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Abstract
The processing maps developed by dynamic material modelling (DMM) method are now widely used in the design of hot 
forming processes. However, this applies to those processes that are relatively fast or are carried out under isothermal condi-
tions, when it is possible to maintain the deformation parameters within the processing window. In the case of multi-stage 
free forging, the temperature successively decreases during subsequent operations and is increased during inter-process 
reheating. Under such conditions, processing maps in direct form are not applicable. The proposed solution is to implement 
the data obtained by the DMM method into calculations carried out by the finite element method (FEM). This approach leads 
to obtain the distributions of DMM parameters in the volume of the feedstock at successive forging stages. Selected results of 
a combined DMM/FEM analysis of a multi-stage hot forging process of 80MnSi8-6 steel are presented. The starting data for 
the analysis were the flow curves of this material, determined from compression tests. The processing maps were developed 
and processing windows were determined. The results of the DMM analysis were verified by microstructure observations. 
Data from the DMM analysis were implemented into QForm software using LUA scripts. An integrated FEM/DMM numeri-
cal analysis of the process of a multi-step hot free forging of an example product was performed. The geometry of the tools 
and a sequence of operations were developed. The distributions of the DMM parameters and the hot deformation activation 
energy in the forging volume after successive forging sequences were analyzed.

Keywords Nanobainitic steels · Multi-stage forging · DMM analyze · Microstructure · Integrated FEM modeling · Process 
design

1 Introduction

Bainite is an aggregate of phases, consisting of plates of fer-
rite doped with minority phases such as carbides or residual 
austenite [1]. This microstructure can be generated through-
out the component or in zones near the surface to improve 

tribological properties [2]. Recent research has shown that 
the comparison of the mechanical properties of bainitic 
steels with the properties of conventional steels is promis-
ing [3]. It was also noticed that the properties of this type of 
steel depend on the size of the phase components. A typical 
bainite contains bainitic ferrite with a thickness of about 
0.2–0.5 µm and an average length of about 100 µm [4]. How-
ever, the size of bainite can be adjusted from tens of nano-
metres to hundreds of micrometers [5]. By varying the scale 
of the microstructure, the properties of the products can be 
controlled. Nanostructured microstructures, consisting of a 
mixture of very thin plates of bainitic ferrite separated by 
carbon-enriched austenite, are the characteristics of the so-
called nanobain steel group [6]. To this day, nanobain steels 
are the subject of intensive research aimed at improving 
their microstructure. For example, Królicka et al. [7] dem-
onstrated that both qualitative and quantitative analyzes play 
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a key role in the microstructural characterization of nanobai-
nitic steels, with particular emphasis on their mechanical 
properties. Bainite is an aggregate of phases, consisting of 
plates of ferrite doped with minority phases such as carbides 
or residual [8], compared to many high-performance steels 
[9]. The presence of this type of microstructure is also asso-
ciated with resistance to abrasive wear [10], as demonstrated 
in tests by Rios-Diez et al. Rios-Diez et al. [11] and Du Y 
et al. [12]. Recent studies have shown that the combina-
tion of the mentioned properties allows nanobain steels to 
be used for manufacturing unusual products, such as bullet 
protection armor [13].

For many years, steel has been used as one of the basic 
construction materials. The reason is that steel, obtained in 
well known, proven, and mastered technological processes, 
has stable physical and mechanical properties [14]. Due to 
the favorable combination of the properties, nanobainitic 
steels are suitable for the production of highly responsible 
structural components with high weights. This type of prod-
uct is produced using hot free forging processes, after which 
the forgings are cooled in air. The next stage is the heat 
treatment necessary to obtain the desired microstructure. 
The main limitation of this technology is that the hardening 
of large-sized forgings to obtain a uniform bainite micro-
structure takes several days, making the process currently 
economically unjustifiable. Additionally, the heat treatment 
facilities used in industry are designed to handle treat-
ments of 2–4 h, but not for 20 h or more [15]. As nanobain 
steels are now seen as materials with significant application 
potential, an analysis of the literature allows to identify the 
main directions to be taken into account when designing 
these alloys and the technology for manufacturing products 
from them. The first is the development of a multi-step hot 
forging process in such a way that, at the end of the pro-
cess, a favorable initial microstructure for heat treatment 
is obtained. The second is the economic aspect of reducing 
the price of the alloy and the heat treatment time required 
to obtain the nanobainite microstructure, which currently 
takes several days.

Due to economic considerations, it is assumed that 
nanobain steels must be cost-effective in production, which 
can be achieved by excluding expensive elements such as 
cobalt and nickel from their chemical composition. For this 
reason, researchers have focused on developing composi-
tions using relatively inexpensive elements like Fe-C-Si-Mn-
Cr. Efforts aimed at reducing component costs have been 
pursued, including by Garcia-Mateo et al. [16]. Technologi-
cal solutions are required at present, providing a reduction 
in energy consumption [17]. Therefore, the next direction 
involves efforts to significantly shorten the time of isother-
mal heat treatment that leads to transformation. Bainite sub-
units thinner than 100 nm are often achieved by conducting 
heat treatments in the temperature range of 200–400 °C [4]. 

The initial experimental work devoted to designing nanobain 
steel aimed to achieve nanobainite at the lowest possible 
temperature. For this purpose, the chemical composition was 
tailored to enable bainitic transformation at temperatures 
below 200 °C. An example is the nanobain steel with the 
chemical composition Fe-0.78C-1.59Si-1.94Mn-1.33Cr-
0.30Mo-0.02Ni-0.11 V (wt-%), developed by Caballero et al. 
[18], which was obtained through heat treatment at around 
125 °C. The addition of approximately 2% silicon by weight 
to the steel enabled the formation of a characteristic micro-
structure, consisting of a mixture of bainitic ferrite, carbon-
enriched residual austenite, and some martensite. However, 
at such temperatures, the transformation required over 
2 months and around 10 days at 200 °C. The advancement 
of research on these materials has led to a significant reduc-
tion in this time; even finer bainitic microstructures were 
achieved at 200 °C in just 3 days [6]. An example was a steel 
with the chemical composition Fe-0.83C-1.57Si-1.98Mn-
1.02Cr-0.24Mo-1.54Co-0.11 V. The proposed improvement 
was based on two concepts, involving controlling the aus-
tenitization conditions before bainitic transformation and 
introducing approximately 1.5% mass of relatively expensive 
cobalt into the chemical composition. This approach acceler-
ated the transformation kinetics. As a result, materials were 
obtained that exhibited a very good combination of yield 
strength, ultimate tensile strength, ductility, and respectable 
levels of fracture [19]. In works related to nanobain steels, 
conducted by Garcia-Mateo et al. [16], economic aspects 
were also taken into account. The aim was to obtain nano-
structured bainitic steels through transformation at low tem-
peratures within an industrially acceptable timeframe and 
using cost-effective alloying additions. Another example of 
a material that, under carefully developed conditions, can 
meet these criteria is the 80MnSi8-6 steel.

The nanobain steels can be free-forged not only into 
large-scale products but also into small series of structural 
elements such as crankshafts, rolls, rings, or sleeves with 
smaller dimensions. This applies especially to structural 
components intended to operate in conditions where wear 
is the main damage mechanism. Nanobainitic steels have 
tremendous potential as materials for producing such prod-
ucts [20]. A limitation of the open-die forging technology 
is the need for a series of forging and heating operations, 
which require a correspondingly long time. This time 
depends mainly on the adopted degree of forging and the 
final shape of the forged piece. As a result, intermittent 
re-heating is often necessary, which is costly, time-con-
suming, and leads to grain growth. This is particularly 
relevant for relatively small forgings, ranging from a 
few to several tens of kilograms, which quickly dissipate 
heat to the surroundings and to the tools. Therefore, the 
manufacturing technology for such products needs to be 
designed to minimize the number of heat treatment steps 
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to the necessary minimum. Another key requirement for 
achieving nanobainite is to ensure the appropriate initial 
microstructure in the hot forging process. Hence, the pro-
cess must be conducted in a way that ensures a homoge-
neous microstructure and the smallest possible grain size. 
As a result, designing the steps of multi-stage forging for 
nanobainitic steel products requires advanced knowledge 
of material behavior in relation to thermo-mechanical 
deformation parameters. One of the approaches used to 
develop such knowledge is the dynamic material modeling 
(DMM) method.

