depends on the sensibility of the material to strain rate.

Meanwhile, the most expressed damage model for fatigue
life is that developed by Lemaitre—-Chaboche [20, 21].

B

<Uu_JmaX> %
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where o, is the material ultimate stress, J,,, is the maximum
value of the invariant in von Mises stresses, @ and 3 are ma-

(2)

Ny =

terial coefficients, AJ is the stress tensor deviator, 7, is the
mean value of the first tensor stress, o (IT ) is the mean cycling
stress range and M (1_1 ) is due to the effect of mean stress,
given respectively by Egs. 3 and 4.
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where b and oy are material coefficients.

Then, the above equations are combined in order to define
the mechanical engineering model that is to be used in reli-
ability analyses, which is developed as follows:

For a first forging cycle, a first effective strain, £, is gen-
erated together with a maximum stress, oy max, that are re-
placed in Eq. 1 to get Eq. 5.

M4y my

Jfemax = Ae™ T el e (5)

In terms of stress generated after the first cycle of forging,
Jmax in Eq. 2 can be replaced by the corresponding stress
Ofemax» S expressed in Eq. 6.
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When replacing o;(1;) and M (1) by Eqs. 3 and 4, Eq. 6
becomes

Ny = (6)
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The mean stress, /1, is given by Eq. 8 when oy, is equal
to zero.

- J
11: fczmax (8)

Total damage according to Lemaitre—-Chaboche [20, 21,
26] is modelled by Eq. 9.

D=1- [1—(]\3)%}#] 9)

where « is a function given by Eq. 10.

AJ —
B - (h)
Oé( J, 15 chmax) a Uu_chmax ( 0)

The reliability engineering mechanical model is hence ob-
tained following Eq. 11, which expresses a model correlating
the Hansel-Spittel model [25] with the Lemaitre—Chaboche
model [20, 21, 26], leading to the mechanical model for reli-
ability analyses.

1
1 [eAn]
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The next step is to construct a failure scenario from Eq. 11
using the reliability approach with limit state functions to as-
sess the performance of dies.

5 Die performance assessment

The performance assessment of a die life presenting initiat-
ed fatigue damage is achieved using reliability tools in or-
der to determine the remaining life of a die before failure.
The latter is expressed in terms of the number of parts pro-
duced with the same die regarding the required quality and
safety that help in making a decision of replacing or
repairing the die. A better performance of the die is present-
ed by the higher number of parts.

5.1 Limit state function

Reliability assessment in dies presenting a fatigue damage
is based on a damage engineering empirical model deter-
mined above in Eq. 11. A limit state function G(X7) is
settled for reliability calculation corresponding to the life-
time safety margin defined by the difference between the
number of forged workpieces leading to die failure and
the required number of workpieces to obtain. This can be
expressed through the fatigue damage limit state function
(Eq. 12).

G(X;) = D-—D(X;) (12)

where D, is critical damage. The literature according to [22]
gives 0.5<D.>0.7.



Failure probability is expressed throughout a reliability in-
dex (3, which is defined as the minimum distance between the
origin and the failure domain in the equivalent Gaussian space
u;. This index is evaluated by solving the constrained optimi-
zation problem presented in Eq. 13.

(3 = minimise Z u? subjected to G(X;)<0 (13)
\ 7

where u;= T}(X;) is the vector of basic random variables in the
standard normal space by appropriate transformation, 7}(x;),
and G(x;) represents the failure surface; in the standard normal
space, it takes the form G(T}(u,)). The solution of this optimi-
zation can be obtained by any standard optimization algo-
rithm. In our case, specific reliability algorithms have been
used and combined with a line search procedure. The solution
is usually referred to as the design point, noted u;* or P*. In a
first-order reliability method, the failure probability, Py, is sim-
ply calculated by Eq. 14.

Py = Pi[G=0] = &(-f) (14)

where P[...] is the probability operator and ®(...) is the cu-
mulative Gaussian probability function.

In this work, the performance is attributed to five main
factors: the rheological parameters, the fatigue damage param-
eters, die temperature, strain and the critical damage value.
Each factor is characterized and expressed by random
variables.

