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A B S T R A C T

This article discusses a number of key issues concerning simulation-based digital twins in the domain of mul-
tistage processes. Almost all production processes are multistage in nature, and so most digital twins involve
multiple physical phenomena, process steps and different solvers for the simulations. Good interoperability
between model solvers and processes are key to achieving a functional digital twin. Passing information between
steps can be challenging, complex and time consuming, especially for material data, because the constitutive
model interacts with the full modeling environment: material behavior is interdependent with the history of the
process, the solver subroutines and the boundary conditions. This work proposes a flexible yet robust standar-
dization approach, called FlexMM, for dealing with material data, constitutive models, measurement data or
mathematical models to overcome part of the abovementioned complexity. The implementation of FlexMM
consists of a general rule structure in which constitutive behavior is described, as well as its interaction with the
subroutines used by the finite element solver. The definition of the constitutive model is stored in a separate file,
in which the material behavior can be described in a user selected format, such as look-up tables, standard
statistical models, machine learning or analytical expressions. After a calculation step, the new local material
properties are mapped to a file to facilitate the next history-dependent step. In this way, the interaction between
the different fabrication steps and processes can be incorporated. A material/process case study is presented to
demonstrate the flexibility and robustness of FlexMM.

1. Introduction

Industry 4.0, the so-called fourth industrial revolution, is based on
the digital transformation of industry, and includes cyber-physical
systems, the internet of things or the internet of services, and cloud
computing [1,2]. In this transformation, digital replicas of physical
assets –referred to as digital twins– play an important role. Digital twins
are digital representatives of the real world and can be used to monitor
and control their physical counterparts. Therefore, one can study the
behavior of the digital twins instead of the physical systems, resulting in
cost savings, decreasing development time and increasing manu-
facturing flexibility toward zero-defect manufacturing. This means that
topics like quality control, manufacturing flexibility, predictive main-
tenance and virtual and augmented reality are important issues to be
implemented in future digital production platforms. Fig. 1 presents the
position of the digital twin in the concept of zero-defect manufacturing.

Generating and working with digital twins, where FEM plays a
central role, presents a unique set of challenges. Summarizing the scope
in which they are applied, certain requirements have to be met, re-
quiring digital twins to be:

• dedicated to the process,
• highly robust,
• multi-stage,
• multi-platform,
• multi-process,
• multi-vendor.

Clearly, the interoperability of digital twins is a key element of their
operation. Interoperability issues have been known for a long time, and
different researchers have worked on possible solutions in the context
of multiphysics FEM. The main approach is to develop mapping
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strategies with which the FE data can be transferred between different
mesh types [3–7] or between different simulations for fluid dynamics
and structural simulations, either as separate environments, such as
MpCCI [8,9], DIGIMAT [10], etc. [11], or as integrated parts of the
commercial software packages [12–14]. Fig. 2 shows a schematic of the
mapping methods, which allow the data transfer of the FE simulation
results from one solver to another. The mapper (see Fig. 2) structures
the data. This is important in order to map, for instance, the stress
calculated with solver A to the stress used by solver B.

While the FE data can be transferred via either of these mapping
strategies, the description of the material(s) behavior is limited to the
available models used by the FE solvers. For example, in the work of
Young [15], an effort was made to automate the interaction between
the material model and the user subroutines of ABAQUS. If another
solver has to be used, the work has to be performed again. Hence, the
material-solver interaction has to be solved specifically for every case. If
the desired material models are not available in all involved solvers, the
user has to write specific subroutines to be implemented in the solvers.
This task can be exceptionally demanding if, for example: (1) each of
the solvers use different names for calling one particular variable, (2)
the solvers are written in different coding languages, or (3) the book-
keeping of the data stored in the user defined material data and sub-
routines requires continuous inspection. Moreover, aside from the
names assigned to each particular variable, the definition of a variable
in each solver might be slightly different, which can result in errors and
wrong estimations.

In this paper, a new standardized method for describing material
behavior is proposed, which can serve as a unified method, independent
from solvers and interfaces. This Flexible Material Model approach, to
be called FlexMM, can be used for describing any type of material be-
havior. In this manner, FlexMM can be used across multiple platforms
as the unified material model, while the solving process switches

between different solvers. Another advantage of the method is that it
can be presented with a user-friendly GUI regardless of its possible
behind-the-scenes complex and huge database. The remainder of the
paper is organized as follows: firstly, take a look in the background of
physical product- and process-based digital twins. Then, we describe
the interoperability problem and FlexMM as its remedy. Next, we pre-
sent the mathematical and computer implementations of the approach.
Finally, we discuss the application and potentials of FlexMM through a
FEM simulation of a sintering process as a case study, followed by the
conclusion section.

2. Background on physical product- and process-based digital
twins

A digital twin must be able to predict relevant behaviors of a pro-
duct or process (or a subset of the process) during its life cycle. The
digital twin can be a part of Product Lifecycle Management (PLM) and
can be based on different types of data, as shown in Fig. 3.

