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ABSTRACT

A Digital Twin is a virtual representation of a corresponding process of a physical object. In the context of In-
dustry 4.0, a Digital Twin provides new opportunities for production optimization and failure prediction.
Therefore, both industry and scientific research show increasing interest in Digital Twins. One of the most
important sectors in the production value chain is materials engineering, which plays a very important role in the
product properties and processing strategies. However, a unified material description approach for material
digitalization, which is crucial for, e.g. material database setup, and strategies for implementation into real-time
production are still controversial. Therefore, we suggest two concepts for implementing materials into the digital
representations of production processes, an integrated digital description of the material and its properties and
an extended Digital Material Twin, eDMT, by which the material processing information can be found.
Furthermore, we provide an example concerning one processing chain of steel for the explanation of the eDMT
concept. In contrast to the data-intensive eDMT, a dimensionality-reduced concept is suggested for the imple-
mentation of eDMT to control production processes in real-time, a Digital Material Shadow (DMS). The DMS is
defined as a knowledge- and sensor-data-based, computational-efficient, simultaneous analysis and description of
the material during production. Our approach defines a modular framework exemplified for press hardening of
steel to thoroughly describe a material and its development during processing and production.

1. Introduction

the digital replication, and (iii) the data and information that connects
both [3]. The evolved DT during recent years is a dynamic digital replica

In recent years, digitalization, data-driven approaches, and database
applications have drawn attention, particularly in traditional
manufacturing industries [1]. Concepts for digitization of a physical
process like a cyber-physical system, allow sensor-based monitoring and
increased control of industrial process chains [2]. Optimization of the
analyzed systems is only possible when the collected datasets are
correlated by the system in real-time during the production process. In
this context, the datasets and their mutual physical interdependencies
should be described within the cyber-physical system. Digital Twins
(DT) embody such descriptions as domain-knowledge-based
representation.

The concept of a DT was originally introduced in 2003 by Grieves
et al. [3]. They described the DT as a digital representation of a physical
product and divided it into three main parts: (i) the physical object, (ii)
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of its physical counterpart [4] and a powerful tool to represent, monitor,
diagnose, and prognose a system, a production line, an object, or a
service [5]. The application of a DT showed already its potential in
urban planning of smart cities, support in the healthcare industry to
improve the effectiveness of certain drugs, or for planning, performing,
and simulating surgeries [5-7].

Publications and patents dealing with the DT from 2003 to 2018
were reviewed by Tao et al. [5]. They found that the DT is used in several
industries, for example, design, production, prognostics, or health
management. Especially in production engineering, the DT has a great
impact. The DT of production processes describes how relevant data
from equipment, environments, and history data from previous gener-
ations of products can be used. This enables predictions on the product
quality even before production takes place, hence the R&D resources for
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Fig. 1. Illustration of Platon’s allegory of the cave — the shadow as a representation of the physical world [15].

the product evaluation process can be reduced. One of the most
important advantages of the DT is the information on the status of ma-
chine performance and production line feedback in real-time [6].
Compared to traditional manufacturing, the DT provides an environ-
ment for product and system testing, which gives the manufacturer
opportunities to predict the issues before or during production [8]. This
optimization leads to the improvement of the process plan control [9].
The DT can also be used to facilitate production optimization. Uhlemann
et al. presented a multimodal data acquisition and evaluation concept
and proposed guidelines for the implementation of the DT to optimize
production systems [10]. These are the basis for the Prognostics and
Health Management (PHM), which was first applied in the aircraft in-
dustry. Tuegel et al. summarized the current aircraft structural integrity
and life prediction concepts and proposed a DT-based life assessment
strategy, which enables better management of an aircraft-life series and
a full-scaled data collection of the conditions of the aircraft at any time
[11]. Moreover, the DT approach can promote the adjustment of pro-
duction operations based on both practical situations and simulation
[12]. Bielefeldt et al. proposed a DT-based approach that can detect,
monitor, and analyze the structural damage of commercial aircraft
wings by taking the applied material into account and placing it into the
focus of the model [13]. The digitalization of new material design has
been pushed by various scientists. The open-sourced material database
projects, such as Japan’s National Institute of Material Science and
Material Genome Initiative [14], which include experimental and
computational results of materials, provide the researchers the benefits
for material data sharing, material sorting for specific purposes and new
material design. However, the information of material processing, which
includes the history of the material state, is not provided in those ap-
proaches. With the shortage of this information, a throughout digital
material state description is difficult to provide and the application of
the digital material description in production becomes challenging.

