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Abstract. Forging processes are defined by variables related to the workpiece,
the tools, the machine, and the process itself, and these variables are called pro-
cess variables. They have a direct impact on the quality of the finished product,
so it is important to accurately define them at the very beginning of the pro-
cess design. Nowadays, the design stage is supported by numerical simulations,
however, these simulations are made under ideal process conditions and do not
consider the dynamics of the forging machine or the variabilities that may occur
in production (e.g., variabilities in the dimensions of the billet). This suggests that
among the different process variables, those defined for piloting the process (such
as the blows energies, for example) are fixed under nominal conditions and are
not calibrated for each part produced.

This study exploits a methodology in four steps to create a surrogate model
and implement it into amachine-behavior model for real-time piloting of a forging
operation with a screw press. This model supports the piloting of the operation,
providing a value for the energy setpoint, according to the current state of process
variables, these being the input of the model. The methodology is detailed for a
multiple-blow cold upsetting of a copper billet.

Keywords: Forging · Real-time prediction · Surrogate model · Numerical
simulation ·Mass-spring-damper model

1 Introduction

Ensuring high precision and consistency in piloting a forging process can be challenging
due to the complex nature of such forming processes. While numerical simulations can
predict key forging outcomes, such as billet’s deformation behavior and forging load,
they often fail to consider the dynamic of the forging press and its interaction with
the workpiece. The lack of consideration for these dynamics in simulations can lead
to discrepancies between the predicted and actual process outcomes, as the dynamic
affects the efficiency of the blows and some other variables, such as forging load or ram
displacement [1–4].
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Various approaches have been explored in the literature for representing the dynamics
of forging machines, ranging from the finite element method approach for the machine
to methods like multi-body systems and mass-spring-damper systems [1, 5–10]. These
models have been coupled to numerical simulations of the forging process to capture
the interactions between the machine and the workpiece [11]. However, coupling these
models with forging simulations can be computationally expensive and time-consuming,
which limits their effectiveness for real-time control and optimization of the forging
process.

Surrogate models have emerged as a promising alternative to simulations in such
cases. A surrogate model is a simplified representation of the original system that can
reproduce its key features with lower computational cost and higher speed [12]. While
simulations provide accurate predictions of systems behaviors, surrogate models offer
the advantage of faster and more cost-effective predictions with acceptable accuracy.
While surrogatemodels have been extensively tested in variousmanufacturing processes
[13–16], their application in forging is limited. Moreover, there is a lack of research
on the coupling of these surrogate models and the machine models presented before.
Therefore, this study develops a methodology to create a surrogate model predicting
the billet behavior (load-displacement curve) in a multiple-blow forging operation and
coupling it with a mass-spring-damper machine model. This coupling allows real-time
prediction of the billet-interface-machine behavior giving a corrected energy setpoint
for piloting the process.

The requirements of the model are responsiveness, fidelity, and predictivity. The
responsiveness is achieved using surrogate modeling techniques. The predictivity is
ensured by using calibrated numerical simulations for the surrogate model training and
the fidelity is enabled by using real operation conditions as the variabilities of the process
are considered.

The proposed methodology has four steps: Realization of a parametric sensitivity
study to determine the process dominant variables. Creation of a database with the help
of optimized numerical simulations. Training and validation of the surrogate model.
And, coupling of the surrogate model to a mass-spring-damper model of the press. This
methodology is detailed for one case: a multiple-blow cold upsetting of a copper billet.

2 Surrogate Modeling Design

2.1 Experimental Setup and Numerical Modeling

The forging operation studied is a cylindrical copper billet’smultiple blowcold upsetting.
The billet is forged with the LASCO SPR400 screw press of the VULCAIN platform at
Arts et Métiers Metz in France (see Fig. 1). This press can provide a maximum forging
energy of 28,9 kJ for a ram speed of 680 mm/s. The press is controlled by a setup energy
adjustable from 1% to 100% of its maximum capacity. Tools with smoothed flat dies
were used for the upsetting operations.