A digital twin of a process can be used in different ways on a pro-
duction platform, see e.g. [16,17]. In general, digital twins can serve as
a part of:

• the development of new processes and products,
• an industrial control system,
• the predictive maintenance or predictive quality,
• virtual and augmented visualization systems, etc.

The digital twins mentioned above can be established on real pro-
duction and experimental data or a model of the process, e.g. using the
finite element method (FEM). Moreover, it is possible to use real-time
production data to update, compare and improve the digital twins.

Fig. 1. The position of the digital twin in zero-defect manufacturing.

Fig. 2. Overview of the current way of passing information from one calculation to another.

Fig. 3. The position of the digital twin in zero-defect manufacturing.
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Considering the fact that the digital twins can be generated via different
methods, each of them has its own advantages and disadvantages. For
example, in most cases of metal forming processes, FE models cannot be
used directly as a part of the control system, due to their long calcu-
lation times. To solve this problem, a meta-model can be created based
on physical or phenomenological models and using statistical techni-
ques, such as DACE (Design and Analyses of Computer Experiments)
[18–23]. Furthermore, other data mining techniques are available,
leading to an accurate and fast representative model of complex FE
models; so, an FE model can indirectly be the core of a digital twin. The
following list gives a number of examples of different meta-modeling
techniques for generating digital twins of metal forming processes:

• Artificially intelligent models based on statistical analyses of real-
time production data, such as different machine learning techni-
ques.

• Simple data processing techniques, such as linear or quadratic re-
gression, or advanced techniques, such as Fourier transformations or
signal processing in combination with statistics.

• Adaptive analytical models, which can be recalibrated using real-
time production data.

• Analytical models, whether physical or phenomenological, cali-
brated based on other demanding models, such as complex micro-
mechanical nonlinear FE models.

• Combination of different model concepts, e.g. combining physical
models and real-time production data.

In the above cases, it is essential that the models capture the re-
levant behavior of the physical systems under the relevant operating
conditions.

Apart from the quality of the model predictions as discussed before,
there are also requirements for the usability of the digital twins on the
factory floor. If you look at the application of digital twins in product
development, process engineering and quality control, some trends can
be seen:

• Near net shaping: Increasingly more process steps will be required to
produce parts within narrower tolerances. An example of this trend
is ship propellers cast from brass. The casting process is a relatively
inexpensive; however, the cast propeller subsequently requires a
costly milling process to achieve a smooth surface finish. If the
casting can be performed to more accurate specifications, the ex-
pensive milling process can be avoided.

• Flexibility: A trend for higher quality and smaller features at lower
production costs can also be seen. This is combined with decreasing
batch sizes. As an example of this trend, consider the variety of car
models in car manufacturing, many with lower production volumes.
Production lines have to become more flexible to be able to produce
different models in one production line.

• Production yield: The approach to increase robustness and pre-
dictive quality by process improvement strategies like design for six
sigma (DFSS) yields improved results, but is labor intensive because
large sampling batches are required for accuracy.

Improvements are needed for tackling the above challenges. One
possible improvement is the application of adaptive process control
[22] needed in situations where uncontrolled fluctuations occur.
Adaptive process control adjusts the process based on real-time mea-
surements to cope with these uncertainties and has been applied suc-
cessfully in many industries. The main bottlenecks to achieve adaptive
process control in the field of metal processing are the following:
availability of process control algorithms for complete manufacturing
chains (>20 steps), missing in-depth process knowledge and the lack of
in-line measurements at the required accuracy and speed [23].

To use complex models real-time in a process line, the output from
the models has to be created fast enough to match the pace of the

process. There must also be reliable sensors to create feed-forward and
backward responses to control the process. One of the challenges is to
develop a simulation platform to run the simulations on, in such a way
that it creates usable results in the solution space. Another challenge is
to create meta-models based on the available information that can be
used as an input for the real-time control system. When FE calculations
are used as a basis for meta-models, large amounts of calculations have
to be performed to create the required accuracy. When performing large
amounts of calculations, the building and execution of FE models has to
be automated. When performing calculations by an automated script,
the risk of failing calculations increases, because there is no interaction
with the engineer for final checks [24]. There are many reasons for FE
calculations not running to completion or giving erroneous results: ty-
pical complexities that result in uncompleted jobs are contact condi-
tions, material subroutines that produce wrong data and convergence
problems [25]. When calculations are generated by a script, the final
checks cannot be performed, so it is essential that the FE calculations
are robust; e.g., if 1000 calculations have to be performed for filling up
a meta-model, and these run with a success rate of 50%, 500 calcula-
tions have to be debugged, which is an expensive and time consuming
process. Moreover, for the same success rate, 250 calculations can re-
main wrong and therefore unusable, even after the second iteration.
However, in order to consider FE calculations as a useful tool for en-
gineering applications, a high success rate is desirable to avoid de-
bugging.