If we consider the material as the core of a product processing chain,
then the metadata which represents material properties from each
processing step should be collected, analyzed, and stored. Eventually,
the analyzed results should also be applied for digital description of
material during processing and the results from individual processing
steps should be connected for the representation of material in the
processing chain. Moreover, in the processing chain, the change in
material properties needs to be correlated to relevant datasets of pre-
vious material state data collection during processing. To fulfill the
mentioned requirements and build up a comprehensive description of
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Fig. 2. Differentiation of exterior properties of the workpiece (extrinsic prop-
erties) and material properties (intrinsic properties).
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material development, the concept of a Digital Material Twin (DMT) has
been introduced and refined within the last few years.

The DMS can be understood in analogy to Platon’s allegory of the
cave, where the shadow reduces the information of the real physical
object as only a 2D representation of its shape and movement at a certain
time (Fig. 1). Hence, for the DMT the shadow is considered as a repre-
sentation of certain characteristics from a specific point of view at the
current time, e.g., changes in the rolling forces on material-intrinsic
temperature responses. Thus, from the real production point of view,
we introduce the Digital Material Shadow (DMS) for tracking material
property changes in real time. This is further outlined by the example of
the process chain press hardening in the following sections for eDMT
and DMS, respectively.

2. Digital Material Twin (DMT)
2.1. Definition

We first define a substance or a mixture of substances that constitutes
an object as a material. Metals belong to the most important engineering
materials [16]. Concerning production volume and variety of applica-
tions, steels have the highest technical significance of all materials. Our
following definitions describe steels but can be extended to other ma-
terials such as ceramics, semiconductors, and polymers. In general,
material properties are not equal to the properties of a workpiece (the
extrinsic properties), since the shape, roughness, stiffness, etc., can have
a controversial correlation with the properties of the material itself (the
intrinsic properties). Furthermore, the intrinsic properties are the
reflection of the phase state (phase type, distribution and fraction, etc.)
and crystal lattice structure of a material. Therefore, the first step for the



J. Wang et al.

Computational Materials Science 249 (2025) 113666

Digital Material Twin (DMT)
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Fig. 3. Schematic illustration of a Digital Material Twin (DMT): The figure shows an illustration of the different layers of an intrinsic property using the example of
‘physical properties’. In this example, the subdivision into ‘mechanical properties’ and the examples of these properties are given.
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Fig. 4. Schematic illustriation of the extended DMT (eDMT). By correlating the
process parameters with the DMT, process sensible data can be captured
and stored.

DMT definition is to distinguish the intrinsic and extrinsic properties and
exclude the extrinsic from all available information on the current state
of a material (Fig. 2).

The intrinsic properties describe the current state of the material and
reflect the crystal lattice structure and phase information. Therefore,
Fig. 2 can be used as an example, which is divided into three layers. In
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layer 1, the nanoscopic description of the material will be considered. In
this layer, a description from the atomic length scale is contained, in
which the crystal structure and the crystal defects, distribution, and
diffusion of foreign atoms are described. This information is strongly
correlated to the description in the following layers and has an enor-
mous impact on material properties in layer 2 and layer 3. Therefore, the
nanoscale layer (layer 1) is the fundamental layer and the information in
this layer should be provided for the following layers.

Layers 2 and 3 hold information about layer 1 and describe the
material by its phases and further microstructural characteristics, like
phase fractions, crystallographic orientations, grain sizes, and grain size
distribution.

