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Cloud-based process design in a
digital twin framework with
Integrated and coupled
technology models for blisk
milling

Viktor Rudel'*, Pascal Kienast'*, Georg Vinogradov?,
Philipp Ganser® and Thomas Bergs’?

Department High Performance Cutting, Fraunhofer Institute for Production Technology IPT, Aachen,
Germany, Laboratory for Machine Tools and Production Engineering (WZL) of RWTH Aachen
University, Aachen, Germany

In this publication, the application of an implemented Digital Twin (DT)
framework is presented by orchestration of CAM-integrated and
containerized technology models carrying out FEM-coupled simulations for
the finishing process of a simplified blade integrated disk (blisk) demonstrator.
As a case study, the continuous acquisition, processing and usage of virtual
process planning and simulation data as well as real machine and sensor data
along the value chain is presented. The use case demonstrates the successful
application of the underlying DT framework implementation for the prediction
of the continuously changing dynamic behavior of the workpiece and
according stable spindle speeds in the process planning phase as well as
their validation in the actual manufacturing phase.

KEYWORDS

digital twin framework, 5-axis milling, CAM-based process simulation, cloud
computing, FEM, process stability, in-process workpiece

1 Introduction

Current commercial computer-aided manufacturing (CAM) systems are usually
operated as desktop applications on the basis of local single-user licenses.
Correspondingly, CAM-integrated software packages developed for process
simulations are limited to the computational power of the local working hardware. As
a consequence, CAM users and simulation experts suffer from extensive calculation times,
iterative simulation loops and a lack of efficient evaluation tools in process planning of
complex parts such as blisks. This paper presents the orchestration of CAM-integrated
and containerized technology models for various complex process planning simulation
tasks in milling. The implemented digital twin framework enables to execute computer-
aided design, manufacturing and engineering (CAD/CAM/CAE) kernels on various
virtual machines including the toolpath calculation, material removal, tool-workpiece
engagement, cutting force, finite element method (FEM) or process stability simulations.
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Throughout the scalable and flexible interconnection of various
technology models and simulation stages the process designer is
able to outsource the computing efforts from the personnel
(PC) to the «cloud Thus, the
application of the DT framework enables to reduce the

computer infrastructure.
computational time drastically by a horizontal and vertical
integration of the CAx system with the digital thread.

For the illustration of the implemented digital twin
framework, a mode shape analysis of a simplified blade
geometry is conducted to validate the simulated workpiece
dynamics with acquired process data in milling trials.
Therefore, the previously introduced coupled technology
models are used for virtual manufacturing simulations by
extracting in-process workpieces (IPWs) for selected cutter
locations (CLs) and automatically determining the dynamic
properties of each IPW individually through FE modal
analyses. This procedure is capable of considering the
continuously varying dynamic behavior of the workpiece due
to changes in workpiece stiffness and mass, caused by the
the
excitation by the milling tool. Thus, this simulation use

material removal and position-dependent force

case represents a typical, computationally intensive

simulation application in blisk milling. The virtual

representation of the dynamic process behavior is

subsequently compared with machine internal and

external signals of the real blade finishing processes.

2 State of the art
2.1 Digital twin frameworks

The concept of a DT (Bergs et al, 2021) enables the

generation of a virtual representation of a physical

manufacturing  object throughout design, engineering,
operation and service stages of a product (Tao et al, 2018;
Liu M. et al, 2021; Zhu et al, 2021). DTs can be used to
monitor manufacturing applications, analyze collected data
and predict future behavior and performance of machining
processes (Ladj et al, 2021). The implementation of a DT
framework architecture, such as proposed in (ISO 23247-2,
2022), is necessary to guarantee manufacturers a decision-
making virtual platform across an organization (Shao and
Helu, 2020). Therefore, a well implemented DT framework
should  fulfill

multidirectional

standardization,
flexibility,
modularity, traceability, real-time capability, and security
(Boschert et 2016). The
standardized DT framework can help manufacturers to

requirements  regarding

communication,  scalability,

al,, consistent usage of a
generate and manage common data and model collections,
e.g., acquired process data from a machine tool consisting of
position signals, motor drive currents or spindle speed

(Hénel et al., 2020; Hinel et al., 2021).
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2.2 Internet of things platforms and
microservice architecture

One of the prevailing issues in today’s Industrial Internet of
(IToT) the interoperability of
heterogeneous software elements in the
manufacturing environment and the limited computing

Things applications is

hardware and

resources of edge devices (Muralidharan et al, 2020). To
overcome this challenge and guarantee a continuous data
within a DT
framework, software developers use docker-container-based

communication between single instances
microservices to test, deploy and update IoT applications at
large scale (Docker, 2022). The main asset of a containerized
application is to bundle up all relevant libraries and dependencies
in one single package, whereas microservice architecture is
implemented as a modular and single purpose application for
lightweight data management and efficient communication

(Steindl and Kastner, 2021). The open-source platform

Kubernetes (Kubernetes, 2022) emerged as an essential
enabler for the dynamic orchestration of containerized
applications, e.g., status monitoring or automated load

balancing of services, which enhances the reliability and
computational performance of large-scale applications.

