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Abstract: Developments in technology rely increasingly on the numerical simulation of single process
steps up to whole process chains using commercially available or user-written software systems,
mostly based on the finite element method (FEM). However, detailed simulations require realistic
models. These models consider the relevant material-specific parameters and coefficients for the basic
material, surface phenomena, and dies, as well as machine kinematics. This knowledge exists to some
extent for certain materials, but not in general for groups of steel that depend on alloying elements.
Nevertheless, the basic material and its behavior before, during, and after hot deformation must be
understood when designing and describing die-forging processes by experimental and numerical
simulations. This is why a new mathematical approach has been formulated for forming behavior
and recrystallization kinetics, taking into account the carbon content of the base material, the initial
microstructure, and the reheating mode. Furthermore, there have been no studies investigating
the influence of varying a single chemical element, such as the carbon content, with regard to the
oxidation behavior, including the internal structure (e.g., pores) at high temperatures. In this context
the majority of studies were performed with steel grade C45 (material no. 1.0503), which was chosen
as base material for the experiments conducted. To identify the effects of the alloying element
carbon on the material and oxidation behavior, steel grades C15 (material no. 1.0401) and C60
(material no. 1.0601) were also investigated. The investigations revealed a dependence of the material
behavior (microstructure and surface) on the alloying system. Based on the experimental results,
the mathematical models formulated were parameterized and implemented in the FE-software
Simufact Forming (Simufact Engineering GmbH, Hamburg, Germany) by means of user subroutines.
Furthermore, a correlation between the thickness of the oxide scale layer and friction was determined
in ring compression tests and accounted for in the software code. Finally, real forging tests were
carried out under laboratory conditions, with all three investigated steels for calibration of the
materials as well as the FE models.
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1. Introduction

In order to simulate closed process chains, besides the influencing variables for the process
description, the strongly inhomogeneous material properties within a process step and the different
material states along a process chain must be taken into account for the material characterization. It is
therefore indispensable for the experimental simulation to be focused on the aim of the investigated
technologies, and the complex interaction between the material and forming machine during the
individual process stages. Furthermore, the influence on subsequent process steps has to be considered.
It must also be ensured that the experimental simulation describes the analyzed process with sufficient
accuracy with regard to strain rate, forming temperature, friction, reheating mode, microstructure, etc.,
in order to implement these data in the numerical systems. In addition to the material characterization
of the base material, the description of surface modifications as a result of the forming temperature
is becoming increasingly important, because these phenomena influence the final product quality,
process efficiency, and the material flow based on friction. The influence of alloying elements on
high-temperature oxidation behavior as well as the hardening and softening processes before, during,
and after the forming process were investigated in principle for single steel grades, but not for a group
of steels.

A study by Kawalla et al. compared the oxidation behavior of different steels (S355, Ultra Low
Carbon steel, Si steel) with regard to the loss of mass due to oxidation [1]. The oxidation was slightly
lower for the ULC steel (<0.01% carbon content) compared to steel S355 (<0.24% carbon content).
One reason can be seen in the lower C content in combination with the further alloying elements in
the interstitial-free (IF) steel (e.g., Ti, Nb). Depending on the C content, carbon gas products (CO and
CO2) are formed, which lead to non-uniform scale properties, lower bonding strengths of oxide scale
to the steel matrix, and cracks within the oxide layer. These cracks further increase the oxidation rate
because oxygen can react directly with the iron/base material. Non-opened pores with carbon gas
products can decrease the oxidation rate due to the fact that the pores can be healed. Steel grades
containing Si alloys exhibit reduced oxidation at lower temperatures due to the reaction-inhibiting layer
Fayalite. This silicon oxide has a higher enthalpy of formation than iron oxide, and so the oxidation
rate decreases as result of the development of spinels in the interface of steel/scale like chromium or
aluminium. At temperatures above 1100 ◦C, the oxidation rate increases strongly compared to S355
and IF steel. This is caused by the differing content of the alloying element Si (<0.5% Si in S355 and
ULC steel, and >2.5% Si in Si steel) among others [1].