Furthermore, layer 3 of the metal can be considered as a statistic
summary of all the unit cells in layer 2, e.g., the macroscopic Young’s
modulus of the material in layer 3 can be considered as the average
value of each unit cell from layer 2. Hereto, a 3-layered description is
sufficient for the metal property description, which can be defined as the
intrinsic property of the material, as mentioned above.

However, if materials are applied in production, the extrinsic prop-
erties should also be considered. In this case, the description of extrinsic
properties can also be applied for cross-domain connection (or the
combination of other Digital Twins in the production) and both intrinsic
and extrinsic properties need to be correlated, which will not be pre-
sented in this work.

A material can therefore be digitally described by the three-layered
model with a high variation of parameters for a certain state.
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Fig. 5. Comparison of the Physical Process Chain and Digital Process Chain (formed by three (eDMTs). As an example, a simplified production of a metal sheet is
used, consisting of the raw material (I), the hot rolling process (II.), and a final heat treatment, in this case, annealing (III).
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Fig. 6. Comparison of physical process chain and digital process chain of Steel 1.

Moreover, the specific layers are correlated with one another (Fig. 3).
This digital description of the materials’ intrinsic properties can be
defined as DMT, which represents the material in the virtual space.
Furthermore, a simulative description should also be considered as a
part of the DMT, making it possible to use the combination of physical
and simulated datasets to increase the informational content, which
further reduces the need for testing procedures [3]. To describe the
change in material properties in a process chain, any process step must
be connected to the previous and subsequent process steps. Since the
DMT is a description of the material state which may change along the
process chain, a DMT should be described for each process step.

To describe the connection between the DMT and the process, we
need to extend the DMT. The concept of the extended DMT, i.e., eDMT,
is shown in Fig. 4 and includes the process parameters that are associ-
ated with the DMT. Moreover, the material state change in one pro-
cessing chain can be described by connecting all the relevant eDMTs, as
shown in Fig. 5.

In Fig. 5, the concept of the eDMT is used to describe a simple process
chain (and all the eDMTs in this process chain form one digital process
chain), which includes a rolling process and a subsequent annealing
process. One digital process chain can also start with DMT (instead of
eDMT) due to lack of process parameter information.

Furthermore, certain properties of the DMT change within the pro-
cess (while others remain). At first, the raw material goes through a
rolling treatment to adjust its mechanical properties for the application.
In this process, the overall chemical composition of the material remains
the same, while parameters like dislocation density and the shape of
grains changewith the processing parameters. The same is valid for the
subsequent annealing process, where again specific intrinsic properties
change while others remain constant. This shows that several parame-
ters are connected along the process chain. For each eDMT within the
process chain, a wide variety of properties can be evaluated or simu-
lated. This leads to a high complexity when the eDMTs need to be

connected to one another, and correlations need to be found. To identify
correlations, numerical, analytical, or data-based models can be used.

It can be argued that the concept of the DMT is closer related to a
surrogated model than to the concept of the DT. On the one hand, the
DMT contains data that might originate from different surrogate models.
On the other hand, the DMT is considered to be treated equally to the
DT. In the case of an imaginary hot rolling of a metal piece, the DMT of
the metal piece would influence the DT of the rolling and vice versa.
However, the nature of the data stored in each twin is different, which
prohibits the combined assessment.

2.2. Example of extended Digital Material Twin (eDMT)

An exemplary steel is applied to explain the concept eDMT. The
nominal chemical composition of the example steel (which is named
Steel_1 and be used in the following chapters) is 0.2 wt% carbon and 2.5
wt% manganese.

In the upper part of Fig. 6, the whole process chain of the material is
shown. The Steel_1 was cast and solution heat treated at 1473 K for 120
min prior to forging. During forging, the steel was deformed with a
degree of deformation @ = -0.85 between 1173 K and 1523 K. After-
wards, the material was homogenized at 1473 K for 300 min and air-
cooled to room temperature. After the pre-processing, the steel was
further processed by cutting cubical samples for further thermal treat-
ments with various austenitization and isothermal heat treatments. The
detailed parameters of the heat treatment (step VI.) in Fig. 6 are also
shown in Table 1.

