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Abstract. Open-die forging is an incremental bulk metal forming process for producing large, safety-
relevant components such as turbine and generator shafts. Besides achieving the target geometry, the
process improves mechanical properties through grain refinement and the elimination of casting-
related defects. With the increasing use of high-alloy steels, precise process control is required to
prevent surface and internal cracking caused by material damage. However, predictive models for
damage evolution under the thermo-mechanical conditions of open-die forging remain limited,
particularly with respect to high-temperature recrystallization and the incremental process character
with inherent pause times. In this work, a recrystallization-sensitive damage model was developed
and validated for open-die forging. The parameters of the Lemaitre damage formulation were
determined for the cold work tool steel D2 (1.2379, X155CrVMol2-1) using hot tensile tests over
the relevant forging temperature range. Dynamic recrystallization kinetics were characterized by hot
compression tests and described using an Avrami-type JMAK formulation, while static
recrystallization behavior was analyzed by stress relaxation experiments and also modeled with
JMAK kinetics. These results enabled the quantification of recrystallized fractions as functions of
strain, temperature, strain rate, and dwell time. To link microstructural evolution with damage
development, tailored recrystallization states were generated in dilatometer experiments and
examined metallographically with respect to void formation and healing. The extended model was
implemented in a finite element framework and validated through open-die forging experiments on
demonstrator geometries, showing its capability to predict damage initiation under industrially
relevant conditions.

Introduction

Open-die forging is an incremental bulk metal forming process that enables the manufacturing of
longitudinally oriented components with various cross-sections like shafts as well as more complex
shaped components like bushings.

In this process, the workpiece is heated to forging temperature, positioned beneath the press by a
manipulator, and plastically deformed in a stroke-wise manner using tools of simple geometry, such
as flat or slightly contoured dies. By the targeted execution of often several hundred individual strokes
over multiple passes and forging heats, the final component geometry is achieved. While forging, the
goal is not only to achieve a specific geometry, but also to achieve excellent material properties. This
is possible due to the ability to close casting related voids and to convert coarse microstructure
resulting from casting in a fine homogeneous one [1].

The increasing demand for open-die forged components made from highly developed and alloyed
steels necessitates increasingly precise and reproducible process control, in particular with respect to
narrow allowable temperature and forming windows. In industrial practice, however, open-die
forging operations are still frequently performed under manual control. This leads to unavoidable
process fluctuations, for example in temperature management, positioning accuracy, and height
reduction per pass, which significantly increase the risk of exceeding critical process limits and
promote the formation of surface and internal cracks.
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To compensate for these uncertainties, forged components are often produced with increased
oversize. While this approach improves process robustness, it results in substantially higher material
consumption. Given that the starting material can account for more than 50% of the total
manufacturing cost of forged components [2], oversizing leads to increased production costs, higher
energy demand, and elevated CO- emissions [3,4]. This contradicts the efforts to minimize material
usage and machining through near-net-shape production. Furthermore, approaches known to reduce
the risk of cracking, such as applying smaller height reductions per pass or introducing additional
reheating steps, are also commonly employed in practice. Although these measures reduce local strain
accumulation and thermal gradients, they significantly increase forging time, energy consumption,
and overall production costs. Consequently, such approaches are not economically viable for the
efficient production of large or complex forged components.

To analyze the risk of cracking and to assess the suitability of alternative process routes, various
damage models were developed in the past. However, application in open-die forging is usually
difficult because most approaches were originally developed for other types of loading, e.g. sheet
metal forming [5], or they do not account to changing load directions like in incremental forming
processes [6]. In addition, the approaches are often designed for cold forming, meaning that they do
not consider softening mechanisms such as recovery and recrystallisation [7].