3. Solving the interoperability problem with FlexMM

In the domain of zero-defect manufacturing, one of the issues in
using digital twins is the interoperability in material data and con-
stitutive behavior. When different process operations are interacting
over a chain of processes, data transfer can be challenging. The material
history has to be mapped over the entire duration of the production
chain. This difficulty becomes especially visible if different commercial
vendors are involved. To create the maturity required by the industry,
FE models, as a part of a digital twin, must be multi-stage, multi-process
and multi-vendor and the implemented constitutive behavior must be
flexible yet robust, so that the chain of a production process can be
simulated using different solvers and subroutines. Once a process step
requires a different solver than the previous one, the latest results have
to be transferred to the new solver of the sequential step, e.g. the
geometries and meshes, the boundary conditions, and the material
behavior. These items can be categorized into two domains:

• Local information of the state variables on the integration points of
the mesh: this data transfer needs to be performed through mapping
one simulation step to the next one, even if the mesh is changed
dynamically, e.g. due to remeshing, during a simulation process.

• The constitutive models, which describe the behavior of the defined
local and global state variables over the simulation steps.

As is mentioned in the previous section, there are a number of
methods aimed at addressing the issues of the first domain; however,
the second domain is yet to be addressed. Transferring constitutive
models plays an important role in the interoperability, where the solver
or the process characteristics can change during the process. The
FlexMM approach has been developed for transferring the material
behavior from one solver to another. Fig. 4 is a schematic of the
FlexMM interface: a selected list of state variables with known defini-
tions is transferred to the solver through FlexMM.

Fig. 5 shows an overview of the FlexMM approach of handling the
materials data: the integrated FlexMM interface provides the materials
behavior for all solvers. The material model can use the state variables
defined in the state variable list for the material description. The
FlexMM subroutine supports many kinds of material data with minimal
boundary conditions. The state variables can be added to the process if
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required; however, the user is required to check whether the definitions
of the state variables are the same in all FE solvers. In case these de-
finitions are not the same, a transfer function can be programmed in the
FlexMM subroutine to make a match between material model and
subroutines in the solver. Moreover, if the solver output has some in-
fluence on the material model results, FlexMM updates the results and
takes care of these changes.

There are many software packages available for structural and
thermal analyses where the FlexMM method can be directly im-
plemented. Although there is an overlap in the functionality of these
packages, they are not able to share and transfer data without sig-
nificant input of the user. FlexMM is designed to overcome this problem
by defining the material behavior outside the solver and feeding the
required information via subroutines of the commercial FEM packages
using a standard interface. This approach is new in the modeling world,
yet essential as a flexible and robust solution for the interoperability
issues of digital twins.

Currently, the approach has been implemented in ABAQUS, Marc
and Crystal (the in-house FE solver of Philips) via subroutines; however,

the FlexMM approach can potentially be implemented for a much wider
range of solvers, e.g. Ansys, COMSOL, LS-DYNA, PAM-STAMP, etc. It
should be noted that, despite differences in software packages, their
material subroutines are more or less similar.

3.1. The FlexMM approach towards constitutive modelling

One important but challenging aspect of multi-physical FE simula-
tions is the implementation of the material behavior. Depending on the
complexity of the selected “material – process” combination, the si-
mulation could be simple, e.g. a tensile test curve, or arbitrarily diffi-
cult. For example, material deformation can be divided into elastic
(reversible) and plastic (irreversible) regimes. The mechanical plastic
deformation of a material causes changes in its internal microstructure.
In a simple case, the microstructural changes create a textured material.
Complexity can be added to the problem: e.g., grain recrystallization
(static and/or dynamic) can be initiated, or there could be a strain-
induced or stress-assisted solid phase change occurring in the material.
Thus, the evolving microstructure during the forming process affects
the elasto-plastic response of the material. The reliability of the results
for such a complex process depends on a well-defined, validated and
implemented constitutive behavior of the material.

Constitutive models of different processes from large scales, e.g. hot
metal forming [26–28], sheet metal forming [29], powder/metal in-
jection molding [30,31], or participation-hardenable grades of stainless
steels [32], to the scale of micro-mechanical models [17] are available
in the literature. These models could be either physics-based or phe-
nomenological, or even meta-models, e.g. neural networks, based on
the scattered experimental data. While academic studies and models
help us understand the behavior of metals and alloys under various
loading and operating conditions, they are not easily transferable to the
industry due to their complexity and the difficulty in creating a robust
solution in a commercially available numerical solver. As a functional
solution, the FlexMM approach makes a bridge over the gap between
cutting-edge models developed in academia and state-of-the-art solvers
used in industry, by supporting all of the describing models for the
materials behavior.