By using the eDMT description outlined above, the eDMT chain can
be defined (Fig. 6). Furthermore, datasets of specific material state (after
casting, after homogenization, and after heat treatments) are collected
and applied as a 3-layer description of DMT, as explained in detail in the
following sections.

Table 1
Heat treatment parameters for Steel_1, to display the different nature of data which needs to be store only for different heat treatments.
Material Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
Name
Steel 1 Heating: Austenitization: Cooling: Isothermal Cooling:
heating rate 3.33 K/s Target Temperature: 1203  Temperature: 1203K  Cooling rate: 100 K/s Treatment: Cooling rate: 100 K/s
K Time: 5 min Target Temperature: 673 Temperature: 673 K Target Temperature: 298

K Time: 45 min K

Cooling medium: Helium Isothermal Cooling medium: Helium
Treatment:
Temperature: 698 K
Time: 45 min
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Table 2
Chemical composition of Steel 1 determined by Optical Emmision Spectroscopy (OES). All concentrations are given in wt.%.
C Si Mn P S Cr Mo Ni Ni Al B Cu N Ti A%
0.17 - 2.48 0.003 0.002 0.037 0.010 0.01 0.01 0.002 0.0001 0.018 0.001 0.0003 0.0035
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Fig. 7. eDMT of II. Casting for Steel_1

Table 3
Mechanical properties of Steel 1.

isothermal heat mechanical properties

treatment Yield UTS Uniform Hardness
Strength (MPa) elongation (HV10)
(MPa) (%)

400 °C for 45 min 764.7 866.47  4.61 334

450 °C for 45 min 667.3 720.28  6.36 272

2.2.1. eDMT of II. Casting

The example steel was cast according to the nominal chemical
composition (Fe-0.2C-2.5Mn). The analyzed chemical composition of
the material was quantified based on measurements by Optical Emission
Spectroscopy (OES) (Table 2). The crystal structure, phase fraction, and
mechanical properties of Steel 1 were then characterized with EBSD,
XRD, or other test methods. The eDMT is shown in Fig. 7.

2.2.2. eDMT of V. Homogenization
After forging and homogenization, the material was characterized by

optical microscopy (LOM). Besides parameters of homogenization, the
eDMT includes EBSD and mechanical property measurements. Since
thermochemical treatments, e.g., carburization or nitriding, were not
applied during or before the homogenization, the chemical composition
can be inherited from the previous eDMT (eDMT of II. Casting) and the
influence of atmosphere can be ignored for eDMT description (Fig. 6).
Furthermore, two LOM micrographs, which represent the phase
description for DMT layer 2 are also provided for the example steel
(Fig. 8). It is also important to mention that detailed analysis of micro-
graphs can also be applied for, e.g. phase fraction analysis for revealing
further phase information of the material’s microstructure.

2.2.3. eDMT of VI. Heat treatments

After homogenization, heat treatments were applied to Steel 1 ma-
terial with different isothermal holding temperatures, as shown in
Table 3. The microstructure of the material after each treatment was
characterized by means of SEM. One example of the micrographs is
presented in Fig. 8.

As stated above the intrinsic properties, where the microstructure
belongs to, can be divided into several layers, from nano- to the
macroscale. Besides the general microstructure state (characterized for
example, by phase fractions, grain sizes, and precipitation distribution),
a description of the homogeneity of the microstructures needs to be
added as well. As inhomogeneities are included as well along the length
scales, from banding caused by segregation during solidification of the
melt to segregation of single atomic species to phase boundaries, a large
set of data is added. Moreover, since mechanical properties are of in-
terest to the material state after various treatments, certain key values
that represent mechanical properties of different states of Steel 1 were
characterized and provided for the material state description, as pre-
sented in Table 3.