It should be considered, that the alloying elements carbon, silicon, and aluminum influence the
microstructure (carbon increases the grain size; aluminum exhibits the grain growth up to 1100 ◦C;
and silicon influences the phase stability) of the base material, and thus also influence the oxidation.
In combination with further elements, the oxidation and microstructure kinetics can be accelerated or
decelerated [2,3].

Especially in the case of iron oxide scale development, the focus of the investigations so far
has been on the influence of surface properties and the correlation of oxidized surfaces with friction.
Surface defects (waves, grooves, etc.) increase the relative surface in general, and the amount of oxide
increases [4]. During hot forming, the roughness is slight (e.g., with hot strip Ra ≈ 2 µm) [1,5]. Based on
investigations into steels with different chromium and nickel contents, Giggins et al. concluded that a
rougher surface increases the oxidation rate and promotes carburization [6]. For carbon steel, Eubanks
et al. determined that the increase in roughness reduces the oxide layer thickness and changes the
volume fractions of the three iron oxides formed, i.e., increasing roughness decreases the proportion of
wustite, while magnetite acquires a significantly and haematite a slightly higher volume fraction [7].
The influence of the oxide layer thickness and scale composition on friction has to date been modeled
only phenomenologically or analytically in excerpts, and mostly for one material and not for material
groups (such as carbon steels). In the experiments from other research groups, oxide scale formation
was controlled by defining holding times and oxidation temperatures in specially adjusted atmospheres
to investigate its influence on friction and wear. As a result, a very thin scale layer, which is softer
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and more ductile than a thick oxide layer, has a lower coefficient of friction [8–13]. Thicker layers
fail faster and impair friction conditions, because the oxide breaks up and an alternating contact
between oxide scale fragments and the non-oxidized metal matrix occurs. An additional result of the
investigation was that a small proportion of magnetite can reduce the friction [11]. The oxide layer
also influences the thermal behavior of the material because iron oxides are comparable with ceramics.
Hence, heat transfer to the environment and to the forming tools is exhibited.

The softening processes are diffusion processes, and depend on time and/or temperature.
The flow stress depends not only on the strain rate and the forming temperature, but also on the
material state (chemical composition, initial microstructure, solution state, and phase contents) [14,15].
However, to date, there are no models to describe forming behavior with consideration of the heating
mode, grain size, etc., for a whole material group. All experimentally generated data represent only
one material state. In studies by Schacht et al., the influence of carbon content on self-diffusion
was investigated; it was found that the diffusion rate increases with increasing carbon content.
Thus, the different conversion behavior and the structure development during cooling can be justified.
However, the chemical composition of the materials is not only different in terms of carbon content [16].
Some material software can calculate material behavior from the chemical composition, but without a
consideration of microstructure.

2. Finite Element Model

2.1. Material Data

The basis for all investigations was three steels, which differed only with regard to their carbon
content (Table 1). These three laboratory melts were forged for all experiments, they were then rolled
as rods, and finally soft annealed (700 ◦C for several hours).

Table 1. Real chemical composition as weight fraction of the test melts via optical emission spectrometry
(rest: Fe).

Steel C Si Mn P S Cr Mo Ni Cu Al

C15 0.160 0.210 0.420 0.001 <0.001 0.100 0.045 0.087 0.108 0.017
C45 0.490 0.200 0.420 0.004 0.001 0.100 0.034 0.081 0.096 0.021
C60 0.630 0.200 0.420 <0.001 <0.001 0.100 0.035 0.076 0.100 0.017