3.2. The FlexMM approach towards FE implementation

Complex material relations often cause convergence problems for
the solvers, which usually require a highly skilled user to solve the
problem. For example, if a material property is strongly dependent on
the stresses or strains, the solver may never converge. In order to
overcome this issue, the user should accept a bigger error and end the
convergence iteration manually. Moreover, this problem can occur
every time such a material property has to be implemented in an FE
solver. The FlexMM approach, however, addresses solver-related con-
vergence issues in a generic way, e.g. by automatically switching to
another slower but more robust algorithm if required; therefore, such

Fig. 4. Schematic overview of the FlexMM material modeling program. Blue: a
generalized flexible representative of the constitutive behavior decoupled from
the solver. Green: a general open structure to solve and maintain and improve
the interoperability issue for solver communication between the different pro-
cesses, production steps and solvers. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. The FlexMM interface for material model standardization. The FlexMM interface communicates between the material subroutines of the solver and the
material data provided by the user.
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problems can be simply avoided.
Another capability of FlexMM is the way in which changes of the

state variables are treated. It is common to set a maximum change for
state variables in the solver settings to minimize the error in the results.
For example, if a phase transformation occurs during the process, time
stepping should be reduced in the solver for a correct calculation of
major stress changes. The time step should be changed so that the
amount of phase transformation in one increment does not surpass a
threshold, e.g. 10% of the total transformation. While it is not an easy
task to control time stepping during the simulation, an adaptive time
stepping method can be applied, see e.g. [33–35], although the time
step cannot be saved, transferred or shared. A general behavior, such as
time step reduction during phase transformation, is hardcoded in
FlexMM, so that every time the change in any state variable exceeds a
certain threshold, the time stepping is adjusted accordingly.

The FlexMM-based routines include the opportunity to store FE
knowledge specifically related to the material, because the state vari-
ables are defined and structured separately, and have physical meaning
as well as solver related meaning.

4. Mathematical implementation of FlexMM

Running an FE simulation and presenting the results requires three
separate stages: pre-processing, solving the problem, and post-proces-
sing (most FE software packages provide tools for performing all three
stages.) In the pre-processing stage, the geometric model and its con-
sequent mesh are generated. Moreover, setting the initial values of the
state variables and defining the materials models should be done in this
stage. Once the problem is set, it will be passed on to the solver, which
performs the FEA within an incremental-iterative procedure. Once the
simulation is finished, the results are available for post-processing. The
FlexMM approach implements material modeling in the first two stages
by performing constitutive calculations within FlexMM and the equili-
brium iterations within the FE solver. The material properties, which
are referred to as “state variables” in FlexMM, can be divided into three
categories.

1 Pre-defined dependent state variables: e.g. Young's modulus,
Poisson's ratio and yield stress. These state variables are needed for
calculating strains and stresses. Their behaviors have to be defined
in the material model by the user. Note that defining them without a
dependency implies that they are constants.

2 Pre-defined independent state variables: e.g. time, local components
of stress and plastic strain. These state variables are always needed,
but are calculated by the FEM code, and cannot be altered by the
user, although they can be used in the material model to affect other
state variables.

3 User-defined dependent state variables: e.g. particle size and visc-
osity. These state variables are dependent on the material model
defined by the user. They have indirect influence on the calculation
of strains and stresses via the pre-defined state variables. Note that
these state variables can be freely defined and selected by the user.

Regarding the naming of the state variables, they are called depen-
dent if their values are directly calculated within FlexMM using the
defined relationships; however, if the value of a state variable is cal-
culated outside FlexMM, e.g. separately by the FE solver, they are called
independent. It should be noted that defining the values of the pre-de-
fined dependent state variables is mandatory to perform an FEA, e.g.
Young's modulus in a deformation problem.

In order to elucidate the FlexMM approach for modeling material
properties, we take the yield stress (σy) as an example. For most
structural materials that are modeled in the domain of material pro-
cessing, σy is defined as a function of various state variables, regardless
of whether the function is phenomenological or physics-based. A gen-
eral relation of yield stress can be expressed as:

= f T Z( , , , ),y p p (1)

where f can be any function of equivalent plastic strain (εp), equivalent
plastic strain rate ( p), temperature (T), and any other state variable (Z),
e.g. grain size. The FlexMM approach is based on differentiating the
function f with respect to the FE solver's time step t. Moreover, because
the response surface f is a multivariable function, the chain rule must be
applied. Therefore, the derivative of Eq. (1) with respect to t can be
written as:

= = + + +
d
dt

df T Z
dt

f d
dt

f d
dt

f
T

dT
dt

f
Z

dZ
dt

( , , , )y p p

p

p

p

p .

(2)

The time increment in FE solvers has a finite value of Δt, during
which the state variables exhibit a finite change. Therefore, the ex-
pression can be rewritten in terms of total derivatives as:
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Multiplying both sides of Eq. (3) by Δt results in the following form
of the incremental changes of the state variables:
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This can be rewritten as the following dot product:
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p
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p p

(5)

Furthermore, the vector differential operator can be represented by
the Del operator ∇ to shorten the formula. In general, if a dependent
state variable p can be written as a function of a set of other state
variables, i.e. p = f(v), its incremental change can be calculated as the
dot product of the del operator of f and the incremental changes of
those elements, i.e.