For this operation, a cylindrical pure copper billet defined by its Initial Diameter
(ID) and Initial Height (IH) is forged at room temperature along its revolution axis n
times until it reaches a Final Height (FH-n), passing by intermediate Final Heights (FH1,
FH2…). The resulting upsetting part is usually a preform for other forging processes,



Fig. 1 Experimental setup: screw press overview and focus on the flat dies and the billet.

such as ring rolling for billet with large dimensions. The final height of the upset is a
crucial factor as it influences the load and energy required for subsequent operations,
such as piercing and ring rolling [17]. Controlling the final height of the upsetting part
means knowing the forging energy setup for each blow, considering the workpiece’s
initial, actual, and final status (See Fig. 2).

Fig. 2 Multiple-blow upsetting: workpiece schematic.

The correspondent process is modeled using FORGE NxT® the Finite Elements
software from Transvalor. A rigid die 2D axisymmetric simulation is performed (see
Fig. 3). A reduced Hensel-Spittel law for the copper rheology has been extracted from
[18]. Other numerical parameters (friction law, heat transfer coefficients, etc.) are taken
from the literature [19, 20].

Comparing the simulation results with the ones coming from the experimental test
should allow the validation of the model. If the simulation results do not match the
experimental ones, some optimization techniques should be followed to calibrate the
numerical parameters, as proposed by [21, 22] and deployed by [18].



Fig. 3 Multiple-blow cold upsetting of a cylindrical copper billet: numerical simulation

2.2 Sensitivity Analysis and Database Creation

A parametric sensitivity analysis (SA) is performed based on the calibrated numerical
simulation. The SA allows the identification of the most significant variables impacting
the selected outputs of the system (final height, maximum load) and it also allows the
determination of how thesemost impacting variables contribute to the overall behavior of
the forging operation [23, 24]. With this knowledge, the creation of the surrogate model
is optimized by focusing on the most influential variables. To do that, dimensionless
local sensitivity analysis techniques were chosen for their simplicity. Figure 4 shows
the sensitivity analysis results: The sensitivity percentage value is compared for every
parameter, supporting the surrogate model’s architecture choice.

Fig. 4 a) Sensitivity analysis of initial parameter on final height. b) Sensitivity analysis of initial
parameter onmaximum load. c)Model’s architecture choice deduced from the sensitivity analysis.

Once the inputs and outputs of the model are chosen, a full factorial design of
experiments of five levels is defined, with the variables range determined thanks to
operational data. For our case, 150 simulations were computed.

2.3 Creation of the Surrogate Model

The given architecture of the surrogate model leads to scalar predictions (Energy, Max-
imum load). Artificial neural networks have been chosen given their capabilities in



forming processes [15, 25–27]. The creation of the model involves two main steps:
specifying the architecture of the network and training the network with the database.
First, regarding the architecture of the network, the number of neurons in the hidden
layers was estimated with the equation proposed by [28]:

h = Number of Training Sets

10(m+ n)
(1)

where h is the number of neurons in the hidden layers, m is the number of neurons in
the input layer, and n is the number of neurons in the output layer. In our case, the initial
architecture should have more than forty neurons in its hidden layers.

Regarding the training of the network, the default activation function is the rectified
linear unit function (ReLU) for the hidden layers and the linear function for the out-
put layer [29]. The mean squared error (MSE) is the default loss function for training
regression problems [30].

The simulation’s initial dataset is normalized and divided into training, validation,
and test data sets. A later experimental validation is also performed. The model is
developed in Python programming language using Keras API.

The evaluation of the model requires three input values: Initial Height (IH), Initial
Diameter (ID), and Final Height (FH), and predicts the energy setpoint and themaximum
load for the operation (Fig. 4). The computation time is lower than 200ms. For a set of
input points (IH, ID, FH), if the model is iteratively evaluated with FH = [IH, FH], a
set of points representing the current height-maximum load relationship, i.e., the load-
displacement representation can be obtained/deduced (see Fig. 5). An energy-height
curve could also be extracted for the same evaluation.