2.2. Forming Behavior

Determining the flow stress was carried out depending on the initial austenite grain size, the
strain rate, the plastic strain, and the forming temperature in the Multi-Directional Simulator MDS 830
from Bähr (Bähr Thermoanalyse GmbH now TA Instruments, Hüllhorst, Germany). The cylindrical
compression samples were reheated with 1K/s to 900–1200 ◦C, and homogenized for 40 min, before the
forming temperatures 800 to 1200 ◦C were adjusted within 10 min. In compliance with previous studies
of Papaefthymiou et al., the lower heating rate (comparable to the heating behavior in a radiation
furnace before the investigated forging tests) was adjusted [17]. Hence, all alloying elements were in
solution/equilibrium and the initial microstructure was coarser but homogenous. The subsequent
deformation was carried out with a plastic strain of up to 1.2 with a strain rate of 1–20 s−1. To minimize
the friction between tool and sample, graphite was applied as a lubricant to the tools, which consisted
of Al2O3. The results of the compression tests were evaluated with the aid of the AUK software
from ITA technology & software (ITA Ltd., Ostrava, Czech Republic) which took into account the
necessary friction according to Pöhlandt, and temperature correction of flow curves to account for the
temperature increase as a result of internal friction during deformation [18,19].

The new flow curve function σ for flow curve modeling divided the calculated flow curve
(based on force-displacement-curve) into two areas – I < σmax > II, whereby a transition function
δHS was additionally integrated, as shown in Equation (1). This approach took the influence of
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the carbon content into account. The famous Hensel–Spittel formulation as flow curve model was
used for each separated area for modeling the identified flow curves. This whole new model is
described in detail in [20]. The model accounted for the influence of the austenitization temperature,
strain rate, and forming temperature. The first approach HSa shown in Equation (2), with six
adaptation coefficients (Table 2), for the first curve section described the shape, which showed the
hardening (beginning of the flow curve); the second approach HSb shown in Equation (3), with five
adaptation coefficients (Table 3), analyzed the flow curve section where primarily softening (recovery
or recrystallization) processes were in equilibrium. The transition function δHS was determined using
Equation (4) with five model coefficients (Table 4). The calculation of the flow stresses was as follows:

σ = (1 − δHS) HSa + δHS HSb (1)

with
HSa = Aa C[%]mC1 ϑma

γ e−ma1 ϑ ϕma2 ϑ
maϕ
γ C[%]

mC2 .
ϕ

ma3 (2)

HSb = Ab C[%]mC3 e−mb1 ϑ ϕmb2
.
ϕ

mb3 (3)

δHS = 0.5 +
1
π

tan−1
[

w1 ϑ−w2
(

ϕ − ϕkϑ
wγ
γ

.
ϕ

w4
)]

(4)

Table 2. Model coefficients of HSa function.

Aa mC1 ma ma1 ma2 maϕ mC2 ma3

3275 0.03662 0.03642 0.00270 0.41618 −0.04210 −0.08004 0.07959

Table 3. Model coefficients of HSb function.

Ab mC3 mb1 mb2 mb3

894 −0.01367 0.00276 0.00236 0.17777

Table 4. Model coefficients of δHS function.

w1 w2 w4 wγ ϕk

1.83501 0.00015 0.13325 0.17776 0.15951

The model was adapted for all investigated conditions and for all steels, to consider the influence
of carbon content. The influence of the carbon content on flow stress was modeled using the
Hensel–Spittel approach. A comparison between modeled and experimentally determined flow
curves showed a maximum deviation of 20 MPa.

2.3. Recrystallization Kinetics

In order to describe the recrystallization behavior, continuous and discontinuous compression
tests as well as microstructural investigations were carried out. The forming experiments were
performed on the Multi-Directional Simulator MDS-830 Bähr (Bähr Thermoanalyse GmbH now TA
Instruments, Hüllhorst, Germany). The evaluation of the compression tests made it possible to model
the softening kinetics for the three steels, whereby the conditions of the investigations for all alloys
were as follows: Strain rates of 0.1, 1, 10, and 30 s−1; plastic strains for the first deformation of 0.3,
0.5, and 0.6; homogenization/austenitization temperatures of 1000 ◦C, 1100 ◦C, and 1200 ◦C; forming
temperatures 100 ◦C and 200 ◦C below the austenitization temperature. The analysis was carried out
with the temperature and strain rate correction to minimize experimental influences.