5.2 Determination of uncertainties

To evaluate the failure probability, a traditional deterministic
approach is not able to take into account the uncertain physical
variations related to material properties, friction conditions,
tool active surfaces, status, loading conditions, temperatures,
etc., as reported by Del et al. [27]. Therefore, random uncer-
tainties must be considered when decisions have to be taken.
In the present work, there are considerable uncertainties asso-
ciated with the engineering mechanical model. In the present
session, in order to determine the probabilistic distribution of
the parameters included in the mechanical model, each param-
eter is variably typified, as illustrated in Table 2. In fact, there
are three main types of variables: (1) fatigue and damage
parameters, (2) parameters of the rheological law and (3)
equivalent strain and die temperature resulting from forging
simulations. Then, the probabilistic law for each variable has
been added, thanks to PHIMECASoft that allows setting the
values of the coefficient of variation, leading to the conver-
gence of the results. These uncertainties result from geometry,
loading, energy, temperature, forging and service parameters
as described in the mechanical model. The parameters are
implicitly predicted and optimized throughout their mean

values after the forging process simulation by using CAE code
FORGE®; meanwhile, their associated uncertainties are eval-
uated using the random variables that enhance explicitly the
forging process. In the present work, uncertainties are deter-
mined for developing the mechanical model presented by
Eq. 11. The rheological Hansel-Spittel model’s uncertainties
are attributed to the parameters A4, T, my, m,, my and my, to-
gether with strain. In the Lemaitre and Chaboche fatigue dam-
age model for dies, in addition to uncertainties associated with
the coefficient parameters @, 3 and oo uncertainties are also
included to the stresses generated after the forging operation.
These are derived from the von Mises stress given by
FORGE® simulation results, such as the values of AJ, o,
and J,... Evermore, the values of ¢, T, o, and J,,,,, are also
determined from the simulations by FORGE®. The former
approach is for finding out the respective values of these
strains and stresses which, most of the time, are associated
with uncertainties that should be considered. To achieve this,
3D hammer hot forming modelling and simulations have been
carried out to form a steering lever made of 34CrMo4 steel,
which has been pre-formed before hammering between dies
made of 55CrNiMo4 steel. Rheological values and mechani-
cal properties have been introduced from the forming proper-
ties database FORGE® code. The aim of the simulations was
to determine the first equivalent strain in order to estimate the
die life. This is particularly due to the fact that the von Mises
stress isovalue is not cumulative and does not quantify the
plastic strain, whereas the equivalent isovalue of the equiva-
lent strain is cumulative, and as the final step of the simulation
is reached, it allows observing all the zones that have been
elastically and/or elastoplastically deformed. In fact, forging
dies perform cycles to determine their damage. Thus, simulat-
ing several cycles, one after another, it would be possible to
see whether the plastic deformations will stabilize, worsen or
if new zones come into plasticity. However, simulating several
cycles up to failure is difficult to realize since simulating more
than four to six cycles requires great computer time and can be
very costly for CPU time. There exist fatigue laws that allow
directly calculating the lifetime of the dies from data generated
from the first forging cycles [22]. Forge Software offers the
possibility of running iterative simulations, as explained in
[22]. The successive strokes are made with uncoupled calcu-
lations. The purpose of this simulation was to link several
forging cycles to observe the mechanical tools. Decoupled
calculation can quickly perform calculations on the tool and
retrieve the results as initial data for a second calculation of the
same type. One can thus make a chain of several calculations
decoupled to go to the stable mechanical system, providing
that the tool temperature is preserved whilst stamping.
Figure 5 shows the operating principle of the cycling simula-
tion process setup under Forge software.

One negative of the previous calculation is that the temper-
ature map does not evolve during cycles. One can imagine, as



Fig. 5 Diagram of the operating
principle of cycling simulations

under FORGE software
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for the mechanical calculation, saving the thermal exchange of
single-domain calculation and then reusing or decoupling in
use the temperature map of the established thermal regime
[22]. Moreover, a series of iterative simulations can be carried
out in order to observe the evolution of the effective strain, but
this is time-consuming when a great number of iterations are
required. So the file friction and heat exchange are selected
from the base FPD1.3 of the Forge Software and given in
Table 3. A good interpretation of the behaviour of the stress
strain is given in the methodological guide for analyses and
computing of dies with FORGE® software on the use of forg-
ing simulation tools [28]. Simulation results showed that the
die deforms plastically in the first five or six forging strokes or
cycles and then the deformation becomes fully elastic. Table 4
illustrates the values of strain evolution. It is therefore relative-
ly important to sort out the first five or six iterations for deter-
mining, on one hand, the most affected zone and, on the other
hand, the maximum value of the effective strain before
reaching the minimum value of the effective plastic strain.
This latter suggests that the zone is sufficiently damaged to
initiate fatigue damage. Figure 6 shows the results of the evo-
lution of the effective elastic strain in the lower die submitted
to 250 °C heat before forming, obtained from the first four
iterative simulations.