During hot forming of metals and alloys, changes in 
microstructure occur alongside shape changes, which sig-
nificantly influence the properties of the final product. 
These changes are primarily associated with the occurrence 
of dynamic recovery (DRV) and dynamic recrystallisation 
(DRX) mechanisms [21] or phase transformations [22]. In 
recent years, the DMM method has been employed to ana-
lyze the behavior of many structural materials during plastic 
deformation. The essence of this method lies in defining the 
material as an energy dissipation field and determining its 
ability to dissipate the portion of energy that leads to micro-
structural changes during deformation. This method requires 
knowledge of the material’s stress–strain curves. It involves 
deducing changes in the sensitivity parameter of flow stress 
to the strain rate m based on these curves and developing 
deformation efficiency maps [22]. These maps are often 
supplemented by instability maps, constructed using the 
flow instability parameter ξ. This parameter identifies com-
binations of temperatures and strain rates that can induce 
microstructural flow instabilities [23]. In practice, within 
regions indicated as potentially unstable, the microstructure 
inside the material is improved, if the power dissipation 
value is high [24], which resulting in enhanced formability 
[25]. Combining deformation efficiency maps with instabil-
ity maps leads to the development of so-called processing 
maps. This approach leads to obtain the tool that is valuable 
for analyzing material behavior within a selected range of 
temperature and strain rate. This is a universal tool, as ther-
momechanical processing enables obtaining final products 
by shaping the preforms in various processing routes [26]. 
For instance, in processes conducted under dynamic condi-
tions, the deformation rate is one of parameters which may 
vary in a broad range, while the other parameters are con-
stant or negligibly low [27]. On the other hand, in lengthy 
processes such as multi-stage forging on hydraulic presses, 
the material is shaped within a narrow range of strain rates, 
while its temperature changes significantly. Some processes, 
like hot rolling, involve substantial variations in temperature, 
strain rate, and strain value. In all these cases, processing 
maps can prove beneficial for analyzing material formability 
and designing the technology for its plastic deformation. 
Several criteria have been developed as the basis for DMM 

calculations, with Prasad’s criterion being the most com-
monly used nowadays [28].

Literature analysis has demonstrated that process maps 
developed using the DMM method are currently widely 
employed in the design of hot forming processes for struc-
tural elements made from various alloys, including mod-
ern steels. Chegini et al. [29] applied the DMM method to 
develop three-dimensional process maps for AISI 414 mar-
tensitic stainless steel. They identified four safe process-
ing regions for hot working and showcased the significant 
influence of temperature and strain rate on the grain size 
evolution during hot deformation. Zhou et al. [30] used the 
DMM method to assess the hot formability of BG801 bear-
ing steel. They indicated that unstable regions, where defects 
such as flow localization and microcracks occur, emerge 
within the microstructure when post-deformation occurs at 
low temperatures and relatively high strain rates. Fu et al. 
[31] analyzed the effect of hot deformation parameters on 
the microstructural state of 18Cr-5Ni-4Cu nitrogen-alloyed 
austenitic stainless steel using the DMM method. Hot defor-
mation studies of 5CrNiMoV steel by Li et al. [32] using the 
DMM method allowed the development of critical strain and 
dynamic recrystallization volume fraction (DRX) models, 
which were constructed based on the theory of strain hard-
ening. The results showed that the critical strain of DRX 
decreases with increasing strain temperature and decreasing 
strain rate, which means that DRX occurs easily at higher 
temperatures and lower strain rates. In recent years, assem-
blies of 3D processing maps for increasing values of true 
strain have been increasingly used to develop parameter 
ranges that are favorable during hot forming of structural 
components. For example, Ye et al. used this method to 
design a process for fabricating a Super-Large Nuclear-
Power Rotor from 25Cr2Ni4MoV steel [33], while Zeng 
et al. developed 3D processing maps to help select shaping 
parameters for flat bottom cylindrical parts [34].

A novel approach to the study of formability was pro-
posed by Chen et al. Based on the DMM method, they devel-
oped the 3D processing maps, and integrated the resulting 
parameter distributions with finite element method (FEM) 
calculations. Using Cr5 alloy steel as the test material and 
using the commercial program Forge [33 = 35], they deter-
mined the distribution and change of power dissipation and 
flow instability parameters in the volume of compression 
specimens using different combinations of temperature and 
strain rate. A similar approach was also used by Chen et al. 
as a tool for the analysis of hot workability of ultra-super-
critical rotor steel [36].

Currently, processing maps are being used to analyze and 
optimize hot-forming processes. In turn, FEM can be used to 
simulate hot deformation processes, predict problems dur-
ing production, and develop methods to reduce costs and 
cycle times. An example of such an approach is the work of 
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Hawryluk et al. in which comprehensive FEM analysis of a 
multistage hot-die forging on hammers, in order to improve 
the technology of produce a yoke-type forging [37]. Most 
often, DMM and FEM methods are treated as two separate 
analysis paths. The first emphasizes material properties, 
while the second focuses on comprehensive process evalua-
tion [38]. Often the two methods are combined during pro-
cess design, but not directly. This approach is implemented 
in two stages. The first stage involves developing processing 
windows using the DMM method. This is followed by an 
FEM analysis of processes for manufacturing specific prod-
ucts by hot forming, with process parameters maintained 
inside the designated processing windows. Examples of this 
approach include the work of [39]. However, this solution 
has its limitations. The area of application of processing 
maps as an effective tool for analyzing the behavior of mate-
rials during their hot plastic deformation mainly concerns 
those processes that last for a relatively short time, such as 
die forging, or are carried out under isothermal conditions. 
In such cases, the range of changes in the values of tempera-
ture and strain rate during the process is small enough that it 
is possible to maintain the values of temperature and strain 
rate inside processing windows throughout the process. In 
the case of multi-stage free forging on hydraulic presses, the 
strain rate does not change significantly, but the temperature 
successively decreases during subsequent operations. Then, 
if necessary, the temperature is raised to the upper limit dur-
ing inter-operation reheating. As a result, the process is often 
conducted over the full temperature range and cannot be 
maintained inside the processing windows. For this reason, 
processing maps in direct form are not significantly appli-
cable to the design of multi-stage free forging. The solution 
proposed in this paper is to transfer the data obtained by 
the DMM method to an FEM-based software and perform 
integrated simulations. This approach leads to obtaining dis-
tributions of parameters calculated by the DMM method in 
the volume of the forged feedstock in successive stages of 
its shaping.