With the characterized material properties and the parameters of the
heat treatment, the eDMT of heat treatment for Steel_1 is built and thus a
virtual representation of the physical processing of Steel 1 with crucial
datasets is provided for the digital material description, as shown in

Fig. 8. Microstructure of Steel_1, obtained either by optical microscopy (a) or scanning electron microscopy (b).
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Fig. 9. One example of correlation between hardness, microstructure and local chemical composition, taken from [17]: (a) C intensity map (unit of counts), (b) Mn
intensity map (unit of counts), (c) Kernel average misorientation (KAM) map (3rd nearest neighbor), (d) image quality (IQ) map, (e) phase map defined by IQ and
KAM criterion, (f) hardness map. Grain boundaries (6 > 5°) are represented by black lines in (c)-(e).

Fig. 6.

However, for controlling the material state variation during pro-
cessing in real-time, a highly efficient data-based model needs to be
designed and evolved for specific aspects of the material, by which the
relevant datasets and the model for the dataset correlation within each
eDMT will be selected and collected; in other words, the eDMT must be
reduced. This new data-based model can be applied not only for moni-
toring the target intrinsic properties but also for the material-science-
based diagnostics of the target property deviation and adjustment, as
well as prognostic of the target property based on the processing
parameter and history information. Furthermore, data exchange be-
tween this model and the models from other knowledge domains in
production technology (e.g. the model for above mentioned layer 3 in
production) should also be taken into consideration. Therefore, apart
from eDMT, we propose another concept for material digitalization
during production, the Digital Material Shadow (DMS).

3. Digital Material Shadow (DMS)

In one production process, specific material-intrinsic properties are
of interest and need to be monitored, which will be defined as the target
property in the following discussion. This target property of the
component is influenced not only by the treatment parameters during
the process but also affected by the fluctuation of other relevant material
properties themselves. First of all, the dataset of processing parameters
and the sensor-collected dataflow of temperatures, forces, etc., which
are correlated to the target property, must be automatically defined and
correlated throughout the processing, while the irrelevant processing
parameters should be ignored. Furthermore, if a detailed eDMT is set up,

the size and the complexity of the dataset collections of the eDMT are
enormous, e.g., for a material with an average grain size of 10 pm, stress
analysis of only 1 mm?® would require a complex CP-FEM treatment of
about 1 million grains throughout the processing steps. Therefore, for
one production process with respect to target property, the relevant
datasets from eDMT need to be correlated. Thus, we use the term
“shadow” in analogy to Platon’s allegory of the cave as a reflection of the
object characteristic and introduce another concept: The Digital Material
Shadow (DMS) as an interaction approach of the reduced eDMT model
and external sensor dataflow, which will be introduced in the following
chapters.

3.1. Definition of Digital Material Shadow

In chapter 2.2, we defined DMT as a 3-layered description of a ma-
terial intrinsic property. Furthermore, if one property is selected as the
target property and set as the observation point of the DMT, the corre-
lated datasets should be extracted for the description of the character-
istics of DMT under this certain observation point.

Taking Fig. 9 [17] as an example, hardness would be considered the
target property of the DMT. In this case, for one single unit, the me-
chanical property was applied as one observation point, afterwards, the
extracted properties (in this case, local chemical composition and in-
formation of microstructure, e.g. grain size, phase fraction, precipita-
tion, etc.) and the correlation between target property and extracted
properties were presented for the description of DMT’s target property
for this single unit. One example of the correlation in this case is the
Hall-Petch relation, which describes the correlation between yield
strength and grain size. With the addition of the single unit, the target
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property of the material is described.

Moreover, if the observation point is changed, the different proper-
ties would be presented from layers. For example, if the phase fraction
were considered as one aspect, then from all 3 layers, the correlated
models and datasets (e.g. heterogeneity of chemical composition, crystal
structure, information on precipitations, etc.) would be observed, as
shown in Fig. 9.