A strain range of 0—0.04 has been determined to show the
evolution of the iterative simulations. Each iteration is repre-
sented by a chronological number, allowing seeing at each
stage the strain behaviour. Figure 6 (panels 1b, 2b, 3b and
4b) shows the global strain increasing as a function of

iterations. The mean strain value is around 0.016. When ob-
serving in detail, the elastic strain value of 0.04 appears on the
corner fillets of the upper head and lower head of the grave, as
observed respectively in Fig. 6, panels 1a and 1c. However, it
is more established on the upper head than in the lower head,
and there is a clear distinction between the affected zones as
the number of iterations is increased. The maximum value of
the strain within a limit of plastic deformation is observed
when increasing the range values up to 0.08, which is consid-
ered in the next part of the present work as the minimum value
that can initiate fatigue damage. The method of researching
the corresponding values is visual and usually includes uncer-
tainties due to misfitting or poor observation and lack of at-
tention, resulting in uncertainties that could be estimated to
5 %. Temperature distribution is also observed for the iterative
simulations, as shown in Fig. 7. From the start-up of the sim-
ulations, an increase of temperature from the initial values of
250-265 °C is obtained in the zone where the contact part die
is most effective (Fig. 7, panel 1d). The uncertainties are there-
fore evaluated from the effective range of temperature values
to give a coefficient of variation of 2.27 %. As expected, there
has been an increase of the region affected by the increase of
temperature after the first four iterative simulations. Other
uncertainties that should be included are those associated with
the critical damage, D, since it is difficult to determine the
local zone of damage. Because of lack of information, the
uncertainties in D, can be calculated from the suggested
values in the literature [27, 29], and that gives a coefficient
of variation of 16.66 %.

Table 3 Friction and heat

exchange models between the Billet

Lower die Upper die

billet and dies

Lower die - tresca-fort.tff
- hot-steel-fort.tef
Upper die - tresca-fort.tff

- hot-steel-fort.tef

Door lower die -

Door upper die -

- - tresca-fort.tff
- hot-steel-fort.tef
- tresca-fort.tff -
- hot-steel-fort.tef
- tresca-fort.tff -
- hot-steel-fort.tef
- - tresca-fort.tff
- hot-steel-fort.tef

Friction
Heat exchange
Friction
Heat exchange
Friction
Heat exchange
Friction

Heat exchange




Table 4  Values of strain evolution

Number of cycles Strain evolution

First stroke 1 0.08
Second stroke 2 0.11
Third stroke 3 0.08
Fourth stroke 4 0.095
Fifth stroke 5 0.13
Fifth stroke 6 0.14

The plastic range appear from a deformation of 0.11

6 Effect of random variables on die performance

6.1 Reliability assessment of a die under initiated fatigue
damage

In this case, reliability is evaluated as a function of 12 inde-
pendent random variables (Table 2).

Fig. 6 Strain evolution after the
first four iterative simulations in a
lower die preheated at 250 °C

The reliability software PHIMECASoft® allows comput-
ing the reliability index (3 and the failure probability Py
PHIMECASoft is a general probabilistic software dealing
with both FORM and SORM approximations and sampling
methods applied today to statistic problems. It has the ability
to be coupled to a wide spectrum of other engineering soft-
ware tools and can be viewed as a top layer that pilots a
physical model. The process consists essentially of making
evident how mechanics and reliability are combined. The lit-
erature [19] offers some good aspects of the bases of
PHIMECASoft.

Figure 8 illustrates the reliability index evolution as a func-
tion of the number of forged parts. The results show that in-
creasing the number of forged parts up to 1800 decreases
drastically the reliability of the die. For the three accepted
levels of failure probability, Pg = 1074, Pp=10" and
P3=10"° (corresponding to the reliability indices £;=3.72,
B2=4.27 and [33=4.75), the respective number of forged parts
decreased from 1502, 1371 and 1239 by a step of 130 parts.