According to the authors, understanding the relationships 
between thermo-mechanical deformation parameters and the 
values obtained through the application of the DMM method 
within the volume of a forging at successive stages of the 
hot forging process can be highly valuable in the design of 
multi-stage hot forging processes for steel products, includ-
ing 80MnSi8-6 steel, intended for subsequent heat treatment 
to achieve a nanobainitic microstructure. Such an approach 
allows for the development of correlations between the 
temperature, strain rate, and strain distributions obtained 
through FEM modeling and their corresponding distribu-
tions of high-temperature deformation activation energy and 
the energy dissipation effectiveness parameter. The analysis 
of relevant literature revealed a limited amount of data on 
this topic. Chen et al. [35, 36] employed such an approach, 

but they focused on FEM modeling of the thermal com-
pression process of cylindrical specimens under various 
deformation conditions. A more comprehensive approach 
was adopted by Łukaszek-Sołek [40], who integrated DMM 
and FEM methods for a comprehensive analysis of the hot 
die forging process for selected forgings made from 4031 
and 4340 steel. Even though these studies were limited to 
single-stage processes and short timescales, they demon-
strated the significant potential of the method and how it 
could greatly facilitate the design of hot forging technolo-
gies. According to the authors, this particularly applies to 
complex and prolonged processes where using the DMM 
method in its conventional form is challenging due to the 
difficulty of maintaining parameters within process windows 
throughout their entire implementation. In cases where the 
range of deformation speeds is constrained, such as dur-
ing hydraulic press forging, it becomes necessary to operate 
with parameters outside process windows or within potential 
microstructural instability regions. Modern FEM software 
have the capability to analyze processes conducted in mul-
tiple sequential steps. For example, current capabilities of 
software like QForm include modeling FEM processes per-
formed in multiple sequences, tool exchange, interoperative 
rotation and movement of billets, interoperative reheating, 
and other advanced features. However, despite these capa-
bilities, apart from a few publications related to compression 
or hot die forging, there are limited studies that effectively 
combine hot processing maps with finite element methods 
to visualize power loss values dynamically and instability 
regions in different parts of forgings. This also applies to the 
investigated 80MnSi8-6 steel. This observation provided the 
motivation for conducting research, and selected results of 
these studies are presented in this work.

2  Experimental procedure

2.1  Examined material

The initial material for the study was the 80MnSi8-6 steel, 
obtained through casting processes followed by preliminary 
hot forging of the ingot. The chemical composition of the 
steel is presented in Table 1, and microstructure images in 
the as-received state are shown in Fig. 1.

2.2  Methods of investigation

Metallographic examination of the starting material and 
samples in the swollen state was performed by light micros-
copy, on a DM4000M microscope from Leica. The speci-
mens were inlaid (Verso-Kit, Struers), ground (Struers 
abrasive films and papers), polished (MD-Chem disc, OPS 
suspension, diamond pastes—Struers) and etched in nital.
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Plastometric tests were performed using a WUMSI (Ger-
man: Warmumformsimulator) hydraulic hot molding simula-
tor from BÄHR. The stand includes a system for controlling 
and recording test conditions and a set of furnaces. The stand 
allows tests of up to 400 kN loads under static conditions 
and up to 320 kN during tests under dynamic conditions. 
Heating of specimens is carried out in external furnaces. Hot 
compression can be carried out at a maximum test speed of 
480 mm·s−1, and under conditions of constant strain rate in 
the range of 0.01  s−1 do 40  s−1. Samples with dimensions of 
ϕ 10 mm × 18 mm were placed in a heat-resistant steel con-
tainer closed with a punch. The bottom of the container and 
the bottom of the punch were coated with graphite grease. 
The temperatures of the samples were controlled with a ther-
mocouple. The tool set prepared in this way, together with 
the sample, was placed in an oven and heated to 1250 °C. 
The container was held at this temperature for 10 min, this 
time being sufficient to achieve the desired temperature 
throughout the sample volume. The container was then 
removed from the oven, held in the air for the time necessary 
to cool the sample to the test temperature, after which the 
hot compression was carried out at the assumed strain rate. 
After the test was completed, the sample was removed from 
the container and cooled. During deformation, temperatures 
of 1250, 1100, 1000 and 900 °C and strain rates of 0.1, 1, 10 
and 20  s−1 were used, respectively.

Processing maps were developed using the Prasad crite-
rion. It was assumed that in order to develop the data nec-
essary to conduct integrated DMM/FEM modeling, of the 
hot forging process of 80MnSi8-6 steel, it is necessary to 
accurately trace intermediate states, corresponding to step 
increases in true strain. For this reason, the deformability 
evaluation was performed for a relatively small true strain 
of 0.05, then for incremental increases in true strain in the 

range of 0.1–1.0, using value changes in increments of 0.1, 
and for true strain in the range of 1.05–1.2 by adopting a 
value increment of 0.05. As a result, 15 processing maps 
were produced, which was sufficient to accurately conduct 
integrated numerical analysis. In the same way, maps of the 
distributions of the deformation activation energy Q were 
made. The maps and distributions of Q values for selected 
values of true deformation are included in this work.

Compression tests were performed on a hydraulic press 
with a maximum pressure of 500 T. A feedstock of 60 mm 
height and 30 mm diameter was used. Samples were heated 
in a silite furnace to 1250 °C, then cooled to the test tem-
perature, placed on the lower tool in the working zone of the 
press and compression. The temperature of the feedstock 
was controlled with a thermocouple. Tests were conducted 
at 1000, 1100 i 1200 °C and at upper tool speeds of 5 and 
20 mm·s−1. The feedstock was compressed to a strain value 
of 0.5 and then cooled in the air.

Integrated numerical simulations of the multi-stage hot 
free forging process were carried out based on the FEM 
method, using the QForm 3D program. During modeling, 
the material was considered as an incompressible isotropic 
continuum. The elastic deformation range was not consid-
ered. The program performed calculations based on a rigid-
viscous model with reinforcement, according to which the 
flow stress depends on the amount of strain, strain rate 
and temperature. Heat generated during deformation was 
included in the calculations. Levanov’s first law was used 
to describe friction. In order to describe the rheology of the 
material, flow curves, developed on the basis of plastomet-
ric tests, as well as thermal characteristics of the materials 
determined in the range of hot plastic processing tempera-
tures of the tested steel, were introduced into the QForm 
software. The sequential calculation capabilities of the 

Table 1  Chemical composition 
of 80MnSi8-6 steel [wt. %]

Chemical element C Si Mn P S Cr Mo V Fe

Content, % by mass 0.79 1.55 1.9 0.003 0.003 1.3 0.25 0.11 Bal

Fig. 1  Microstructure of 
80MnSi8-6 steel
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QForm program were used, including operation changes, 
tool changes, feedstock rotations and displacements between 
successive deformations, inter-operation reheating and oth-
ers. DMM analysis data were implemented into QForm 
using LUA scripts.

3  Results

3.1  True strain–true stress curves

The true stress–strain curves developed from the com-
pression test data of the 80MnSi8-6 steel specimens at the 
assumed temperatures and strain rates are summarized in 
Fig. 2. In order to accurately determine the actual strain dur-
ing the hot compression test, corrections had to be applied, 
taking into account, among other things, the effects of fric-
tional force and adiabatic heating. The necessary correc-
tions to the curves were taken into account during standard 
post-processing of the compression test data. Among others, 

the Hensel-Spittel method and the Siebel equation [41, 42]. 
Material data, such as the coefficient of friction, density, 
and thermal conductivity of the test material, were used to 
accurately determine the true flow stress during the correc-
tion process.

The flow curves show that the steel exhibits typical 
sensitivity to temperature and strain rate. In the initial 
stages of deformation, the flow stress increases rapidly, 
due to work hardening. This state is maintained until the 
peak deformation is reached, where the greatest stress is 
observed. With further deformation, the effects of work 
hardening and strain softening balance out and the stress 
decreases. In this step, high-temperature mechanisms such 
as DRV and DRX counterbalance the effects of work hard-
ening and lead to the deformation softening phenomena. 
The nature of the curves changes regularly with increas-
ing temperature, which was found for all strain rates used 
in the tests. For the lowest strain rate of 0.1  s−1 (Fig. 2a), 
above a strain rate of about 0.4, material flow occurs at a 
basically constant true strain value, regardless of the test 

Fig. 2  Influence of thermo-mechanical parameters of realization of hot compression tests using the WUMSI simulator on the courses of flow 
curves of 80MnSi8-6 steel developed on their basis. Strain rate: a 0.1  s−1, b 1·s−1

, c 10·s−1, d 20·s.−1
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temperature. For higher velocities of 1 and 10-s−1, there is 
an apparent tendency for the true stress value to decrease 
slightly with an increase in the value of the true strain 
(Fig. 2b,c). At strain rate of 20  s−1 (Fig. 2d), the tendency 
increases, and the inflection of the curve occurs at higher 
values of true strain, around 0.5.