Furthermore, if the extensions are considered, then not only the
parameters of the treatment but also the datasets, which are collected by
sensors during the processing, must be included in the reduced model.
One example is the hardness as a target property in Fig. 9. The pro-
cessing area is considered as one monitoring area of one eDMT. More-
over, in this monitoring area of eDMT, one sub-monitoring area is
further divided with the monitoring range of one sensor (here, the sub-
monitoring area is defined as single_unit). Through the target property, a
dataset collection (chemical composition, microstructure, etc.) from
different layers of DMT is created and correlated with processing pa-
rameters (time, temperature, force, atmosphere, etc.) from the extension
for the description of the microstructure changes (or phase trans-
formation) during the process. Subsequently, the correlation between
the material properties and the processing parameters will be analyzed
and applied as models for the DMS description. On the one hand, with
the approach introduced in [17], or other empirical/physical models,
the correlation between hardness, microstructure, and inhomogeneity of
local chemical composition can be described (same for other mechanical
properties, e.g. for yield strength, Hall-Petch relation, which is applied
for correlation between chemical composition, grain size, and yield
strength). Hence, for this single_unit, the material property change,
which is observed, can be correlated to various deviations of material
properties from all three layers.

On the other hand, with the definition of eDMT in Chapter 2.2, the
parameter during processing can also be considered as one observation
point (which was defined as the target property of material in the pre-
vious chapter). With the pre-collected material property data, correla-
tion models between relevant parameters (both material properties and
relevant processing parameters), and Al models, a real-time material
processing parameter prediction/monitoring model can be developed,

by which a possibility for manipulation of the processing parameters
according to the material property changes in real-time can also be
provided (Fig. 10). In this case, the observation point (target property)
can be replaced by the concept target parameter, which includes both
material properties and processing parameters.

Therefore, a DMS can be defined as one reduced model of DMT or
eDMT for the observation of target parameters during production,
analogously to the shadow in Fig. 10, which reflects the characteristics
of the physical object. Moreover, the DMS can be applied along the
process chain (or the eDMT chain) for the monitoring and, with the help
of Al or data science approaches, for diagnostics or prognostics of the
target parameter.

3.2. Case study: Press hardening as an example for a DMS application

In this section, press hardening (also known as hot stamping) is
selected as one example of a DMS application. Press hardening is
referred to a process, in which the steel is heated up for full austeniti-
zation, followed by forming its final shape and simultaneous quenching
within a tool of defined temperature, for adjusting the cooling rate. With
the hot forming and rapid quenching, a fully martensitic microstructure
is obtained, resulting in a high tensile strength of 1500 MPa and more
[18]. The B-pillar of the autobody is one of the typical products that is
produced by press hardening. The material requirements of the B-pillar,
include the capacity to dissipate energy but mainly to keep the passenger
survival room in place to protect the passengers in the crash events, such
as site impact or rollover. Therefore, the mechanical properties of the
material such as ultimate tensile strength (UTS, R,;,) and elongation at
fracture (A) are of interest and should be monitored, diagnosed, and
prognosed during the press hardening process. As the mechanical
properties of this steel class strongly depend on the martensite phase
fraction [19], detailed analyses of the progression of the martensite
formation are desirable during press-hardening. However, the phase
fraction in dependency on processing parameters like the quenching
temperature, is usually performed ex-situ by EBSD or XRD on samples
extracted from the components. Therefore, the question arises if the
microstructure constituents and the mechanical properties can be
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Fig. 11. eDMT of press hardening, demonstrating the interactions between
process parameters and the Digital Material Twin. By the assessment of the
amount of data which can theoretically by included in the eDMT, the necessity
for the DMS becomes clear.

proposed by the application of an eDMT. In Fig. 11, an exemplary eDMT
for the press hardening process is displayed. However, with its large data
collection, it must be reduced to be applied for real-time monitoring of,
for example, the UTS, as shown in Fig. 12.