Based on these considerations, this work focuses on the calibration and extension of the damage
model of effective stresses originally proposed by Lemaitre [8]. Building upon the approach
introduced by Riif et al. [9], the model is adapted for application in open-die forging, as the stress
states encountered in warm upsetting processes show strong similarities to those occurring during
incremental forging operations. In a first step, the damage model is calibrated using hot tensile tests
conducted up to material failure. To enhance the predictive capability of the model under hot forging
conditions, the formulation is subsequently extended to incorporate the influence of dynamic
recrystallization, which is known to reduce damage during high-temperature deformation [10].
Furthermore, to account for the incremental nature of open-die forging and the associated dwell times
between forming steps, the behavior and impact of static recrystallization are experimentally
characterized and integrated into the damage formulation. Finally, the extended model is applied
within a finite element framework to analyze damage evolution in a representative open-die forging
process.

Damage Modeling

In metal forming processes, material formability is fundamentally limited by the initiation and
evolution of damage, ultimately leading to failure. In this context, damage is defined as the nucleation
of microvoids and microcracks, as well as their subsequent growth and coalescence during
deformation. Progressive damage accumulation eventually results in the formation of macroscopic
cracks, which corresponds to the failure of the formed component [11].

For the damage-minimized design and assessment of open-die forging processes, it is essential to
reliably predict the evolution of material damage as a function of process parameters. This includes
not only the spatial distribution and magnitude of damage but also the initiation of macroscopic
cracking with sufficient accuracy. To do so, numerous approaches for describing damage and failure
are available in the literature. Most of these approaches are based on stress- and strain-dependent
functions, which can be obtained from continuum mechanical descriptions but cannot be directly
measured during the forming process. Here, damage models can generally be classified into history-
independent and history-dependent formulations. History-independent approaches evaluate damage
solely based on the current stress or strain state and are therefore mainly suitable for simplified limit
assessments [12,13]. In contrast, history-dependent approaches consider the forming history and thus
enable a more accurate description of damage evolution [14,15]. A further distinction can be made
between macromechanical and micromechanical damage models, depending on the type of variables
used to describe material damage. Macromechanical models rely on global variables, whereas
micromechanical models consider local stress and strain states.



Materials Science Forum Vol. 1183 83

Due to the incremental character of open-die forging, the complex thermo-mechanical boundary
conditions, and frequently changing loading directions, the local stress and strain states can vary
significantly  throughout the  workpiece  volume. Consequently, history-dependent,
micromechanically motivated damage models are particularly well suited for the simulation of open-
die forging processes, as they inherently consider both the complete forming history and the local
stress state in the evaluation of material damage. Recent publications on damage modeling in metal
forming emphasize the importance of such approaches, especially when aiming at predictive
simulations under hot forming conditions and in combination with microstructure evolution [7,11,14-
17].

Model of effective stresses.

To describe ductile material damage, Lemaitre introduced the forming history-dependent and
micromechanically motivated Model of Effective Stresses (MES) [2]. The MES represents a
compromise between computational efficiency, practical applicability in terms of parameter
calibration, and the number of required input variables. By considering a representative volume
element (RVE), the model assumes that, in the presence of material damage D, only the undamaged
surface fraction (1—D) of a sectional plane within the RVE is capable of transmitting forces.

For the one-dimensional case, the effective stress G, is defined as:

~ F F o
Oeff = 2= 2 ar — 10" (D

Here F denotes the normal force, A, the total cross-sectional area, and Ap the area fraction occupied
by voids due to damage. Accordingly, the damage variable is defined as D = Ap /A, where D=0
describes an undamaged and D=1 describes a failed material state. Assuming isotropic damage, the
effective Cauchy stress tensor g;; is given by:

~ oij
Gy =L, (2)
The evolution of damage is described by Lemaitre through the dissipation potential 1, resulting in a
scalar, convex damage evolution law:

y =% _ (1) &
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In this law S, is a material parameter, £ is the equivalent plastic strain rate, and Y denotes the damage
energy release rate. The parameter s, is a material-specific calibration factor controlling damage
sensitivity. As no significant influence of sy on the model calibration was observed, it was set to sq =
1. To distinguish between tensile and compressive stress states, the stress tensor is decomposed into
positive and negative components, yielding in the following description for the energy release rate:
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Here v is the Poisson’s ratio, E the Young’s modulus, & the true stress tensor, and h a void-closure
parameter accounting for the potential reduction of damage under compressive loading. For an
accurate representation of damage evolution, h should be close to zero. By comparing simulations
with tensile and compression tests, Riif [9] showed that h should therefore be set to 0.001.
According to Lemaitre, the material parameter S, can be approximated by
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So (5)
where o is the equivalent stress, D; . the critical damage under uniaxial tension, and &, the elongation

at rupture under uniaxial tension. The one-dimensional critical damage and the general rupture
criterion D, are defined as:
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Here o, is the ultimate tensile strength, g, the failure stress, and t, the stress triaxiality function [18].