3.2  Processing maps for 80MnSi8‑6 steel

The processing maps in accordance with Prasad’s crite-
rion consist of a power dissipation efficiency map and flow 
instability map. The DMM method [22, 23] is based on the 
assumption that the energy absorbed by the deformed mate-
rial is represented by the relation:

where:
σp – stress, MPa, �̇� – strain rate,  s−1, G – dissipation 

component representing the portion of energy that is con-
verted to heat during plastic deformation, J – component 
representing the dissipation of energy due to microstruc-
tural transformations occurring during deformation.

The J component, as a function of temperature and 
strain rate, represents the microstructural transformations 
associated with DRV, DRX and phase transformations. At 
constant true strain, it can be expressed as follows:

In Eq. (2), the parameter m describes the sensitivity 
of flow stress to strain rate and determines the relative 
distribution of energy (P) absorbed by the material due 
to heat generation (G) and as a result of microstructure 
remodeling (J).

The flow stress sensitivity parameter to strain rate (m) deter-
mines the relationship between heat generation (G) and 
microstructure changes (J) [43]. At constant true strain, this 
parameter is usually determined from the relationship:

where: ε –true strain, T – temperature.
The Prasad criterion was used to perform the calcula-

tions. According to this criterion, it was assumed that the 
energy dissipation capacity η which determines the plastic 

(1)P = 𝜎 ⋅ �̇� = ∫
�̇�

0

𝜎d�̇� + ∫
𝜎

0

�̇�d𝜎 = G + J,

(2)J =

𝜎

∫
0

�̇�d𝜎 =
𝜎 ⋅ �̇� ⋅ m

m + 1
.

(3)m =
(

𝜕J

𝜕G

)

T ,𝜀
=

(

𝜕 log 𝜎

𝜕 log �̇�

)

T ,𝜀

,

deformability of the material, is described by the relation 
[44]:

Unstable flow of material during deformation can occur 
if the relationship is satisfied:

If the parameter ξ takes negative values, then micro-
structural flow instabilities can form in the material dur-
ing deformation [22, 23]. These include flow localization, 
adiabatic shear bands [4], cracking [45] crystal mixing 
and so on [46]. Analysis of the distributions of the flow 
instability parameter as a function of strain rate and tem-
perature enables the construction of instability maps. The 
developed map, overlaid on the energy dispersion map, 
forms a processing map on which processing windows can 
be determined. Areas where the instability parameter takes 
negative values are areas of potential microstructural insta-
bility. On the other hand, areas of high energy dispersion 
efficiency in indicate the adopted process space favorable 
combinations of temperature and strain rate [47].

Figure 3 shows chosen processing maps correspond-
ing to selected constant values of true strain. They were 
developed by compiling the distributions of the parameter 
η, expressed as a percentage, and the flow instability maps 
(marked in navy blue the areas with negative values of the 
parameter ξ).

The processing map shown in Fig. 3a was developed for 
a low true strain of 0.05. In this range of strain, there is 
usually an increase in the stress value, resulting from the 
effect of strengthening by strain, as indicated by the flow 
curves (Fig. 2). In practice, this map describes the condi-
tion occurring at the initial stage of the process or at any 
stage of the process in areas of limited flow, such as at the 
metal-to-tool interface. Expressed as a percentage, the val-
ues of the η parameter range from 30 to 56% in this area, 
with a maximum observed at temperatures above 1100 °C 
and at the lowest strain rate. Overlaid on the distribution 
map of the η parameter, the process instability area (the 
area marked in navy blue), which corresponds to negative 
values of the ξ parameter, includes a wedge-like area. Its 
location in the process space covers a temperature range 
of 1000–1200 °C and a range of strain rates from 0.1  s−1 
to about 6  s−1.

The state corresponding to true strain 0.2 is described 
by the processing map shown in Fig. 3b. The highest val-
ues of the η parameter and, at the same time, the area 
of occurrence of negative values of the ξ parameter are 

(4)� =
2m

m + 1
.

(5)
𝜉 =

𝜕 log
(

m

m+1

)

𝜕log�̇�
+ m < 0,
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observed for low strain rates and over the entire tempera-
ture range. The processing maps describing the condition 
for true strain in the range of 0.5–0.8 are similar in nature 
(Fig. 3c,d). Two areas with the largest values of the η 
parameter are visible on them. The first occurs in a range 
similar to that for 0.2 deformation and covers the area of 
low strain rates, from 0.1  s−1 to about 0.4  s−1. The second 
area with high values of the η parameter corresponds to 
higher strain rates, in the range from 10 to 20  s−1. Negative 
values of the ξ parameter are observed for low strain rates 
and over the full range of temperature.

In the processing maps developed for true strain 1.1 
(Fig. 3e) and for the final value ε = 1.2 (Fig. 3f) respectively, 
the distribution of the parameter η, which expresses the abil-
ity of the material to dissipate part of the energy associated 
with changes in the microstructure during deformation, is 
smallest for the average values of strain rates, in the range 
from 1 to 10 s-1. This finding applies to the full temperature 
range. In addition, a reduced value of the η parameter over 
the full range of strain rates is observed in the temperature 
range from 975 °C to 1025 °C. In the maps developed for 
the true strain range from 1.1 to 1.2, four areas with nega-
tive values of the ξ parameter were identified. For higher 
strain rates, these areas correspond to small values of the η 
parameter. This combination of DMM parameters indicates 
unfavorable conditions for hot deformation. On the other 
hand, for low strain rates, zones of potential microstructural 
instability coincide with areas where values of the η param-
eter are highest. In this case, the presence of microstruc-
tural defects should be confirmed or excluded. Increasing 
the value of true strain from 1.1 to 1.2 does not lead to sig-
nificant qualitative changes in the processing map, it only 
results in a narrowing of the areas with negative values of 
the parameter ξ in the zone of higher strain rates.

3.3  Activation energy map

To assess the deformation difficulty degree, the hot deforma-
tion activation energy Q must be taken into account. This 
physical parameter helps to determine the microstructure 
evolution and flow stress behavior during hot deformation 
as well as gives the opportunity to optimize the hot working 
processing parameters. Q is a parameter that determines the 
degree of difficulty in the realization of high-temperature 
deformation. The empirical value of energy Q for the full 
range of stress values, determined under conditions of con-
stant strain value and constant strain rate, can be expressed 
as follows [48]:

where: Q – the deformation activation energy (kJ/mol); T 
– deformation temperature (°K); σ – flow stress, (MPa); R 
– the universal gas constant (8.314 J·mol−1·K−1); α = β/n1; 
α, β, n and n1 – material constants.

The average values of the materials constants n1, β and n 
at constant true strain can be calculated as:

In Table 1, the calculated material constants and values of 
deformation activation energy Q for 80MnSi8-6 steel were 
collected. Calculations were compared for selected interme-
diate values of true strain; 0.05, 0.2, 0.5, 0.8, 1.1, and for the 
final value of true strain of 1.2. Figure 4 shows examples of 
distribution maps of deformation activation energy Q values 
for the same values of true strain as selected in the set of 
processing maps (Fig. 3).