=p f v v( )· . (6)

In the FlexMM approach, the increments of the dependent variables
are integrated to calculate the final values of those variables2. As for a
state variable p, its value at a time step t (pt) is the summation of its
value at the previous time step (pt − 1) and the newly calculated change
(Δp). Therefore, the mathematical implementation of the FlexMM ap-
proach can be concisely written as follows:

= +p p f v v( )· .t t 1 (7)

For the calculation of p at t = 0, the initial value p0 is required.

4.1. Some notes on the implementation in practice

It should be noted that the FlexMM approach is path-dependent, and
the material model can change over the course of the FE simulation. In
other words, f(v) can change from one formula to another if certain
conditions are met, and such a change would not affect the operability
of the FlexMM approach; however, the continuity of the formulae
should be assured in such cases. In order to conduct a simulation and
define its material model using the FlexMM approach, the solution of
the Del operator is required in advance, which can be found based on
the formulation of the response surface f(v). Any response surface that
can be described as f(v) is suitable for implementation, regardless of its
mathematical form. The solution of the gradient, which is the actual
response surface in the FlexMM approach, can be formulated as explicit

2 Referring to the naming of the state variables, they are called independent if
they are not present on the LHS of Eq. (6), and dependent if they are also present
on its LHS.
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equations, regardless of whether these are physics-based or phenom-
enological, or are stored in lookup tables, neural networks, or a com-
bination of them.

Moreover, in order to solve Eq. (6) accurately, the most concerning
issue is the selected step size. (See Section 6.5. for further discussion on
the time step size.) Noting that ∇f(v) is a pre-defined function, and its
value(s) as well as Δv are known at any given step, Δp can be calculated
correctly in one call with a properly sized step. On the other hand, if the
calculation of Δp requires corrections to meet certain conditions, this
can be done via a predictor-corrector method within a mapping algo-
rithm. For example, in the case of plasticity, one should perform a stress
update procedure, which can be done by implementing a predictor-
corrector method within the radial return algorithm [36].

Furthermore, for an implicit FE solver, a consistent tangent matrix
would be required. This issue can be addressed by linearizing the yield
stress dependence on the plastic strain (work hardening) to define a
consistent tangent matrix within each iteration of the implemented
stress update procedure. Note that the established linear relationship
must be updated for each such iteration. To increase the robustness of
the method, we are using a secant stiffness matrix instead in the current
implementation of FlexMM, although it may slow down the calcula-
tions.

5. Implementation of FlexMM in Marc

The implementation of Eq. (7) in Marc was performed based on its
“model section” data transfer method, which allows users to generate
and transfer the simulation data files separately. Using this method, all
information in terms of nodal coordinates, element connectivity, ma-
terial model, etc. is available. Based on the model section capabilities, a
subroutine is written in FORTRAN 90 for defining the material model
using the described standardized FlexMM approach, which provides the
full flexibility of the connected state variables. Each state variable can
be connected to other ones using lookup tables or equations; however,
the physical meaning has to be described by the user.

In order to write a subroutine for any specific material model, an in-
house software has been developed in MATLAB (release 2018b, The
MathWorks, Inc., Natick, MA, USA). The GUI of the code is shown in
Fig. 6. The top screenshot shows the list of the state variables, their
types and initial values. A list of all available state variables in this
implementation is provided in Appendix A. By selecting each of the
state variables, their corresponding details will be shown in the lower
table. For example, as shown in the figure, the variable “Flow-
stress_austenite” is a function of “Temperature”, “Equiv_plast_strain-
rate” and “Y_austenite”. Each of these determining variables can be
edited in the integrator menu; see Fig. 6 (bottom). Once the material
modelling is done in the code, the FE solver (ABAQUS, Marc or Crystal)
should be selected to generate the solver-specific subroutine.

6. Case study

The application of the FlexMM approach has investigated in pre-
vious works of the authors:

- Predicting shape defects caused by strain induced transformation in
stainless steel [18].

- Predicting delayed Cracking in stainless steel [37].
- Predicting shape defects caused by stress relaxation during heat

treatments of steel [38].
- Skin deformation during loading and unloading [39].
- Deformations during sintering caused by viscous flow and

shrinkage.

Although the FlexMM approach has been applied to different pro-
cesses, the detailed description of the method remained to be explained,
which is the main focus of this paper. The last-mentioned item in the

abovementioned list is selected as the case study in this work.

6.1. Sintering of Tungsten

Metal Injection Molding (MIM) is a metal forming process by which
fine-powdered metal is mixed with a measured amount of binder ma-
terial to comprise a feedstock capable of being handled by plastic
processing equipment through a process known as injection molding.
The molding process allows dilated complex parts to be shaped in a
single step and in high volume. After molding, the powder-binder
mixture is subjected to debinding and sintering processes to remove the
binder and densify the powders, respectively. Powder rheology allows
this shot to be distributed into multiple cavities, thus becoming cost-
effective for small, intricate, and high-volume products, which would
otherwise be quite expensive to produce by alternate or classical
methods.