Fig. 5 Load-height curve obtained from an iterative evaluation of the surrogate model FH = [IF,
FH].

3 Billet-Interface-Machine (BIM) Model and Surrogate Model
Integration

The surrogate model allows the prediction of the energy setpoint, which corresponds to
the plastic energy in our numerical model with rigid dies (see Fig. 3).



However, this model lacks predictivity in a multiple-blow operation since it does
not consider the blows’ efficiency, which decreases after each forging step [19]. n the
forging sequence, the energy transmitted by the press will be higher than the plastic
energy transferred to the billet.

To determine the blow efficiency, one should model the billet, the machine-specific
dynamic behavior, and their interactions, as done by [10], where a mass-spring-damper
model (denoted BIM model) is used for the LASCO SPR400 screw press and could
also be applied to other forming machines [1]. Using this BIM model, the total energy
could be deployed in five energies: the kinetic of the masses, the elastic energy stored by
the springs, the damping energy dissipated by the dampers, the friction energy between
tools and billet, and the plastic energy absorbed by the billet. (Fig. 6)

Fig. 6 Billet-Interface-Machine model for the screw press. Edited from [10]

During a blow, the kinetic energy, being the available energy at the beginning of the
process, decreases as the ram transmits its equivalent energy to the rest of the system.
It means that kinetic energy is transformed into the other four types of energy. For
the calculation, the BIM model needs access to the billet’s forging load for a given
displacement. A numerical [10] and an analytical model [1] have been proposed to
obtain this load-displacement curve.

Coupling the BIM and the surrogate models should allow a high-fidelity real-time
prediction of the final height, the maximum load, and the blow efficiency for a multiple-
blow operation.

The surrogate load-displacement curve obtained from the surrogate model is the
input of the BIM model, which will give a real-time prediction of the blow’s final
heights (FH1, FH2,…, FH’), the blow’s efficiencies, and a corrected load-displacement
curve (see Fig. 7).

The final height FH used in the surrogate model is a target. The FH’ is the predicted
final height after the energy dissipation. Thus, FH will be lower than FH’.



Fig. 7 Integration of the surrogate model in the BIM model (PL = Plastic, EL = Elastic, DA =
Damping, FR = Friction).

4 Results

An experimental campaign is carried out to validate the multiple blow predictivity of
the model. The model is trained using billets with ID = [15,20,25,30,35] mm, whereas
the billets out of the training set with ID = 18 mm, and ID = 32 mm were forged.
Each billet has been forged four times. The ID = 32 mm was forged at 20% of the
maximal press energy (5.780kJ). The ID = 18 mm was forged at 5% of the maximal
press energy (1.445kJ). The load-displacement curves fit with the experimental data, and
the prediction of the billet’s heights has an error below 5%, corresponding to 0.6 mm
(see Fig. 8). The prediction of the blow efficiency was also evaluated with errors below
5% (see Table 1).



Table  1. Blow efficiency and energy repartition: the gap between experimental and predicted 

data. (EL = Elastic, DA = Damping, FR = Friction).

Billet Blow Blow efficiency [%] Error Energy repartition:
Surrogate + BIM

Experimental Surrogate +
BIM

EL [%] DA [%] FR [%]

ID = 32,00
IH = 48,24

1 98,56% 98,79% 0,23 0,49% 0,11% 0,61%

2 96,20% 97,27% 1,07 1,22% 0,48% 1,40%

3 89,23% 93,59% 4,36 4,99% 0,56% 1,05%

4 85,75% 86,87% 1,12 11,71% 0,72% 0,70%

ID = 18,00
IH = 35,92

1 98,73% 99,45% 0,72 0,20% 0,04% 0,31%

2 95,65% 98,61% 2,96 0,71% 0,26% 0,42%

3 94,81% 96,36% 1,55 2,91% 0,38% 0,35%

4 91,44% 92,63% 1,19 6,79% 0,44% 0,14%

Fig. 8 Load-displacement curves: experimental and surrogate + BIM model and error in the
prediction of the heights. a) billet with ID = 32,00 mm; IH = 48,24 mm. b) billet with ID =
18,00 mm; IH = 35,92 mm.