The value of deformation activation energy Q in the pro-
cessing windows changes with increasing true strain values 
and as a function of temperature and strain rate (Fig. 4). For 
the smallest analyzed value of true strain of 0.05 (Fig. 4a), t 
which there is an intense effect of strengthening by crushing, 
the minimum of the Q value occurs in the range of strain 
rate 2.5–6.0  s−1. Increasing the value of true strain shifts 
the area with the smallest deformation activation energy Q 
into the range of higher temperatures and lower strain rates 
(Fig. 4b). This area covers the strain rate range of 0.6–0.8, 
and the minimum of Q values in this area corresponds to the 
lowest temperature values of 900–950 °C used during test-
ing. This condition persists in the true strain rate range up 
to 0.8 (Fig. 4b–d). In the energy distribution map developed 
for deformation 1.1 (Fig. 4e), a shift of the minimum of its 
value towards higher strain rates, in the range from 0.6 to 
1.0, is observed. There is also an increase in the value of 
deformation activation energy throughout the process space. 
The highest value of Q is 520 kJ/mol and its position in 
the processing space corresponds to the range of low strain 
rates and high temperatures. Increasing the true strain to a 
final value of 1.2 (Fig. 4e) results in shifting the range of 
lowest Q values to the region with the highest strain rate of 
20  s−1 and the lowest temperature of 900 °C. Under these 
conditions, the value of Q is 385 kJ/mol. An evident trend 
of changes in deformation activation energy is observed, 

(6)Q = R ⋅ n ⋅
� ln(sinh(� ⋅ �))

�(1∕T)
,

(7)n =

[

𝜕ln�̇�

𝜕 ln(sinh(𝛼 ⋅ 𝜎))

]

T

(8)n1 =
(

𝜕ln�̇�

𝜕 ln 𝜎

)

T
,

(9)𝛽 =
(

𝜕ln�̇�

𝜕𝜎

)

T

Fig. 3  Chosen processing maps of 80MnSi8-6 steel, developed using 
Prasad’s stability and instability criteria. Example calculations for 
true strain values: a 0.05; b 0.2; c 0.5; d 0.8; e 1.1; f 1.2

◂
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consisting of an increase in its value as a result of increas-
ing temperature and strain rate. As a result, the maximum 
Q = 560 kJ/mol corresponds to the superposition of a tem-
perature of 1250 °C and a strain rate of 0.1 s-1. Changes in 
the average value of deformation activation energy Q in the 
range of true strain up to 0.8 correspond to the courses of 
flow curves (Fig. 3). For a low value of true strain, the aver-
age value of Q is 358 kJ/mol An increase in the value of true 
strain up to 0.2 leads to an increase in the value of Q, which 
then decreases at ε = 0.5 and maintains a constant value until 
reaching ε = 0.8. For high values of true strain, an increase in 
the average value of Q is observed, which for the final value 
of ε = 1.2 is 435 kJ/mol (Table 2).

3.4  Determination of processing windows 
for 80MnSi8‑6 steel

The comparison of processing maps developed by the DMM 
method (Fig. 3a–f.) made it possible to determine in process-
ing windows, indicating the ranges of potentially favorable 
combinations of shaping parameters of the material under 
study in hot forming processes. Figure 5a shows the loca-
tion of the processing windows of 80MnSi8-6 steel. They 
are overlaid on a processing map developed for a true strain 
of 1.2, since plastometric tests were carried out until this 
value was reached, and microstructure observations were 
made for such deformed samples. Areas of potential micro-
structural instability are marked in navy blue, processing 
windows are described with numbers 1 and 2. Figure 5b 
shows the distribution map of energy of activation of high-
temperature deformation Q corresponding to ε = 1.2. Fig-
ure 5 also includes an additional axis where the values of 
the strain rates at which the tests were performed on the 
WUMSI simulator are plotted.

For high strain rates, in the range of 10–20  s−1, process-
ing maps showed areas of flow instability in the temperature 
ranges around 1000 °C and 1250 °C. Therefore, during shap-
ing under these conditions, the location of the processing 
window was determined by the location of these zones and 
the distribution of the η parameter. Favorable values of the 
η parameter for particular strain rates were obtained in the 
area described as processing window 1, marked in blue. The 
boundary of this window extends from the point correspond-
ing to the temperature of 1025 °C and the maximum strain 
rate, according to the isoline with the value of the parameter 
η = 24%. The value of strain rate of 0.8  s−1 was taken as the 
lower limit for it. On the other hand, for higher temperatures, 
a line running from the point corresponding to values of 
strain rate of 20  s−1 i and temperature above 1025 °C to the 

point corresponding to strain rate of 0.8  s−1 and tempera-
ture of 1225 °C was taken as the limit. This course of the 
boundary of the processing window 1 was due to the need to 
bypass the area of instability found in the processing map for 
the value of true strain 1.1 (Fig. 3e). As a result, a processing 
window 1 was obtained for which the values of the param-
eter η range from 24 to 44%. The temperature range for this 
window is from 1025 to 1225 °C and the range of deforma-
tion velocity is from about 6.3–20  s−1. For this window, the 
range of values of deformation activation energy, determined 
from the Q-distribution map (Fig. 5b), is between 400 and 
420 kJ/mol.

The processing window 2 corresponds to lower strain 
rates. This window is marked in orange. The upper limit 
of this window is the strain rate of about 6.3  s−1 and the 
lower strain rate is about 0.3  s−1. On the lower temperature 
side, the window boundary runs according to the isoline 
with a parameter value of η = 24%, and then according to 
the boundary of the instability region. On the higher tem-
perature side, the window is bounded by the instability area 
and then by the maximum temperature 1250 °C. For this 
window, the values of the parameter η range from 24 to 40%, 
the temperature range is from 1100 to 1250 °C and the strain 
rate is about 0.3–6.3  s−1. The value of energy of activation 
of high-temperature deformation Q inside window 2 ranges 
from 400 to 639 kj/mol, which is much wider than that of 
window 1.

For the remaining areas with relatively high values of the 
η parameter, analysis of processing maps for intermediate 
strain values (Fig. 3a–e) led to the exclusion of the occur-
rence of processing windows in these zones. It was found 
that as deformation increases, these zones enter the ranges 
of areas with negative values of the parameter ξ, leading to 
the risk of microstructural defects. This approach is consist-
ent with the principles of determining processing windows 
based on the adopted Prasad approach.

3.5  Microstructure of samples after deformation 
on WUMSI simulator

The microstructures of the samples after deformation on the 
WUMSI simulator and after rapid cooling are summarized 
in Fig. 6.

Observations were made primarily to confirm or 
exclude the presence of microstructural defects. Micro-
cracks occurring at grain boundaries, formed as a result 
of rapid cooling immediately after the test was completed, 
were not taken into account. Attention was paid to micro-
structural defects formed as a result of hot deformation. 
Such defects, in particular strain localization, were found 
for samples after deformation at 900 °C and at strain 
rates in the range of 0.1 to 1   s−1. For these combina-
tions of temperature and strain rate, the occurrence of 

Fig. 4  Selected maps of Q-value distribution in process space, devel-
oped for 80MnSi8-6 steel. Calculations for true strain values: a 0.05; 
b 0.2; c 0.5; d 0.8; e 1.1; f 1.2

◂
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microstructural instability, demonstrated by DMM analy-
sis, was confirmed. For specimens after deformation at 
the highest temperature 1250 °C and at relatively high 
strain rates of 10 and 20  s−1, uneven growth of primary 
austenite grains was found. This parameter range was 
also indicated as potentially leading to defects because it 
is located inside the region of negative value of param-
eter ξ. Observations of the microstructure of specimens 
deformed using combinations of temperature and strain 
rate other than those mentioned did not reveal the pres-
ence of defects associated with the hot deformation pro-
cess on the WUMSI simulator.

3.6  The compression tests on a hydraulic press

The compression tests on the hydraulic press were carried 
out in such a way that the parameters of these tests were 
located on the processing maps developed by the DMM 
method inside the processing window, in the neutral area 
and inside the area of potential microstructural instability, 
respectively. For this reason, the following combinations of 
temperature and linear velocity of the upper tool were used: 
1000 °C/5 mm·s−1 (neutral area), 1100 °C/5 mm·s−1 (insta-
bility area) and 1200 °C /20 mm·s−1 (processing window 2). 
The microstructure of 80MnSi8-6 steel was evaluated after 
deformation and cooling in air. Figure 7 summarizes, respec-
tively, a photo of the press work zone with the heated sample 
(Fig. 7a), the approximate locations of the test parameters 
on the processing maps (Fig. 7b), the microstructure of the 
starting material (Fig. 7c) and the microstructure in the 
deformed state under the adopted conditions (Fig. 7d–f).