Modeling of the softening processes (recovery + recrystallization) was carried out for all
experimental results. The behavior of the alloys was subdivided into: Dynamic (DRX), metadynamic
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(MDRX), and static recrystallization (SRX). These phenomena were modeled using the Avrami
approach according to Equations (5)–(7) [19]. An overview of the material-specific material constants
obtained is given in Tables 5–7.

• DRX:

XDRX = 1 − exp

−ln(2)·


ϕ −

(
d4·D0

d5 ·
(

.
ϕ·e

QDRX
R T

)d6
)

(
d1·D0d2 ·

(
.
ϕ·e

QDRX
R T

)d3
)
−
(

d4·D0d5 ·
(

.
ϕ·e

QDRX
R T

)d6
)


nd (5)

• MDRX:

XMDRX = 1 − exp

−ln(2)·

 tp

m1·
.
ϕ

m2 ·Ta·e
QMDRX

R T

nm (6)

• SRX:

XSRX = 1 − exp

−ln(2)·

 tp

s1·ϕs2 · .
ϕ

s3 ·Ta·e
QSRX

R T

ns (7)

Table 5. Model coefficients for dynamic recrystallization.

Steel nd d1 d2 d3 d4 d5 d6 QDRX

C15 2 0.002735 0.017 0.265 0.00017 0.02117 0.256 245000
C45 2 0.002796 0.017 0.265 0.00018 0.02117 0.256 239500
C60 2 0.002867 0.017 0.265 0.00019 0.02117 0.256 233000

Table 6. Model coefficients for metadynamic recrystallization.

Steel nm m1 m2 QMDRX

C15 1.15 5.55 × 10−7 −0.84 147700
C45 1.29 5.76 × 10−7 −0.81 141400
C60 1.34 5.87 × 10−7 −0.78 135900

Table 7. Model coefficients for static recrystallization.

Steel ns s1 s2 s3 QSRX

C15 0.48 3.16 × 10−14 −4.5 −0.53 231000
C45 0.49 7.15 × 10−15 −4.2 −0.50 245000
C60 0.51 1.76 × 10−15 −3.9 −0.47 258000

2.4. Oxidation Behavior

Depending on the carbon concentration in the steel, this alloying element has an influence on
the formation of the scale layers and their structures. The rolled, partially annealed, and milled sheet
samples, with l = 150 mm × w = 20 mm × t = 4 mm and an average roughness of Ra ≈ 0.5 µm,
were inductive reheated with 20 K/s in the Biaxial Test Apparatus BTA 840 from Bähr (Bähr
Thermoanalyse GmbH now TA Instruments, Hüllhorst, Germany). A defined time–temperature
regime was investigated. After reaching the oxidation temperature (900–1250 ◦C), a holding process
of various durations (20–120 s) was set for oxidation. Oxygen was actively supplied via nozzles near
the sample surface. After the oxidation time, the samples were cooled under vacuum as quickly as
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possible. To protect the scale layer from external influences and damage, all samples were covered
with epoxy resin at room temperature. Light micrography was used to measure the thickness, mean
pore size, and total pore volume of the layers, so that the correlation between oxidation morphology,
carbon content, oxidation temperature, and oxidation time could be determined [21].

In general, it was identified that, with increasing temperature and/or time, the layers thickness
increased as a result of the diffusion process. There were correlations between the carbon content and
the resulting scale thickness. In addition, it was determined that the oxidation rate decreased with
increasing carbon content. Based on these results, a regression analysis was carried out for the three
alloys using the combined Arrhenius approach, as shown in Equation (8). The model coefficients are
given in Table 8.

doxi = −
kp0 × exp

( −Qp
R × T

)
2 × kl0 × exp

( −Ql
R × T

) +
√√√√( kp0 × exp

( −Qp
R × T

)
2 × kl0 × exp

( −Ql
R × T

)
)2

+ kp0 × exp
( −Qp

R × T

)
× toxi (8)

Table 8. Model coefficients for the Arrhenius approach for investigated alloys.