To describe the damage evolution over time (time increment At) the incremental description in Eq. 7

1s used:

D-At
D.*

D;=D; 4+ (7
To identify the material parameters required for the MES damage model, hot tensile tests were
conducted at IBF using a TA DIL805 quenching and forming dilatometer. Flat tensile specimens of
tool steel X155CrVMol2-1 with a thickness of 2.2 mm and a width of 3 mm in the formed section
were used. The specimens were inductively heated to the forming temperature and deformed at a
constant strain rate of 0.1 s~ until fracture. The quenching and forming dilatometer enables
experiments under vacuum conditions while providing highly precise and reproducible temperature
control throughout the test. The experiments were carried out for typical forging temperatures in a
temperature range from 800 to 1200 °C. To ensure reproducibility, each test was performed twice.
The resulting mean values of ultimate tensile strength o, failure stress o,., and rupture elongation &,.,
together with the corresponding damage resistance parameter S, evaluated for each temperature
according to Eq. 5 and 6, are summarized in Table 1. Based on these experimentally determined
material properties and the derived S,-values, the MES damage model is fully calibrated for the tool
steel X155CrVMol2-1. Within the investigated temperature range, the temperature-dependent
parameters are obtained by interpolation between the tabulated values.

Table 1. Results of the warm tensile tests of the tool steel X155CrVMol2-1.

Temperature | Ult. tensile strength | Failure stress | Rupture elongation Parameter
[°C] ay [MPa] oy [MPa] & [%0] So [-]
800 170.9 67.9 38.5 0.071
900 121.6 132.3 30.8 0.060
1000 143.1 66.2 34.4 0.076
1100 98.5 32.8 35.7 0.041
1200 62.0 16.5 36.0 0.021
Modeling of DRX Kinetics.

In materials exhibiting low stacking fault energy, such as the cold work tool steel X155CrVMo12-1
investigated in this study, microstructural softening during hot deformation is governed
predominantly by recrystallization mechanisms rather than by recovery effects [19]. Recrystallization
processes occurring concurrently with plastic deformation are referred as (meta) dynamic
recrystallization (DRX), in contrast to static recrystallization (SRX), which takes place during post-
deformation holding periods. At the same time, previous investigations have demonstrated that
recrystallization contributes to a reduction in material damage during hot forming by effectively
resetting critical strain levels and promoting the closure of small voids [10]. Consequently, the
incorporation of DRX effects is of particular importance for physically motivated damage modeling
in hot forming processes such as open-die forging.

As the MES was originally formulated for cold forming applications and does not account for
microstructural softening phenomena, it was extended to incorporate the influence of DRX, following
the general approach proposed in [9]. For this purpose, the kinetics of dynamic recrystallization were
experimentally determined for the tool steel X155CrVMo12-1 using cylindrical Rastegaev specimens
with an initial diameter of 10 mm and a height of 15 mm. The tests were carried out on a Servotest
TMTS servo-hydraulic testing machine at strain rates of 0.1 s™' and 1 s™* for temperatures of 800 °C,
900 °C, 1000 °C, 1100 °C, and 1200 °C, with each thermo-mechanical condition being tested twice.
Based on the resulting flow curves, the evolution of the dynamically recrystallized fraction was
evaluated in accordance with the methodology proposed by Sun et al. [20] and Briiggemann et al.
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[21]. For this purpose, the flow curves determined are divided into a portion subject only to recovery
(DRV) and a portion softened due to dynamic recrystallization (DRX). Fig. 1 exemplarily illustrates
the procedure for a flow curve at 900 °C and a strain rate of 0.1 s\
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Fig. 1. Exemplary determination of the dynamically recrystallized fraction (DRX) according to Sun
et al. [20] at a temperature of 900°C and a strain rate of 0.1 s™".