The microstructure seen in Fig. 7 the microstructure 
consists of bainite and martensite and contains some resid-
ual austenite. In the case of the sample after compression 
deformation at 1000 °C and linear tool speed of 5 mm·s−1, 
the microstructure is more fragmented than that obtained 
by the other compression variants. The reason may be that 
at lower strain temperature the DRV and DRX processes 
occur less efficiently. It can be assumed that the occur-
rence of austenite with higher dislocation density will 

Table 2  Calculated material constants and deformation activation 
energy for 80MnSi8-6 steel

ε n1 β α n Q, kJ/mol

0.05 7.161025 0.075725 0.01057 5.04825 358.472
0.2 7.072225 0.064525 0.00912 4.95770 370.521
0.5 7.246075 0.062200 0.00858 5.07255 352.893
0.8 7.368875 0.065525 0.00889 5.13273 350.561
1.1 8.542975 0.082300 0.00963 5.94650 394.978
1.2 8.843075 0.085275 0.00964 6.17495 434.614

Fig. 5  Developed for 80MnSi8-6 steel and for the final true strain value 1.2: a processing map with processing windows applied, b—distribution 
map of activation energy of deformation Q
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significantly affect the kinetics of phase transformations. 
The microstructure of the sample deformed at 1200 °C is 
characterized by a higher proportion of martensite, which 
may be due to a higher heat transfer rate in the first cooling 
stage. Local inhomogeneities in the microstructure were 
found in samples heated to 1100 °C and then compressed 
with linear tool speed of 5 mm·s−1, which, in the process-
ing map (Fig. 7b), corresponds to the location inside the 
area of potential microstructural instability. Directional 

bands were found, which could indicate the location of 
the deformation (Fig. 7f), as can be seen at lower magnifi-
cations. However, a homogeneous and defect-free micro-
structure prevailed on the observed cross-section. For the 
remaining samples, after compression using parameters 
corresponding to the interior of processing window 1 and 
the neutral zone, no microstructure defects were found. 

Fig. 6  Effect of test parameters on the microstructure of specimens after deformation on the WUMSI simulator and after their rapid cooling. The 
specimens in cross-section passing through the axis of symmetry, images in the center of the specimen. Etched
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Fig. 7  The compression tests on the hydraulic press: a—working 
zone of the press, b—diagram of the location of the test parameters 
on the processing maps, c—microstructure of the starting material 
and d–e microstructures after deformation: d – temperaturę 1200 °C 

and linear tool speed of 20 mm·s−1, e—temperature 1000 °C and lin-
ear tool speed of 5 mm·s−1, f—temperature 1100 °C and linear tool 
speed of 5 mm·s−1
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This applied to parts of the center of the forgings, as well 
as zones near its lateral edges.

3.7  Integrated FEM and DMM analysis of a selected 
multi‑stage hot forging process

For numerical FEM analysis taking into account the modeling 
of changes in parameter values obtained by the DMM method, 
the process of multi-stage hot free forging of a sample which 
shape and dimensions are shown in Fig. 8a. The forging pro-
cess was modeled on a hydraulic press with a pressing force 
of 5000 kN and a constant speed of movement of the upper 
tool. A cylinder with a diameter of 85 mm and a length of 
140 mm was adopted as the feedstock for forging. On one face 
of the feedstock, a holder for a manipulator with a diameter 
of 40 mm and a length of 50 mm was designed. The chosen 
shape allowed for a forging degree of 2 in the outer segments 
and a varying amount of deformation in the forging volume.

Since the speed used during free forging on hydraulic 
presses is low, therefore, a constant upper tool movement 
speed of 10 mm·s−1 was adopted for the simulation. Taking 
into account the initial feedstock diameter of 85 mm, the 
dimensions of the forging during subsequent forging stages 
and the final dimensions of the forging, the strain rate during 
the process corresponded to the lowest range in the process-
ing maps, staying within this range.

In the first stage, a series of preliminary FEA simulations 
were performed in QForm software, using various variations 

that included temperature, tool shape (Fig. 8b–e), feed and 
rotation values, and others. In this way, a multi-stage forg-
ing procedure was developed, which made it possible to 
obtain a forging with the correct shape and without surface 
defects. The upper limit forging temperature 1250 °C was 
adopted, and the moments of inter-process reheating were 
determined. In the variant of multi-stage forging selected as 
favorable, the operations of elongating the feedstock into a 
square cross-section and then into an octagonal profile were 
applied successively. Rounding was carried out in shaping 
tools. Then, the forging of the inner part was modeled with 
spherical and shaped tools. To carry out the established 
operations, four sets of tools were developed, the shapes of 
which are shown schematically in Fig. 8b–e. Preliminary 
operations were performed in flat tools (Fig. 8b). Then, in 
order to remove the defects found during FEM modeling on 
the surface of the forging, tools with spherical faces were 
used (Fig. 8c). Rounding to final diameters was done by 
forging the feedstock to a diameter of 60 mm using the tools 
in Fig. 8d and forging the middle part of the feedstock to a 
diameter of 30 mm using the set of tools in Fig. 8e.

Then, an integrated FEM/DMM numerical analysis was 
designed and performed for the pre-developed FEM of 
the multi-stage forging procedure. Data from the DMM 
analysis were introduced into the QForm software using 
previously developed subroutines that included the results 
of the DMM analysis. In this way, the distributions of 
instability parameter (ξ parameter), strain rate sensitivity 

Fig. 8  Schematics: a—of the forging and b–e—of the designed tools
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parameter (η parameter) and hot deformation activation 
energy Q were included in the FEM calculations, depend-
ing on the values of strain, strain rate and temperature. 
Example results of modeling of the hot forging process of 
a multi-stage forging of 80MnSi8-6 steel with DMM anal-
ysis are summarized in Figs. 9, 10, 11. Figure 9 shows the 
results of modeling of the feedstock elongation stage into 
a square shape between flat tools. The temperature distri-
butions on the surface and inside the volume of the forged 
semi-finished product (Fig. 9a), and the corresponding 
distributions of Q, η and ξ (Fig. 9b–d) are summarized. 
Under the conditions corresponding to the deformation 
set at this stage and the temperature determined in Fig. 3a, 
high values of η are observed, reaching about 65%. These 
correspond to the values of the η parameter in the process-
ing maps developed for true strain of about 0.5, for the 
lowest values of strain rate and for the temperature value 
corresponding to the distribution in the figure (Fig. 3c). 
The values of Q vary in the direct strain zone in the range 
from 340 to 560 kJ/mol. The parameter ξ takes mainly 
negative values, which is due to the realization of deforma-
tion inside the region of potential microstructural instabil-
ity. Due to the same values of relative feed in successive 
deformations, the distributions of DMM values (Fig. 9b–d) 
have an approximately repeatable shape. Slight differences 
are due to the decrease in material temperature during the 
realization of successive deformations and during the time 

between them, when the position of the forged feedstock 
is changed between tools.