A typical Metal Injection Molding (MIM) process would involve the
following steps:

1- Injection molding
2- Debinding
3- Presintering
4- Sintering

During the sintering process, the powder, with an initially low re-
lative density, is heated and grains become liquid. Then, the material
flows into the gaps and surface tension causes the material to shrink,
resulting in a final product with a relative density of 95~99% [40].

In a MIM process, the biggest shape defects appear during the sin-
tering stage. Therefore, the challenges in the modelling of such a
complicated process involve accurate prediction of the strain tensor,
which is composed of viscous, deviatoric and volumetric parts. In the
following sections, we describe a model for the sintering process, and
simulate the process for producing the Tungsten electrode in a beamer
light (see Fig. 7), using FEM performed by Marc (release 2018.1, MSC
Software Corporation). The results show how the FlexMM approach
assists the simulation process.

6.2. The sintering model and material

On a macroscopic level, there are two driving forces for shape
change during the sintering of the injection molded product: deviatoric
behavior (viscosity/creep) and volumetric strain (shrinkage).
Moreover, these strains are time dependent and usually defined in
terms of strain rates as = t. The total strain rate ( total) during the
sintering can be expressed as:

= + ,total c v (8)

where c and v are the creep and volumetric strain rates, respectively.
The following equations summarize the model used in the current
study, as described in [41]. The readers are referred to the work of
Olevsky [42] for a thorough review on the topic.

The deviatoric equation is described as:

= /2 ,c dev (9)

where σdev is the deviatoric stress, which is caused by the gravitational
force in the product, φ is the effective shear viscosity, and η is the
viscosity of the fully dense material. The effective shear viscosity is
described by:

= (1 ) ,2 (10)

where θ is the porosity defined as the ratio of the volumes of voids to
the total volume. Moreover, the viscosity of the fully dense material is
defined using an Arrhenius formula as follows:

= E RTexp( / ),0 (11)
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where η0 is the proportionality constant, E is the activation energy for
viscous flow, R is the universal gas constant, and T is the absolute
temperature. The constants of the equation are acquired by data fitting
and data optimization processes; see Appendix B for the details of the
procedure.

The shrinkage of the material is modelled as follows:

=
6

,v
m s

y (12)

where σm is the hydrostatic stress caused by the gravity, which presses
the material into the voids, σs is the sintering stress caused by the ca-
pillary forces between the grains, ψ is the effective bulk viscosity, and δy

is a unit vector for the direction of the strains. The sinter stress is

Fig. 6. GUIs of the material modeling code: (top) shows the main page, where the state variables are selected, and (bottom) shows the integrator menu in which the
response surface of the selected state variables can be edited.
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calculated by:

=
r
3 (1 ) ,s

0

2
(13)

where γ is the surface tension, and r0 is the initial particle size.
Furthermore, the porosity function of Skorohod is used for the calcu-
lation of the effective bulk viscosity:

= 2(1 )
3

.
3

(14)

For working with the model, the material is assumed to be homo-
geneous throughout the process. Table 1 summarizes the material data
used in the experiments and other required parameters for working
with the model.

6.3. Implementing the FlexMM approach

The implementation of the FlexMM approach for calculating the
volumetric and deviatoric strain rates is done based on Eq. (6), as fol-
lows:

= · ,c

dev
c

dev
c c

(15)

and

= · .v

m

sv
m

v
s

v v

(16)

Then, the dependent variables, i.e. Δφ, Δμ, Δσs, and Δψ, are defined
as a function of pre-defined independent (T) and user-defined depen-
dent (θ) state variables:

= , (17)

=
T

T , (18)

= ,s
s

(19)

= . (20)

It can be seen that these four dependent variables are functions of
two variables, namely temperature and porosity; therefore, the strain
rates can be re-formulated as:

=
T

· ,Tc
dev

c
dev

c c

(21)

and

=
T

· .Tv
m

v
m

v v

(22)

As an example, Fig. 8 shows the dependence of the creep rate on T
and θ. Upon establishing the model via FlexMM, the required Marc
subroutines for describing the material's behavior are generated with
the toolbox described in Section 5.

6.4. Simulation and results

Fig. 9 (left) shows the modeled electrode in its original configura-
tion. The two ends of the sample are fixed in the directions perpendi-
cular to the electrode's shaft, and the gravity is applied as a body force.
The sintering process is simulated by changing the temperature from
room temperature (293 K) to 2250 K with a rate of 25K/min. Following
1 h of holding time, the temperature is reduced to room temperature
with a rate of − 50K/min. It should be noted that the porosity is up-
dated according to the estimated shrinkage ( v) at every increment.