5 Discussion

The coupled model has been evaluated in a four-time blow upsetting operation and
compared to experimental results (see Fig. 8). The training of the model being made
for the range ID = [15–35], two billets near the training limits have been tested ID =
[18;32].

The model allowed the prediction of both the intermediate heights and maximum
loads of the blows, using load-displacement curves. Additionally, the model estimated
the efficiency of the blows, as well as their energy repartition.



The load-displacement curves prediction is representative of the actual process, with
all the curves nearly overlapping (see Fig. 8). However, these predictions show better
results for the first blow: errors increase from less than 1% in the 1st blow to almost
5% in the 4th blow for final height prediction and from 5% to almost 9% in maximum
load prediction. This can be explained by different factors: first, an error occurs in
the prediction of the first blow and this error propagates with the increasing number of
blows. In addition, we are approaching the training limits of the model, since the strain is
increasing considerably (from 0 to 1.8 on average). Finally, the model has its limitations,
since only three input variables are taken for training (ID, IH, FH). For a more robust
and performant model, more process variables should be integrated, such as the billet’s
temperature, work hardening, geometry, or the press ram velocity.

The press’s behavior has already been integrated into previous studies to calculate
the blows’ efficiency. However, in those cases, the data was taken from numerical [10]
or analytical [1] models and integrated post hoc into the BIM model. Whereas in our
case, the predictive surrogate model allows a calculation of the efficiency a priori in less
than 30 s (see Table 1).

According to Table 1, the distribution of energy aligns with previous findings in the
literature regarding copper upsetting using a screw press [10], where the elastic energy
increases considerably after each blow, and the friction energy increases until it finds
its maximum in the first blow, and then decreases as the compression ratio (IH/FH) and
the blow efficiency decreases. As for the energy dissipated by damping, it is slightly
increasing and less representative compared to the other two dissipated energies.

6 Conclusions and Perspectives

Themethodology proposed in this study integrates a surrogatemodel in a billet-interface-
machine (BIM)model. The surrogate model predicts the load-displacement behavior for
a forged billet. This behavior is taken by the BIMmodel, which simulates its interaction
with the machine for a given number of blows. The BIM model returns a corrected
load-displacement curve, in which the intermediary heights and maximum loads for
each blow can be extracted, as well as the blows’ efficiency and energy distribution. The
latter is divided into plastic, elastic, damped, and friction energy.

The prediction of the intermediate heights and the efficiency of the blows allow pilot-
ing the forging operation under the screw press, knowing the energy setpoint required
to reach the desired final part.

The surrogate model’s architecture has been defined thanks to the results of a para-
metric sensitivity analysis. The surrogate chosen is an artificial neural networkmultilayer
perceptron that has been trainedwith a database provided by a calibrated numerical simu-
lation. The results obtained from themodel are consistent with the observations recorded
in the literature. Consequently, the following conclusions were deduced:

1. The coupling of the surrogate and machine behavior model works as a decision-
making tool for real-time piloting of the machine during a forging process. In the case
of upsetting, the model’s input parameters are the Initial Height, Initial Diameter, the
number of blows, and the Final Height (a target). The outputs are the energy setpoint,



the blows efficiency, the energy repartition, and the load-displacement curves, from
which the final height and the maximum load for each blow can be extracted.

2. A further surrogate model should integrate more process variables, such as the billet’s
temperature, work hardening, and geometry. This would improve the performance of
the model and its robustness.
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