Figure 10 summarizes the results of integrated mod-
eling of the final forging operation, which consists of 
elongating the inner part of the feedstock to a diameter 
of 30 mm between shaping tools. Figure 10a–c shows the 
distributions of the parameters in which the deformation 
was carried out in the forging volume, and Fig. 10 d–f 
shows the distributions of the parameters η and ξ and the 
distribution of Q values. In order to further analyze the 
distributions of the individual parameters in the direct 
deformation zone, their values were compiled and com-
pared at points lying in the center of the deformed sec-
tion (point A), in the zone near the contact surface with 
the upper anvil (B) and in the lateral zones (C and D), 
respectively. The distributions of the individual param-
eters in the deformation zone are shown in Fig. 11a–f. 
Also included are the results of measuring the values of 
these parameters at points A–D (Fig. 11h). Significant 
differences were observed in the values of η and ξ and 
Q depending on where they were measured in the direct 
deformation zone. Factors such as the cooling of the 
material due to contact with the cooler top tool (Fig. 11b) 
or the low value of the strain rate resulting from the fric-
tional force on the contact surface with the upper tool 
(Fig. 11a) lead to variations in the values of the param-
eters obtained by the DMM method (Fig. 11d–e) and the 

Fig. 9  Results of the integrated FEM/DMM analysis of the multi-
stage forging process of 80MnSi8-6 steel. The forging stage into a 
square shape between flat tools. Presented on the surface and in the 

center of the forging volume distributions of: a – temperature, b—hot 
deformation activation energy Q, c—strain rate sensitivity parameter 
(η parameter) and d—instability parameter (ξ parameter)
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value of hot deformation activation energy Q (Fig. 11f) in 
the deformation zone. Interpretation of these relationships 
can facilitate decisions on process modifications, such as 
changing the deformation strategy or inter-heating pro-
cess. By influencing the local distributions of tempera-
ture, strain values and strain rates (Fig. 11a–c) in this way, 
the corresponding distributions of η, ξ and Q (Fig. 11d–f) 
can be changed to more favorable ones. This is especially 
true for those free forging operations that produce defects, 
such as laps. Therefore, the juxtaposition of the process 
parameter distributions and the corresponding η, ξ and 
Q parameter distributions (Figs. 9, 10, 11) in the volume 
of the shaped forging or in the single deformation zone 
allows the effective use of DMM results and energy anal-
ysis, which is difficult in the case of multi-stage forging 
processes on the basis of the commonly used processing 
maps or maps of Q value distributions in the processing 
space.

4  Discussion

Using the results of plastometer tests on the WUMSI simu-
lator, flow curves were developed to describe the response 
of 80MnSi8-6 steel to changes in deformation conditions 
and are the basis for DMM analysis and integrated FEM/
DMM modeling. The general nature of the flow curves 
is typical for steel. For particular combinations of tem-
perature and strain rate, stages of rapid increase in flow 
stress due to strain hardening were identified, as well as 
values of true strain necessary to reach peak stress (σp). 
As deformation progressed, the steel showed a decrease 
in stress values, which is due to the removal of the effects 
of strengthening by the heat-activated dynamic healing 
phenomena; dynamic recovery (DRV) and dynamic recrys-
tallisation (DRX). As the true strain values increase, the 
effects of work hardening and deformation softening reach 

Fig. 10  Results of integrated FEM/DMM analysis for an example 
stage of the multi-stage forging process of 80MnSi8-6 steel. The final 
operation of elongation of the inner part with a diameter of 30 mm 
between shaping tools. The distributions obtained in the center of the 

forging volume: a – strain rate, b – effective strain, c – temperature, 
and the corresponding distributions of: d—hot deformation activation 
energy Q, e—strain rate sensitivity parameter (η parameter) and f—
instability parameter (ξ parameter)
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an equilibrium state. There was no change in the sensitiv-
ity of the test material to a change in test temperature, for 
all strain rates used, increasing the temperature resulted 
in a proportional decrease in true strain values. It was also 
noted that as the test temperature changed, the nature of 
the curves changed regularly. Increasing the strain rate 
led to an increasing value of the stress in the initial stages 
of deformation and a greater decrease in its value in the 
advanced stage of deformation.

It was shown that the deformation activation energy Q in 
the case of 80MnSi8-6 steel varies over a fairly wide range 
as the value of true strain increases (Fig. 4 and Table 2) 
and depends on the temperature and strain rate. Besides 
the differences in Q values, the nature of changes in this 
value in the process space is also important. When using 
equipment operating in a narrow range of speeds, such as 
hydraulic presses, it is advantageous when Q values do not 
change significantly in this range as a result of temperature 
changes. For relatively low strains, up to 0.2, isoline courses 
strongly sloped from the horizontal direction are observed, 
indicating changes in Q values during material cooling as 
the process proceeds. Significant changes in Q values fol-
lowing a decrease in temperature during successive defor-
mations can cause flow instability and lead to the forma-
tion of microstructural defects, such as strain localization. 
This is especially true for those areas in the Q distribution 

maps where the isolines are concentrated, which is the 
decrease or increase in Q value due to temperature changes 
occurs rapidly. For deformations in the range of 0.5 and 
higher, the trends of the isolines on the Q distribution maps 
change. A significant part of the isolines show a horizontal 
or near horizontal course. This means that the plastic flow 
of the material during successive operations of the multi-
stage forging process with a constant or similar strain rate 
requires the expenditure of a similar value of deformation 
activation energy Q, regardless of the feedstock temperature. 
Such a condition is favorable and can be assumed to lead 
to uniform and stable microstructural changes. In the case 
of 80MnSi8-6 steel for strain rates above 0.2, a favorable 
region is observed in the strain rate range from 1 to 4  s−1. 
However, it should also be noted that in the low strain rate 
region where multi-stage forging was modeled, the distance 
between successive isolines is large, indicating that the value 
of Q does not change significantly as a result of temperature 
decrease during forging.

The average value of deformation activation energy 
(Table 2) is within the range typical of steels. For example, 
a compilation of Q values for a selection of four different 
TRIP-type steels compiled by Reyes-Calderon et al. [49] for 
a true strain value of 0.8 contained results ranging from 366 
to 425 kJ/mol. In contrast, Cabanas et al. [50] for the same 
value of true strain of Fe–Mn steel obtained Q = 279 kJ/mol. 

Fig. 11  Results of integrated FEM/DMM analysis of 80MnSi8-6 steel 
in the region of the deformation zone. Selected step during elonga-
tion operation between shaping tools. a–e—distributions of values 

in the deformation zone, g—diagram showing the analysis points in 
the deformation zone, and h—summary of parameter values in points 
A–D
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The average Q value determined in this paper for a strain of 
0.8 (Table 2) was 351 kJ/mol. On the other hand, Zhao et al. 
[51] determined Q values for low-carbon steel at true strain 
values around 1.0, obtaining values ranging from 305 kJ/mol 
for low strain rates to 475 kJ/mol and for high strain rates. 
The authors of the present study for a similar strain value of 
1.1 and for the full range of strain rates obtained a value of 
Q of 394 kJ/mol.

Observations of the microstructure of the specimens after 
deformation on the WUMSI simulator and after their rapid 
cooling (Fig. 6) were aimed at demonstrating or excluding 
the presence of defects formed during the hot deformation 
process in the adopted sets of test parameters. Defects, in 
particular, strain localization, were found for the samples 
in the deformed state at the lowest temperature 900 °C and 
at strain rates in the range of 0.1–1  s−1. For these combina-
tions of temperature and strain rate, the presence of micro-
structural instability, as identified by DMM analysis, was 
confirmed. Thus, it should be assumed that during forging 
in the low strain rate range, the temperature should not be 
allowed to drop to this value. In the case of specimens after 
deformation at the highest temperature 1250 °C and at rela-
tively high strain rates of 10 and 20  s−1, uneven growth of 
primary austenite grains was observed. This parameter range 
was also pointed out as potentially leading to the formation 
of defects, since it is located inside the region of negative 
value of parameter ξ. This confirmed the correctness of the 
position of processing window 1, which was reduced by 
this area. Observations of the microstructure of specimens 
deformed using combinations of temperature and strain rate 
other than those mentioned did not reveal defects associated 
with the hot deformation process on the WUMSI simulator.