Fig. 9 (right) shows the sample at the end of the sintering process.
The visible bent of the electrode is due to the hydrostatic stress induced
by gravity. Fig. 10 shows the collected values of the creep and volume
strains calculated from the FEM simulation.

Fig. 7. Metal injection molded tungsten electrode.

Table 1
Material specifications and model's parameters.

Chemical composition Tungsten 99.95 %

Particle size (r0) 8 µm
Binder Polyethylene
Initial porosity (θ) 0.35
Surface tension (γ) 3.0 N/m [43]
Activation energy for viscous flow (E) 410.1 kJ/mol
Proportionality constant of Eq. (11) (η0) 67 Pa.s

Fig. 8. Graphical representation of material equations of creep c as a function
of temperature and porosity, as used by FlexMM.

Fig. 9. A 3D beamer electrode (left) before and (right) after the sintering pro-
cess.
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6.5. The advantages of FlexMM

In order to show how FlexMM can assist FEM simulations, a series of
simulations for the same problem were performed by varying two
parameters: (1) the method for material definition, i.e. either classic or
via FlexMM, and (2) the user-defined number of increments (N).
Table 2 summarizes the performed simulations and their results.

For performing a simulation, the time step (Δt) for an increment is
derived from a fixed fraction of the total analysis time, by assigning the
number of increments. For test 1, the number of increments was set to
100, but the solver could not finish the simulation. As a solution, the
number of increments were increased to 1000, resulting in higher va-
lues of both the calculation time and the probability of a successful
simulation. Doing so resulted in a successful simulation that took ~ 2 h
to run. By varying the number of assigned N in a large range, the
minimum number of steps for running a successful simulation was
found to be 295, as in test 2.

For the other tests, the FlexMM approach was used. Table 2 shows
that for these tests, the number of increments for performing the si-
mulation was 74 regardless of the assigned number. This is because an
optimized time step (Δt) corresponding to each increment can be
adapted based on the gradients of the variable in that increment. In
other words, if the gradient of a user-defined state variable is low, a
large time step for the increment is assigned, and vice versa. The
changes of Δt were controlled by setting a maximum 1% shrinkage
strain per increment. Fig. 11 shows the changes of the adapted time
steps for each increment: once the gradient of the porosity increases, Δt
becomes smaller, and larger values of Δt were adapted as the gradient
became negligible.

The ability of performing FEM simulations with adaptive time steps
realized via FlexMM ensures that the simulations can be performed

without any convergence problem, and within the shortest possible
computational time. Simultaneously, this ability eliminates time step-
dependent calculation errors, which can occur if the fixed time step is
not small enough to capture all relevant physics. For example, Fig. 12
shows the calculated viscosity for tests 1, 3 and 4 for the first 1000 s.
The viscosity exhibits some sudden changes at the very first stages of
the simulated process, which are visible only when applying small time
steps, i.e. in tests 2 and 3. In this example, the solutions of all tests are
essentially equal; however, in a general case, e.g. for a function that
depends, not only on the current state of the system, but also on the
previous values, any missing behavior of the function results in un-
realistic deviations. These errors are time step-dependent, and should
be avoided by a carefully selected Δt, which is not straightforward, and
takes a lot of time to be found. This optimum fixed value of Δt should be
small enough to capture all physics, but not too small so that the
computation cost will not be wasted. As a remedy, the adaptive time
step through FlexMM not only optimizes the simulation time, but also
makes sure that all effective changes in the models are captured.

Fig. 10. The calculated volume and creep strains during the sintering process of
the electrode.

Table 2
List of simulations.

Test no. FlexMM Assigned N Performed N Simulation time (h:mm:ss)

1 No 100 16 (crashed) Not converged
2 No 295 295 0:41:66
3 No 1000 1000 1:54:12
4-6 Yes 1000-100-10 74 0:09:20

Fig. 11. The time step for each increment (inctime) and shrinkage versus si-
mulation time in test 5 (N = 1000).

Fig. 12. The calculated viscosity of the first 1000 s of tests 1, 3, and 4-6; see
Table 1 for a description of the tests. The lines illustrate the trends.
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7. Conclusions

In this paper, a standard method for material description in FEM
simulations of multistage processes has been proposed and developed.
This flexible material modeler, called FlexMM, gives the opportunity to
switch between steps, processes and solvers in a structured and robust
way.

First, the mathematical implementation of FlexMM with a chain-
rule approach is described. It is shown that the incremental changes of
an independent state variable, which is a function of other state vari-
ables, i.e. p = f(v), can be written as =p f v v( )· therefore, Δp can
be calculated for a known ∇f(v), which can be stored and accessed via
look-up tables, trained artificial neural networks, or analytical expres-
sions. In addition, a computer implementation of FlexMM is described
to demonstrate the simplicity of transferring data to FEM. Currently, the
code can provide subroutines for ABAQUS, Marc and Crystal.