For each test, the peak stress ag;, and the corresponding strain &, were first determined from the
experimental flow curve. The critical strain for the onset of DRX ¢, was then estimated by assuming
g. = 0.8 - &, as indicated in Fig. 1. The dependence of €. on temperature and strain rate over the

investigated range was subsequently described as a function of the Zener—Hollomon parameter Z in
accordance with Eq. 8.

&, =¢;-Z%2 with Z = é-exp(%)

(8)

The DRV portion of the flow curve was obtained by extrapolating the work-hardening behavior of
the experimental flow curve beyond the critical strain €.. The DRX portion was then evaluated from
the difference between the measured flow curve and the DRV curve, yielding the strain-dependent
dynamic recrystallized fraction Xpgrx(€). The DRX fractions from all tests, covering all investigated
temperatures and strain rates, were finally analyzed in conjunction. The fraction of dynamically
recrystallized material Xpgry is described by Eq. 9, where the material specific parameters n and k
were identified by non-linear least-squares fitting of Xprx.
n
Xprx =1 —exp (—k . (S SC) )

Ec

)

The material-specific parameters describing the DRX kinetics of X155CrVMol2-1 within the
investigated temperature and strain rate range are summarized in Table 2.

Table 2. Determined material parameters of DRX kinetics for the tool steel X155CrVMol2-1.

Activation energy Q,, Parameter k Parameter n Parameter ¢, Parameter c,
[k]/mol] [-] [-] [-] [-]
232.212 0.47077 2.094 0.179 0.0093
Modeling of SRX Kinetics.

Due to the incremental nature of open-die forging and the associated frequent dwell times between
the forming steps at elevated temperatures during every pass, the microstructure kinetics of the
process are also strongly driven by static effects. To account for the influence of those static
recrystallization effects during these pause times, the SRX kinetics were determined by means of
stress relaxation experiment.

Therefore, additional hot compression tests were carried out on cylindrical specimens of
X155CrVMo12-1 with an initial diameter of 5 mm and a height of 10 mm using the IBF quenching
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and forming dilatometer TA DIL 805. The compression tests were conducted at 800 °C, 900 °C, 1000
°C, 1100 °C and 1200 °C with different height reductions representing true strains of 0.10, 0.125, and
0.15 in the sample. The applied height reduction was selected for each temperature such that the
imposed strain remained below the previously determined critical strain, ensuring that no dynamic
recrystallization effects occurred. After reaching the desired deformation, the compression stroke was
held constant and the resulting stress relaxation was measured. Based on the obtained stress relaxation
curves, the SRX kinetics were subsequently determined as a function of temperature and applied
strain according to Karjalainen [22]. For this purpose, the stress relaxation curves were divided into
three distinct regions (see Fig. 2): In region 1, creep processes initially dominate the stress relaxation
behavior. This is followed by region 2, in which SRX takes place. After completion of SRX, recovery
processes are observed in region 3.
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Fig. 2. Stress relaxation curve with three characteristic regions and static recrystallized fraction at
1000 °C.

By fitting linear functions to regions 1 and 3 in the log(t)—stress representation the stresses of the
purely unrecrystallized and fully recrystallized states are obtained. The respective parameters
describing the linear functions are given by the y-axis intercept o, and the slope a« with indices 1 for
the first and 2 for the third region of stress relaxation. The statically recrystallized fraction X at any
time within region 2 is then determined individually for each temperature and forming condition using
a linear mixture rule based on the measured stress o

X = (o01—as-log(t))-o (10)

(001—002)—(a;—a3)-log(t)

For each temperature and strain level, the resulting statically recrystallized fraction X were
subsequently fitted with the JMAK-type relation given in Eq. 11, providing an individual description
of the SRX kinetics in terms of the Avrami exponent n and the half-life time t5,, which is defined as
the time required for 50 % static recrystallization.