The compression tests on a 5000 kN hydraulic press 
were carried out in the low strain rate range, below 0.5  s−1. 
According to the authors, validation of the processing maps 
in this area was necessary because the conditions of the 
integrated FEM/DMM analysis of the multi-stage forging 
process on a hydraulic press corresponded to this area in the 
process space. The samples were cooled in air after defor-
mation. This modeled process conditions similar to those 
found on an industrial line in a forge plant. Therefore, obser-
vations of the microstructure allowed not only inspection 
conducted for defects, but also qualitative assessment of the 
microstructure that is formed during deformation and sub-
sequent cooling at natural speed. This is important because 
knowledge about the evolution of the microstructure result-
ing from changes in deformation parameters allows for a 
better understanding of the impact of process parameters on 
product properties, as demonstrated, among others, in [52]. 
For specimens compressed using parameters correspond-
ing to the interior of processing window 1 and the neutral 
zone, no microstructural defects were found. Observations 
of the specimen deformed under conditions corresponding 

to the location of the zone with negative instability param-
eter values revealed the occurrence of bands of directional 
flow, indicating the localization of the deformation. How-
ever, the places where such effects occurred were few, and 
the observed cross-section was dominated by a microstruc-
ture that was homogeneous and free of defects. It should be 
assumed that areas with negative values of the ξ parameter 
indicate for the 80MnSi8-6 steel under study those com-
binations of temperature and strain rate where the risk of 
microstructural instability is increased, but in practice, it 
does not have to occur.

Preliminary FEM numerical analysis of the hot multi-
stage forging process on a hydraulic press allowed the devel-
opment of tool sets that enabled the manufacture of a forging 
of the assumed shape. The modeling of different forging 
variants also made it possible to develop such a sequence of 
operations that led to the production of a defect-free product 
of the assumed geometry with the assumed degree of forg-
ing 2. During the calculations, the current capabilities of the 
QForm software were used, including the options for FEM 
modeling of processes performed in multiple sequences, tool 
replacement, inter-operational rotation and displacement of 
the feedstock, inter-operational reheating and other advanced 
functions. During the FEM analysis, it was assumed that the 
forging process would be carried out on a 5000 kN hydraulic 
press. Since the speed used during free forging on hydraulic 
presses is low, therefore, a constant upper tool movement 
speed of 10 mm·s−1. Taking into account the initial feedstock 
diameter of 85 mm, the dimensions of the forging during 
the subsequent forging stages and the final dimensions of 
the forging, the strain rate during the process corresponded 
to the lowest range in the process space, staying within this 
range. The resulting data provided a starting point for per-
forming an integrated FEM / DMM analysis.

The data obtained from the DMM analysis were imple-
mented into the QForm software using subroutines, devel-
oped in the LUA programming language. The results of this 
analysis confirmed that the range of low strain rates in the 
processing maps developed for 80MnSi8-6 steel (Figs. 3 and 
5) is difficult to interpret. On one hand, this is the area where 
the DMM analysis showed the presence of areas of potential 
microstructural instability, both for the final strain rate of 
1.2 and at intermediate stages (Fig. 3), especially in the true 
strain range of 0.2–0.8. On the other hand, the strain rate 
sensitivity parameter values show the highest values in this 
area, especially in the temperature ranges of 1025–1200 °C 
and below 950 °C. By definition, in these areas, the plastic 
formability of the material and the ability to remodel the 
microstructure are high. For the analyzed steel in the lower 
area of the processing maps, it can be seen that zones with 
high values of the η parameter coincide with areas of defect 
risk. Shaping in successive stages of individual segments of 
the product leads to a significant variation of temperature 



 Archives of Civil and Mechanical Engineering (2023) 23:240

1 3

240 Page 20 of 22

and the amount of strain in the volume of the forging. The 
observed differences between segments, particularly those 
shaped in separate operations, lead to non-uniform distribu-
tions of the η parameter and the presence of negative values 
of the ξ parameter in many areas. Therefore, variations in 
microstructure within individual segments are expected. 
In this case, the role of processing maps is to correlate the 
non-uniform deformation with potential non-uniformity in 
the microstructure. Hence, combining the DMM method 
with FEM is seen as a beneficial solution by the authors. 
An example of adopting such an approach is the work by 
Łukaszek-Sołek [40]. By expanding the basic options of 
the software based on the FEM with subroutines that allow 
for determining numerical distributions of strain rate sen-
sitivity parameters, effective power dissipation, and flow 
instability in a specific forging, it is possible, among other 
things, to identify critical areas within the forging volume 
that require special attention, such as microstructure control 
or non-destructive testing. Such analysis can be conducted 
both throughout the entire volume of the forging at a given 
stage of its shaping (Figs. 9, 10), as well as in the deforma-
tion zone when applying a single blow between the tools 
(Fig. 11). Standard phenomena occurring during deforma-
tion, such as uneven deformation or temperature drop due 
to heat transfer to cooler tools, can be quantitatively ana-
lyzed. Additionally, distributions of parameters obtained 
from DMM analysis can also be examined. The outcomes 
of such analysis could include decisions about performing 
(or omitting) inter-stage heating at a certain forging stage, 
modifications to the forging sequence, or changes in tem-
perature range. Each of these modifications leads to changes 
in the processing space of subsequent deformation param-
eters, which allows for more favorable adjustments to DMM 
parameters. These changes become evident during post-pro-
cessing and analysis of FEM modeling results. On the other 
hand, FEM/DMM analysis in the zone of individual defor-
mations (Fig. 11) can be applied when local material qual-
ity issues arise at any forging stage, such as challenging-to-
eliminate defects. In such cases, expanding the FEM results 
with a local analysis of distributions of instability parameter, 
strain rate sensitivity parameter, and hot deformation activa-
tion energy Q can be helpful in avoiding such defects.

The mentioned benefits arising from expanding the scope 
of FEM calculations with distributions of DMM parame-
ters and Q provide a basis for stating that such an approach 
significantly enhances the capabilities of typical numerical 
analysis of hot forging processes and enables a more com-
prehensive interpretation of modeling results. The outcomes 
can lead to improved manufacturing process efficiency and 
higher forging quality. This is particularly relevant for prod-
ucts with varying dimensions, manufactured from advanced 
materials, as evidenced by other studies, including refer-
ences [35, 36, 40]. The obtained results demonstrate that 

nanobain steels, including the investigated 80MnSi8-6 steel, 
fit well into this category of materials.

5  Conclusions

The results of the deformation behavior investigations of 
80MnSi8-6 steel, verified through tests and evaluation of 
the microstructure of samples after deformation, as well as 
the outcomes of the integrated FEM / DMM modeling of the 
multi-stage forging process, led to the following conclusions:

1. The flow curves of 80MnSi8-6 steel, developed based 
on data from plastometric tests, allowed for the identi-
fication of phenomena occurring during hot deforma-
tion of this material and the assessment of the influence 
of deformation parameters on their course. These flow 
curves were used as a basis for conducting the extended 
DMM analysis, incorporating distributions of hot defor-
mation activation energy Q values.

2. The development of processing maps and the analysis of 
Q value variations enabled the identification of process 
windows and potentially unfavorable combinations of 
deformation parameters within the investigated range 
for the studied steel. The processing maps, especially in 
regions of instability, were verified by microstructure 
observations.

3. Hot compression tests conducted on a hydraulic press 
allowed for the validation of the accuracy of DMM 
results at low strain rates and the evaluation of the state 
of the microstructure formed during deformation and 
cooling under conditions similar to those in industrial 
lines.

4. The implementation of DMM analysis results into the 
FEM software enables modeling within a broader range 
than standard. The overall and local assessment of dis-
tributions of parameters η, ξ, and Q in the deformation 
zone during successive operations provides a more 
accurate evaluation of material deformability and the 
prediction of the occurrence of microstructural defects. 
The obtained data, when properly interpreted, facilitate 
process efficiency improvement, such as through modi-
fications to forging sequences or changes in reheating 
strategies.

5. The results of FEM modeling extended with the results 
of DMM analysis and distributions of hot deformation 
activation energy can serve as a valuable tool in design-
ing hot deformation processes for 80MnSi8-6 steel. This 
is particularly relevant for lengthy processes involving 
multiple operations, such as multi-stage free forging on 
presses with low strain rates.
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