Steel kp0 [µm2/s] Qp [J/mol] kl0 [µm/s] Ql [J/mol] r2

C15 8794612 132539 9.855 × 1014 344434 0.966
C45 5218083 129089 9.852 × 1014 350988 0.918
C60 677343 107488 5.600 × 1014 322481 0.792

The parameters were identified by the least-squares method for each carbon content with a high
coefficient of determination. From this, a model for the parabolic activation energy taking into account
the carbon content was derived, shown in Equation (9).

Qp = −294458 × C[%]2 + 165174 × C[%] + 114389 (9)

The linear coefficients showed no significant carbon dependency, because the linear term described
primarily the oxidation of short durations. The start of layer development was not investigated due
to the longer reheating times during forging operations. Therefore these three coefficients can be
fixed constants.

3. Numerical and Experimental Simulation of Die Forging Processes

3.1. FE Model

The numerical model was developed using the FE software Simufact.Forming v14.1, which is
based on the implicit MSC Marc solver. This was particularly suitable due to the robust remeshing
algorithms for the simulation of bulk forming processes. The different material properties of the
steels and the oxide layer, which in turn consisted of the three iron oxides–wustite, haematite,
and magnetite–were taken into account in the simulation model by using a multi-material approach.
The user subroutines for this were programmed in Fortran. The principle structure and data flow
between solver and subroutine are shown in Figure 1. Within the subroutine, the current local flow
stress of each integration point of an element was calculated and passed to the solver based on the
current local process conditions (plastic strain, strain rate, temperature, carbon content, and the oxide
scale composition). The subroutines were accessed for each iteration in a calculation increment.
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Figure 1. Information flow in the user-defined subroutine.

To assign the different mechanical properties, the preprocessor assigned a specific material ID
to each element, which was also transferred to the subroutine. During the calculation, all transferred
data between solver and subroutine were linked to the specific element ID, the correct assignment
between the data calculated in the subroutine, and the solver. Input data, such as carbon content of the
steel, austenitizing temperature, and volume fraction of iron oxides were entered in a graphical user
interface (GUI) and transmitted from the solver to subroutines. Due to the very small dimensions of
the scale layer–with thicknesses in the range of 30–200 µm–compared to the steel matrix, a specific FE
mesh design was necessary. In a mesh sensitivity analysis, the number of elements (1–10) over the
thickness of the whole oxide layer was varied, as well as the ratio of element edge lengths in the oxide
layer and matrix material. The discretization was performed using fully integrated isoparametric
quad elements. The sensitivity study revealed that at least 4–5 elements should be used over the layer
thickness to obtain reliable results and numerical stability. The plastic behavior of the thin oxide scale
layer was calculated by means of a smeared continuum approach. Based on this assumption, a material
with non-uniform and varying properties can be described as a homogeneous continuum. Therefore,
a separate flow stress based on the implemented material models as well as the local element variables,
such as the current temperature and strain given by the solver, was calculated for each component of
the oxide scale.

The calculated individual flow stress (kf,oxides) together with the specific volume fraction (δoxides) of
the iron oxides were used to calculate a weighted total flow stress. The calculation was done according
to Equation (10):

k f = k f ,wustite × δwustite + k f ,magnetite × δmagnetite + k f ,hematite ×
(
1 − δwustite − δmagnetite

)
(10)

The determination of the flow curves of the individual iron oxides was based on Hensel–Spittel
approach 8 taking into account the forming temperature and the strain rate [22].