Furthermore, the property of press-hardened material is strongly
influenced by its previous processing steps [20,19,21]. One of the most
important factors is the prior austenite grain size before the press-
hardening process step, which has a significant impact on the mechan-
ical properties (e.g. UTS) of the material [20].

Therefore, the materials microstructure information must be pro-
vided, which contains required material data before the press hardening
step, e.g. prior austenitic grain size, UTS, chemical composition, etc.
Moreover, the cooling rate also plays an important role during the
quenching process. Thus, several thermocouples are deployed for the
temperature measurement in the furnace, in the die, and at the material.
Here, one area of material, which is monitored by a thermal element,
can be considered as one Single Unit. With the help of the Arrhenius
equation (Eq. (2.1)) [22] and the nominal chemical composition, the
local chemical composition can be predicted and calculated.

D = Dy*exp( 2.1)

RT

where D is the diffusion coefficient (in mz/s), Dy represents the fre-
quency factor (in mz/s), E, represents the activation energy for diffusion

Target e

Parameter: _ — =

urs -
b |
~
-~
~
~—
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(in J/mol), T is the absolute temperature (in K) and R is the universal gas
constant. With the calculated local chemical composition, the local
martensite start temperature M can be calculated, by means of Eq. (2.2)
as suggested by Andrews [19,23]. The martensite finish temperature My
is determined by dilatometry. With the calculated M; and various
empirical/physical models suggested in [19], the phase fraction of pri-
mary martensite and retained austenite can be illustrated, as shown in
Fig. 13.

M; = 539.0-423.0*C-30.4*Mn-12.1*Cr-17.7*Ni-7.5*Mo + 10.0*Co-
7.5*Si (2.2)

Moreover, nominal and actual cooling rates can be calculated by the
temperature recorded by the thermocouples both on the die and on the
material, and the degree and rate of deformation can be calculated by
sensors, respectively (see Fig. 14).

With the collected and calculated data of material and the required
data (temperature and deformation grade of single_unit, etc.) collected
by thermal elements and sensors, the DMS for UTS of press hardening
can be defined, see Fig. 15. It is also important to mention that due to the
complexity of involved parameters and correlation between each
parameter, extrinsic properties of the workpiece should also be taken
into consideration. Therefore, cooperation between various knowledge
domains and connections between the DMS defined in the present paper
and Digital Shadows from other domains are crucial for the digital
shadow development for monitoring and/or predicting material
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Fig. 13. Comparison of the experimentally determined martensite phase frac-
tion with various models from the literature suggested by [19].
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Fig. 12. Digital Material Shadow (DMS) of press hardening, UTS is set as target parameters.
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Fig. 15. DMS of the press hardening process.

processing in general.

4. Conclusion and summary

In this work, two concepts for digital material descriptors are
introduced: Digital Material Twin (DMT) and Digital Material Shadow
(DMS). The DMT describes the material state by providing its intrinsic
properties, which are independent of the properties of the final
component (defined as extrinsic properties in this work), along three
layers that are correlated to the material length scale (nanoscopic,
microscopic, and macroscopic) with help of both experimental and
simulative datasets. Furthermore, the DMT is extended as eDMT by

including the parameter dataset of the processing steps, which define the
subsequent DMTs in the processing chain. This eDMT chain concept
provides not only an integral description of material state changes along
the process chain but also a structure for a potential material database.
Exemplary case studies were given to demonstrate the potential of DMT
and DMS for material and process development. These concepts can be
realized in real production through the reduction of the eDMT to the
target property and correlated property sets, the implementation of the
sensor dataflow collected in real-time, and applying material
knowledge-based physical/empirical models. The process chain press-
hardening is provided as an example of the implementation of the
DMS concept, in which the target property is monitored and prognosed
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with the help of the correlation models of intrinsic properties and
collected sensor dataflow. A deep collaboration of experts in relevant
fields enables an efficient design and application of DMT, eDMT, and
DMS.
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