Xspx = 1 - exp (In (0.5) - (&)n) (1N

To enable a generalized description of SRX kinetics over a broad range of thermo-mechanical
conditions, the experimentally determined Avrami exponents were averaged. The temperature and
strain dependence of the half-life time t5owas described using Eq. 12 [23]:

tso =A-€%-exp (i) (12)

R-T

The activation energy Qand the material-specific parameters A and g in Eq. 12 were obtained from
logarithmic plots of the half-life time as a function of temperature and strain by linear fitting using a
non-linear least-squares procedure. The corresponding parameter values are summarized in Table 3.
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Table 3. Determined material parameters of SRX kinetics for the tool steel X155CrVMol2-1.

Activation energy Q Avrami exponent n Parameter A Parameter q
[k ]/mol] [-] [-] [-]
114.010 0.5553 0.00002335 -0.7228

Damage development due to recrystallization effects.

Using the model parameters identified in the previous sections, the fractions of dynamically and
statically recrystallized microstructure during open-die forging can be predicted for the tool steel
X155CrVMol2-1. Nevertheless, a constitutive link between microstructural evolution and the
development of material damage must be established.

The effect of dynamic recrystallization on damage evolution is incorporated using the formulation
proposed by Abu Al-Rub et al. [24], which has also been employed in the work of Riif et al. [9].
Unlike the original formulation, the present approach was extended to account for the dynamically
recrystallized fraction in an incremental manner. As a result, the damage parameter defined in Eq. 7
is reformulated as a function of the dynamically recrystallized fraction AXpry:

2 (1= Mppy). (13)

Di = Di—l + Do

In contrast to dynamic recrystallization, no general constitutive approaches are available to describe
the influence of static recrystallization on damage evolution. Consequently, an experimental strategy,
based on the work of Heiser et al. [25], was employed. The objective of this methodology is to
describe the evolution of material damage by means of the void area fraction as a function of the
statically recrystallized fraction.

To this end, cylindrical tensile specimens of X155CrVMo12-1 with an initial diameter of 10 mm
and a measure length of 50 mm were manufactured and tested at room temperature in accordance
with DIN EN ISO 6892-1 [26] on a Zwick Z100 tensile testing machine up to uniform elongation.
This procedure ensures that a sufficient and homogeneous pre-damage state is introduced into the
specimens under tensile loading, enabling microscopic investigation of damage evolution. From the
deformed sections of the tensile specimen, cylindrical compression samples with an initial diameter
of 5 mm and a height of 10 mm were subsequently extracted. These specimens were subjected to
single-step compression tests using the quenching and forming dilatometer TA DIL 805. The
deformation parameters were selected according to the SRX kinetics determined in the previous
section to achieve statically recrystallized fractions of 0%, 50%, and 95%. Table 4 provides an
overview of the specific process parameters.

Table 4. Determined process parameters to archive defined statically recrystallized fractions.

Temperature Holding time
[°C] [s]
0% SRX 50% SRX 95% SRX
800 0 2.3 28.1
900 0 3.5 42
1000 0 4.9 59
1100 0 6.5 78.9

After deformation, the samples were sectioned in height, prepared metallographically and
analyzed using a Keyence VHX-7000 digital microscope. High-resolution 4K imaging combined
with advanced image processing enabled automated detection and quantification of voids based on
brightness threshold. Fig. 3 shows an exemplary microscopic image of a dilatometer specimen with
no statically recrystallized fraction.
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Fig. 3. Microscopic image of a formed sample. Left: Automatic void detection. Right: Close-up of a
void.

Fig. 3, right shows that the voids are clearly visible as dark features in the microstructure. By
applying a brightness threshold, voids can be automatically identified, marked, counted, and
measured (see Fig. 3, left). For each specimen, a square evaluation area with an edge length of approx.
2500 pm was analyzed. The selection of a sufficiently large measurement area ensures that the
determined void area fraction reflects the overall damage state of the material rather than local
microstructural variations. Based on these analyses, the void area fraction was determined for all
experiments. Fig. 4 summarizes the averaged void area fractions as a function of the statically
recrystallized fraction, revealing a clear decrease in void area fraction with increasing static
recrystallization.
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Fig. 4. Void area fraction as a function of the static recrystallized fraction.