However, additional boundary conditions were necessary for the thermo-mechanical simulation.
Based on the studies of Tominaga et al. [23] and Sun [24], an oxide composition with 64% wustite,
30% magnetite, and 6% haematite was determined for an oxidation temperature of 1000 ◦C for the first
numerical investigations [22]. Other previous studies have shown that the heat transfer coefficient for
undamaged scale coatings is lower by a factor of 10–15 than for steel [25,26], whereby the heat loss to
the tools is decreased. The contact between the steel matrix and the inner side of the oxide layer was
defined as a “glued contact”. The nodes of the inner side of the oxide layer were fixed to the surface
mesh, whereby a separation was not possible.
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3.2. Simulation of Ring Compression Tests

The numerical model and the subroutines were validated and calibrated using ring-compression
tests, where defined oxidized samples were used. The initial oxide scale layer thickness, which was
needed as a boundary condition in the FE model, was determined by the metallographic images of
real samples. Additionally, a correlation to the oxide growth model was made. In this case, the layer
thicknesses were measured at different positions over the sample and averaged. At an oxidation time
of 30 s, a layers thickness of 50 µm for an oxidation temperature of 1000 ◦C, or 30 µm for an oxidation
temperature of 900 ◦C, was determined for all three analyzed steel grades (Figure 2).

Figure 2. Comparison between simulation and experiment and the sensitivity analysis of the
ring-compression test for determining the influence of (a) temperature and scale thickness for
C15 (higher forming temperature increase oxide thickness), (b) oxide thickness of C15 at different
temperatures (oxide scale correlate with friction and radiation), and (c) carbon content at 1000 ◦C for
C15 and C60 on forming forces.

A comparison of experimentally measured and numerically calculated force–displacement curves
is given in Figure 2c for all tested steel grades. After the beginning of the compression test, the curves
showed a good qualitative agreement. The deviation was 50% between simulation and reality, up to a
stroke of 0.4 mm, and then increased the accuracy of the results to a deviation less than 1%. This was
due to the fact that in the reality condition, the oxide was more a non-porous solid sample as well as in
the simulation. It was therefore concluded that the assumed numerical boundary conditions could
be applied. At the beginning, small deviations between the experimental and numerical forces were
noted. This could be caused by having no machine reaction in the numerical simulation. Furthermore,
in complex forging processes, the brittle oxide scale could undergo rupture, and at the beginning of
the process the pores of the real oxide were compressed. Damage to the oxide layer is not currently
considered. The influence of different thicknesses is shown in Figure 2a,b. Furthermore, in Figure 2b,
the calculated force–displacement curves were compared for the same process conditions but with and
without consideration of an oxide layer. It can be seen that the oxide scale layer led to lower forces
under the same process conditions.
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Table 9 summarizes the experimentally determined and numerically calculated internal diameters
and heights of the deformed specimens after the ring-compression test. The results showed a
good agreement.

Table 9. Comparison of measured and simulated geometries of the ring-compression samples under
different conditions.

Initial State for FEM Steel
Grad

Experiment Simulation Deviation

Inner ø
in mm

Height in
mm

Inner ø in
mm

Height in
mm

Inner ø in
%

Height in
%

Oxidation
temperature: 1000 ◦C

Oxide thickness: 50 µm

C15 3.70 1.61 3.91 1.63 5.1 1.2
C45 3.75 1.67 3.86 1.70 2.9 1.8
C60 3.80 1.68 3.77 1.66 −0.8 −1.2

Oxidation
temperature: 900 ◦C

Oxide thickness: 30 µm

C15 3.65 1.59 3.74 1.59 2.5 1.9
C45 3.71 1.82 4.00 1.82 7.8 −1.1
C60 3.80 1.67 3.81 1.68 0.3 0.6

3.3. Simulation of Laboratory Die Forging

The developed model, which was validated by the ring-compression tests, needed to be examined
for robustness and functionality on a laboratory scale. A sensorized die was developed to generate
additional information during the forming process in the contact area/forming gap between material
and die. At first, the FE model was tested by considering steel C15 with a temperature of 1000 ◦C.
Based on experimental investigations, a layer thickness of 100 µm was assumed. The composition
was determined analogously to the procedure described above. The starting temperature of the tools,
modeled as thermally conductive rigid bodies, was 250 ◦C. Figure 3 shows the calculated plastic strain
at 95% stroke for C15. Additionally, the contact stress between the oxide layer and the steel matrix,
as well as the maximum main principal stress, are shown at 50% of stroke.