Moreover, the application of FlexMM is demonstrated by simulating
a sintering process of tungsten powders. Through this case study, some
advantages of FlexMM are discussed, which can be summarized as
follows: “FlexMM defines the time step on-the-fly for each increment
based on the pre-defined derivatives. This results in an optimized time
step, which ensures the capturing of all relevant physics of the used
models and guarantees a robust FE simulation.”

Furthermore, the FlexMM approach reduces the overall cumulative
numerical error of the calculations. The main reason for that is the
ability of FlexMM to offer on-the-fly adaptive time stepping based on
the defined constitutive models, which ensures an optimum total
number of steps to reach the converged solution. This means that the
cumulative error caused by the numerical method is minimized ac-
cordingly.

Ultimately, an approach such as FlexMM can help create digital
twins for manufacturing processes with materials that undergo complex
(micro-)mechanical evolutions. FlexMM provides a framework to sim-
plify and generalize the (micro-)mechanical models to build a material's

digital twin, which can be used in automation systems for feed-forward
and feed-backward real-time process control to achieve zero-defect
manufacturing.
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Appendix A

The lists of all pre-defined dependent (Table 3) and pre-defined independent (Table 4) state variables available in the current implementation of
FlexMM are given below.

Table 3
List of the available predefined dependent state variables.

State variable name Subroutine Symbol

Flowstress Elastic plastic σy

E_modulus Elastic plastic E
Poisson_ratio Elastic plastic
Mass_density Volumetric changes ρ
Thermal_expansion_coef Volumetric changes
Thermal_conductivity Thermal calculation
Specific_heat Thermal calculation
Damage Damage calculation
Creep strain Creep εc

Viscous strain Creep εvisc

Transformation equivalent strain Creep εtr

R0 Anisotropy Hill R0
R45 Anisotropy Hill R45
R90 Anisotropy Hill R90
Ratio S45 S0 Anisotropy Barlat
Ratio S90 S0 Anisotropy Barlat
Mooney C10 Strain energy density
Mooney C11 Strain energy density
Compression modulus Strain energy density
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Appendix B

The calibration of the viscosity model (Eq. (11)) was done by fitting solutions of Eq. (12) to experimental data, which were collected from 36
sintering tests. These tests were performed at 4 different temperatures and 3 different sintering times, and 3 tests were done for each pair of time
increment and temperature. The weight and volume of the injection molded samples were ~ 4.85 g and 50 × 3 × 3 mm3, respectively. After the
sintering process, the weight and volume of each sample was measured, their density ρ was calculated, and the shrinkage strain was calculated by:

=
( )

3
,v

0

(23)

with ρ0 ≈ 10.81 × 103kg/m3 being the density of the pre-sintered sample. The measured and averaged density over each set of time and tem-
peratures is reported in Table 5

Substituting Eqs. (11), (13) and (14) into Eq. (12), one can find = = Cf E T r f E T( , , , , , , , ) ( , , , )v 0 0 m y 0 , where C is the set of known
values (Table 1). For simulating these calibrating tests, the hydrostatic stress σm is disregarded, because the samples are supported against the
gravitational forces and no bending takes place. Moreover, the shrinkage is assumed to be isotropic, resulting in = 3 [1 1 1]y

1/2 T. In order to
compare this derivative function with εv (Eq. (23)), the temperature is required to be expressed as a function of time, which can be calculated simply
by means of its derivatives based on the furnace used in the experiments. Table 6 summarizes the required rates. The initial temperature value and
the time range were set to T(t = 0) = 293 K and t = [0, 500] min, respectively.

The derivative equation of v was solved by the Bogacki-Shampine method [44] using its implementation in the ode23 function in MATLAB [45].
The values of η0 and E were approximated by minimizing a residual function defined as:

=r
N
1 ( ) ,v,model v,experiment

2
(24)

where N = 12 is the total number of experimental measurements. The minimization was performed using the fminsearch function of MATLAB [46],
which uses the Nelder-Mead simplex search method of Lagarias et al. [47].

The optimized values of η0 and E were approximated as 69 Pa.s and 410kJ/mol, respectively. Fig. 13 shows the values of shrinkage strain
measured from experiments and estimated by Eq. (12).

Table 4
List of the available predefined independent state variables.

State variable name Symbol

Time t
Temperature T
Local stress components σij σij

Von_Mises stress σm

Material angles θ, φ
Equivalent plastic strain εp

Total Lagrange strain εl

Hydrostatic stress σh

Triaxiality
Equiv_plast_strainrate p
Local strains εij εij

Hyper elastic stress component εij

Table 5
The averaged measured densities [103kg/m3] for the sintered samples.

Temperature (K)
1200 1500 2000 2250

Holding time (h) 1 10.67 11.61 17.41 17.91
4 10.453 12.35 17.98 18.18
7 11.05 13.35 17.94 15.99

Table 6
Rate of changes of temperature with time at different stages of the sintering process.

Heating Holding Cooling

dT dt/ (K/min) 25 0 − 50
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