Fig. 4 shows that the average void area fraction of approximately 0.048 % was reduced by
mggrx =25.6 % to about 0.035 % at near-complete static recrystallization.

These results confirm a direct relationship between the statically recrystallized microstructural
fraction and the void area fraction, and thus material damage. With increasing statically recrystallized
fraction, a significant healing of voids occurs, leading to a substantial decrease in the overall damage
level. To account for this effect in the damage model, the damage variable D; in Eq. 13 is reduced in
the presence of static recrystallization according to the statically recrystallized fraction and the
experimentally determined void reduction factor mggy. The resulting damage formulation including
static recrystallization is given by:

Dsrx,corr = Di + (1 — AXsgy - Mgrx) (14)



Materials Science Forum Vol. 1183 89

Experimental Validation

The conducted forging trials served to experimentally validate the calibrated and extended damage
model. The objective was to forge a demonstrator component in which different damage states could
be deliberately induced, including regions exhibiting pronounced cracking as well as regions showing
no or only incipient cracks. In parallel, the identical forging process was simulated using the
calibrated and extended damage model, enabling a direct comparison between experimental
observations and numerical predictions.

The initial workpiece geometry was a rectangular block measuring 150 x 150 x 800 mm?, which
was forged into a stepped rectangular shape with final cross-sections of 115 x 115 mm? and 95 % 95
mm?. Forging was performed at 1200 °C using a relative height reduction of 15% and a bite ratio of
0.5. All strokes were applied without bite offset and in a purely feeding manner. The resulting forging
plan is shown in Table 5.

Table 5. Forging plan for experimental validation.

Pass | Height reduction | Initial height | Final height | Bite length | Bite ratio Strokes
[-] [%] [mm] [mm] [mm] [-] [-]
1 15 150 128 75 0.5 7
2 14.5 157 135 79 0.5 7
3 15 135 114 67 0.5 9
4 14.5 141 121 71 0.5 10
5 7 121 112 60 0.5 13
6 6.8 123 115 62 0.5 13
7 15 115 98 58 0.5 5
8 14.5 121 103 60 0.5 6
9 11.6 103 91 52 0.5 7
10 11.3 107 95 54 0.5 8

The forging plan consists of ten passes executed within a single heat, with the first six passes
applied over the full length of the block and the remaining four passes used to form the step over half
the block length (see Fig. 5).

The experimental trials were conducted at the IBF forging facility, which combines a 630-ton
hydraulic forging press with a six-axis hydraulic heavy-duty robot. This setup enables industrially
relevant forming conditions as well as highly reproducible workpiece positioning. Ultrasonically
tested blocks free of reportable defects according to EN 10228-4 [27] were used as starting material
to exclude significant pre-damage. Prior to forging, the blocks were heated to forging temperature at
1200 °C in a gas furnace and held for 1.5 hours to ensure temperature homogeneity before being
forged according to the defined forging plan. The forging was carried out using two flat dies with a
width of 200 mm and a radius of 20 mm. During forging, the heavy-duty robot and the forging press
operated in automatic mode, ensuring high repeat accuracy of the strokes, as only initial positioning
was necessary at the start of each pass.

The corresponding numerical simulations were performed using QForm UK 11.0.2 in explicit
mode. The simulation model included the forging block, two flat dies identical to the real forging
press, and a virtual manipulator for workpiece positioning. Tetrahedral finite elements were used in
combination with an adaptive meshing strategy, resulting in up to 117,000 elements in highly
deformed regions. The plastic material behavior was described using the experimentally determined
flow curves obtained from the DRX investigations, while additional temperature-dependent material
properties were taken from literature [28]. This includes thermal conductivity, density, elastic
modulus and specific heat capacity. The dies were modeled as rigid bodies at 400 °C, with a die—
workpiece heat transfer coefficient of 30,000 W/m?K and a Coulomb friction coefficient of 0.3. Heat
exchange with the environment was considered using an ambient temperature of 20 °C and an air—
workpiece heat transfer coefficient of 30 W/m?K. Adaptive meshing was employed to ensure
sufficient resolution in highly deformed regions. The extended damage model, as described by Eq. 3-
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14, was implemented via a Lua-based user subroutine, which received stress, temperature, and
damage-related state variables from the FE simulation at each time increment and computed the
corresponding damage evolution.