Figure 3. Simulation of the oxide behavior during die forging.

The results at a stroke of 50% showed locally high radial friction stress differences or stress
differences perpendicular to the z-axis between the surface nodes of the steel matrix and the oxide,
in the area between the oxide layer and the steel matrix. These could be due to the loads on the
scale layer being too high and the bonding strength of the scale layer being overloaded, resulting
in damage/cracks perpendicular to the layer thickness and sliding of the oxide layer over the metal
surface. Furthermore, during forming, high positive main stresses/tensile stresses occurred in the
scale outside the area of contact with the tool. In these critical areas, the crack growth began.
Compressive stresses were observed only in the area of the oxide in direct contact with the tool.
The high stress differences in the oxide layer during the forging process, especially the tensile
stresses in the non-contact areas, led to failures by delamination of the scale or formation of cracks.
The damage behavior of the oxide layer was then investigated experimentally and numerically in
further investigations. Thus, after the functionality of the material and FE models was proven,
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the simulation with C45 and C60 was made. These results were comparable to the previous calculations.
The differences between the three alloys was only the initial layers thickness, however the volume of
the oxide layers in comparison to the base material was lower, explaining why the results were almost
equal. For consideration of the alloying influence to the oxide forming behavior, the maximum plastic
strain/damage criteria was necessary depending on the layers thickness.

Another focus was on the prediction of microstructural development during forging. All the
above model coefficients for DRX, MDRX and SRX were prepared and implemented in MatILDA
(Material Information Link and Database Service), which has a direct interface to the FE software
Simufact.Forming. Therefore, by defining the initial grain size, a comprehensive material simulation
involving the local forming temperatures, strain rates, and plastic strain with respect to recrystallization
behavior was used. An example of these simulations, which exist for all three steels, is shown
in Figure 4 for steel C60, which had the fastest/most intense recrystallization kinetic of the three
investigated material. Furthermore, on the base of the higher carbon amount was the preparation of
the microstructure, especially the grain boundaries, most suitable. Furthermore, the microstructure
simulation was compared with the experimental results, as can also be seen in Figure 4. For the
microstructural analysis, the samples were quenched in water after forging with different strokes: 66%,
80%, and 100%. The microstructures were examined at the marked positions for all steels and for the
different forged specimens.

Figure 4. Comparison of simulated and measured microstructure evolution (after quenching) for
different forming strokes/gravure fillings. (a) 66% stroke (80 mm ram movement, 50 mm height
reduction); (b) 80% stroke(92 mm ram movement, 62 mm height reduction); (c) 100% stroke (106 mm
ram movement, 76 mm height reduction).
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The comparison of experimentally measured and numerically calculated results for all three steels
showed a good qualitative agreement.

4. Conclusions

By using three alloys as laboratory melts, which differ only in carbon content, the influence of this
alloying element on the forming, recrystallization, and oxidation behavior was investigated, modeled,
and implemented in a FE software. In general, the influence of carbon was detectable and was taken
into account by modifying the existing approaches. The carbon content significantly influenced
the diffusion rate, which made it easier to proceed with microstructural and oxidation processes.
The “new” models for describing the carbon influence on forming and oxidation behavior as well as
the microstructure evolution were implemented as user subroutines (for the material behavior was
only the carbon necessary and must be entered) in the FE software Simufact.Forming, and validated
by ring-compression tests as well as by die forging experiments under laboratory conditions for all
three steels.
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