Fig. 7 Temperature distribution
and evolution obtained after four
iterative simulations

From the point of view of cost, it is now easy to find out how
much loss can be avoided when a decision is to be made
regarding replacing the damaged die with a repaired one or a
new one. The final decision returns to both maintenance and
exploitation services, which should be able to observe the
evolution of the cost index according to the quality of the
parts, the delivery time, the risk of damaging the die and the
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Fig. 8 Evolution of reliability index /3 as a function of number of forged
parts in hot die presenting a fatigue damage for (pc)=0.08

mean cost of replacing the damaged die. This cost index due to
die life can then be considered as a performance index.

6.2 Variable sensitivities

The variable sensitivity o or the contribution of random var-
iables on the die life is shown in Fig. 9 for an accepted value of

T;0.73% } Die

temperature
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. Damage
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First
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my; 0.15%

Fig.9 Importance of the variables in a hot die forming (random variables
and parameters according to Table 2)



reliability index [ of 3.72, when the number of forged parts
increases up to 1502. There are five main factors that can be
considered controlling the die life: the critical damage D, the
die temperature 7, the rheological parameters of the die mate-
rial, the equivalent plastic strain after one cycle and the fatigue
damage parameters. The most important variable is obviously
the critical damage, D., which represents 85.03 % of all global
parameters. The equivalent strain follows with less than 12 %;
the rest is attributed to all other parameters.

When increasing the level of the accepted probability of
failure, critical damage takes much more importance as the
accepted level of the probability failure, and it becomes most
dominant with 93.62 % (Table 5) for a level of probability of
failure value of 10°°. The progression of this dominance is
shown in Fig. 10, which represents the evolution of variable
sensitivities as a function of the accepted value of probability
of failure in a die designed for hot lever forming.

6.3 Effect of temperature sensitivity and temperature

Whenever forging is concerned, die temperature is still one of
the most important factors to control since it can be easily
impacted during the forging process. As far as uncertainties
are concerned within the present work, great care should be
made in choosing the material parameters and the mechanical
low controlling the die life. The basic concept developed in
Fig. 8 shows that even when considering a good tool in sim-
ulating a forming process, there is a significant influence of
the random variables of die life. Ahead of fatigue damage,
obviously critical damage is dominant, for a mean temperature
of 257 °C with a coefficient of variation of 2.7 %, determined
from one simulation ranging from 249 to 265 °C (Fig. 4). A
determinist investigation of temperature makes more sense in
analysing the effect of temperature on die life.

Table 5 Evolution of

variable sensitivity, o P 10 107 107

(design point in the Beay 3.72 4.27 4.75

reduced space), as a Variable o (%)

function of accepted

levels of probability of | 0.73 055 033

failure, Py a 0.31 0.23 0.14
16} 0.16 0.10 0.05
AT 0.48 0.19 0.01
o0 0.19 0.06 0.00
Epo 11.84 8.74 5.26
A 0.58 0.46 0.27
m 0.25 0.20 0.12
my 0.05 0.04 0.02
ms 0.23 0.18 0.11
my 0.15 0.11 0.07
D, 85.03 89.13 93.62
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Fig. 10 Evolution of variable sensitivities as a function of accepted level
of probability failure in a die for steering lever forming

Figure 11 illustrates the evolution of the reliability index /3
as a function of number of forged parts at different determin-
istic values of die temperature ranging from 240 to 280 °C.
This range has been selected to satisfy the results obtained
from FORGE® simulation that allows the first equivalent
strain of e(pc) of 0.08.

For a 3 level of 3.72, it is interesting to see that the number
of forged parts increases by steps of 90 parts as the die tem-
perature is subjected to an incremental decrease of 10 °C from
280 to 240 °C. However, this does not lead to reasonably
suggesting to drop the die temperature as the main simulation
temperature mapping should be respected (Fig. 7). In fact, at
the commonly used die temperature of 250 °C, the number of
forged parts reaches 1650, which gives 148 extra parts com-
pared to when using a die temperature of 257 °C, with a
coefficient of variation of 2.7 %. Hence, the risk of die failure
is increased.