Fig. 5 presents the results of the validation forging experiments. In addition to the experimental
forging results, the figure also includes the corresponding simulation results obtained using the
extended damage model (Fig. 5, bottom).

Edge cracks

Beginning surface
cracks

Deep edge and
surface cracks

First forged region Second forged region
115 x 115 mm? 95 x 95 mm?

’ Damage value D = 1 ‘ ’ Damage value D = 1 ‘

250 mm

Fig. 5. Experimental and simulation validation. Top: Result of the forging experiment with crack
visualization. Bottom: Simulation result with damage model.

The demonstrator component exhibits two clearly distinguishable damage regions in which
pronounced cracking was intentionally induced. In the first forged region with the larger cross-section
(115 x 115 mm?), clear edge cracks and locally initiated surface cracks are observed. In contrast, the
second forged region with the smaller cross-section (95 x 95 mm?) shows extensive surface and edge
cracking with significantly greater crack depth.

The numerical results demonstrate that the extended damage model is capable of reproducing the
dominant damage mechanisms observed during the forging process. In the first step region, the
simulation predicts distinct damage maxima at the workpiece edges, which correspond to the
experimentally observed crack locations (Fig. 5, marking 1). However, the model does not fully
capture the initiation of isolated surface cracks in this region, as the calculated damage values remain
below the critical threshold of D = 1 (Fig. 5, marking 2). This deviation is likely caused by small
variations in the manual positioning of the initial forging stroke, which may result in an unintended
overlap of die edges in subsequent strokes and thereby promote localized damage accumulation not
represented in the idealized simulation setup. In the second forged region, the damage model predicts
critical damage values of D = 1 over large areas of the side surfaces and edges of the workpiece,
which is confirmed by the occurrence of cracks in the experimental trials (Fig. 5, marking 3).
Furthermore, the simulation reveals a damage zone extending from the transition between the second
and first step toward the workpiece center and head. This arrow-shaped damage zone is reflected in
the experimental forging results by diagonally oriented surface cracks (Fig. 5, marking 4).

Conclusion and Outlook

This work presented an extended damage modeling framework tailored to the specific conditions
of open-die forging. Building on the Lemaitre damage model, the formulation was enhanced to
include the effects of dynamic and static recrystallization, thereby capturing essential microstructural
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mechanisms influencing damage accumulation and healing at elevated temperatures. The incremental
nature of the process and the presence of dwell times were explicitly addressed.

The required material parameters were identified through a comprehensive experimental program.
Hot tensile tests conducted at multiple temperatures were used to determine the parameters of the
base Lemaitre damage model. The dynamic recrystallization behavior was characterized by hot
compression tests performed at different temperatures and strain rates, while static recrystallization
kinetics were derived from stress relaxation experiments carried out over a relevant temperature
range. The effect of static recrystallization on damage evolution was further investigated by
combining tensile and compression tests with detailed metallographic analyses. These investigations
demonstrated that static recrystallization has a pronounced healing effect on existing damage: a nearly
complete static recrystallization resulted in a reduction of the void area fraction by approximately
25.6 %, clearly confirming the damage-mitigating capability of recrystallization processes.

The damage model was implemented into a finite element framework and validated by open-die
forging experiments on a demonstrator component. The simulations showed good agreement with
experimentally observed damage and crack locations, confirming the model’s ability to capture
critical damage zones and characteristic damage patterns under industrially relevant conditions.

Future work will focus on examining the constitutive description of SRX-induced damage healing
in more detail by means of dedicated numerical case studies and corresponding experiments, in order
to explicitly validate the proposed SRX—damage coupling. Furthermore, the influence of individual
process parameters on material damage during open-die forging will be systematically investigated.
By analyzing the effects of parameters such as forging temperature, height reduction, bite ratio, dwell
time, and tool geometry, critical process conditions can be identified. This will enable the
development of damage-minimized forging strategies and support the reliable processing of
demanding alloys, ultimately contributing to improved component quality and reduced scrap rates.
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