6.4 Effect of first effective strain

The effect of temperature on die life is correlated with the
value of the first effective strain, on which much attention
should be paid when evaluating it. For instance, in the condi-
tions given in Table 2, this value is 0.08, with a coefficient of
variation of 5 %. If the die material properties come to be
altered for any reason, leading to a change in the first equiv-
alent strain, then deterministic values can be applied to eval-
uate die life. Therefore, an investigation of the influence of the
first equivalent strain on die life can be explored to find how
much effect this can bring. Figure 12 shows the evolution of
the reliability index [ as a function of a number of forged parts
when the first equivalent strain increases from 0.06 to 0.1 by
increments of 0.02, according to a die temperature of 257 °C
with a coefficient of variation of 2.7 %.

A drop of the value of the equivalent strain by an increment
0f0.02, from 0.08 to 0.06, generates a gain of 700 parts, which
is very important, but an increase by the same increment leads
to a drastic decrease in the number of forged parts to die



Fig. 11 Estimation of die life 4
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failure. A correlation can be established between the equiva-
lent first strain and the number of forged parts to die failure
and follows an exponential law of the form given the fitting
curve obtained in Fig. 13.

7 Conclusions

The performance index of a hot forging process has been
investigated through the assessment of the lifetime of dies
used to forge steering levers on a 500-T hammer machine.
In addition to the parameters and conditions of hot forging,
as soon as hammering starts, the die is subjected to a small
equivalent strain that could generate zones of damage, partic-
ularly a fatigue crack growth. The only way to detect damage
is by inspecting the topography of dies, specifically in the
sensitive zones, as revealed by the results of the present
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Fig. 12 Estimation of die life through the evolution of reliability index 3
as a function of first equivalent strain

Number of forged parts to die failure, n

forging simulations. The forming process CAE code,
FORGE® and the reliability software PHIMECASoft® have
been used to perform the present investigation. An engineer-
ing empirical model combining the forging process model
with a fatigue damage model has been developed and charac-
terized with random variables in order to analyse the die life.
The main results can be summarized as follows:

1. The die life empirical model is developed by correlating
the Hansel-Spittel and Lemaitre-Chaboche models. This
allows formulation of the forming process of a die under
initiated fatigue damage.

2. The forming process simulations have implicitly predict-
ed the relative parameters in terms of input data, such as
geometry parameters, rheological parameters, tempera-
tures, loading conditions and energy, and output data,
such as von Mises stresses, first equivalent strain, changes
in temperature during the forming process, wear and ther-
mal plastic deformation. The reliability analyses consist of
explicitly predicting the probability of failure from the
empirical model. The involved parameters are associated
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Fig. 13 Evolution of the number of forged parts as a function of first
equivalent strain
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with their uncertainties, which have been characterized by
their probability of density. A limit state function has been
set as the difference between the critical damage and the
value of the propagating damage. Results are expressed in
terms of the reliability index 3 and variable sensitivities.
The performance index of a die is attributed to the number
of forged parts at which die failure occurs. Performance is
expressed as: the greater the number of forged parts, the
longer the die life. In the present work, five main factors
have been considered, i.e. die material rheological param-
eters, Lemaitre and Chaboche fatigue damage model, die
temperature, first equivalent strain and critical damage.
The performance index of a die can be deduced from the
reliability results. For a reliability index 5=3.72, a num-
ber of 1502 parts can be produced with safety. So the
performance index is 1502 when the die temperature is
set to 257 °C, a first effective strain of 0.08 is observed
from inspection and the critical damage value is fixed to
0.6, associating their respective coefficient of variation of
2.7 % and with 5 and 13.5 %.

As expected, critical damage is the most important vari-
able, with a sensitivity of 85 % for a reliability index of
3.72. The next most sensitive parameter is the first equiv-
alent strain, with 11 % importance.

Deterministic investigations of temperature and first
equivalent strain have led to interesting behaviour of the
die life towards the respective random variables. When
increasing the die temperature by steps of 10 °C from 240
to 280 °C, whilst the first strain is 0.08 with a coefficient
of variation of 5 %, the performance index decreases by
steps of 90 parts, from 1740 to 1380. Meanwhile, when
increasing the first equivalent strain by steps of 0.02 from
0.06 to 0.1 and setting the die temperature at 257 °C with
a coefficient of variation of 2.5 %, a drastic degradation of
the die life is generated.

The sooner a crack is detected in a die, the better is the
evaluation of the performance index. This requires fre-
quent inspections of the surface of the dies. In fact, if there
is no crack, and as far as the control of the process is done
well, then the tool will achieve the number of parts for
which it was designed; otherwise, the results of this pres-
ent work are very indicative.
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