2.3 Process design optimization in blisk
manufacturing based on technology
models

Multi-axis milling of thin-walled aerospace parts, such as
blisks, which are typically made of hard-to-cut Ti-/Ni-alloys,
represents one of the most challenging tasks in turbomachinery
manufacturing. Due to high aspect ratio of the blade geometry
resulting in low workpiece rigidity, various effects such as
deflection and chatter can occur during the machining process
and can greatly affect the quality and efficiency of the blisks.
Those unfavorable process conditions are difficult to predict
accurately due to time-varying dynamic characteristics caused
by material removal and constantly changing tool-workpiece
engagement conditions (Liu D. et al.,, 2021). However, process
design optimizations are mainly executed in a CAD/CAM-
system due to the geometrical complexity of blisks and the
applied multi-axis machining operations. At the ramp-up
stage, process designers often modify the toolpath based on
of the generated CAM
operations due to the lack of convergence and interaction

random parametric variations

between the physical manufacturing process and virtual data
(Mohring et al., 2016; Ganser et al., 2021a). To eliminate trial and
error approaches, predictive technology models can be integrated
into process planning systems. They are used to describe
fundamental process variables, such as cutting forces, stresses,
strains and temperature and predict industry relevant outcomes
such as tool-life, surface roughness, accuracy or surface integrity
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based on analytical, numerical, empirical or Al-based modeling
methods (Arrazola et al., 2013).

2.4 Finite element method-coupled
process simulations of blisk milling
operations

FEM represents a computationally intensive simulation
technique for modeling mechanical and thermal effects during
machining such as the calculation of dominant frequencies of
thin-walled workpieces based on process specific boundary
conditions (Budak et al., 2012; Scippa et al., 2014; Wang et al,,
2019). Thin-walled workpieces are usually characterized by
natural frequencies in the range of less than 8,000 Hz (Scippa
etal, 2014). Therefore, in most cases it is sufficient to analyze the
first and second eigenmode to describe the dynamic behavior of
the component (Scippa et al., 2014). The calculation of resonant
vibrations of tool and workpiece and their frequency response
functions (FRFs) for each position of the toolpath is essential to
describe vibrations occurring during the cutting process
(Biermann et al., 2010; Bachrathy et al, 2020; Wang et al,,
2020). In terms of improving the dynamic vibration behavior
in milling of thin-walled workpieces, the adaptive control of the
spindle speed is one key approach to prevent resonance of both
tool and workpiece and tracking their relative displacement
(Scippa et al, 2014). Within novel FEM-based and CAM-
integrated simulation approaches, it is possible to take into
account systematically the continuously changing workpiece
modal behavior related to the material removal (Maslo et al.,
2020; Maslo, 2022). This allows a position-oriented evaluation of
the workpiece FRF, which can be subsequently coupled with
simulated or experimentally evaluated FRFs measured at the
tooltip.

3 Implementation of a digital twin
framework

The first introduction of “dPart” implemented as a cross-
system solution for data-consistent digital twinning in the
machining domain can be found in (Ganser et al, 2021b).
dPart combines the implementation of the ISO 23247 (ISO
23247-2, 2022) reference architecture with the big data
lambda architecture (Marz and Warren, 2015). Figure 1 shows
the standardized architecture of the dPart framework consisting
of four main domains and one orchestration layer. A detailed
explanation of the block functionalities of each domain can be
read in the aforementioned publication. In accordance with the
process design use case introduced in, the basic structure of dPart
has been further developed.

In a possible process design task, a user is interested in the
dynamic process simulation of the programmed blisk
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FIGURE 1
dPart’s standardized architecture.

finishing processes. For the batchwise generation and
analysis of the process-specific data, the dPart framework
can be applied. In Section 3.1, all relevant microservices of the
modular framework are introduced, which are required to
run FEM-coupled process simulation tasks within the
developed IIoT infrastructure. Section 3.2 provides a
detailed overview of which variables, parameters and
methods are used to model the dynamic behavior of
milling processes for thin-walled workpieces.

3.1 Cloud computing within the
implemented industrial internet of things
infrastructure

Figure 2 shows a partially detailed view of the dPart
framework, especially representing user and core domain and
the orchestration layer. Thereby, the job manager and the
message broker are allocated at the orchestration layer. They
are responsible for linking the individual elements of the user and
core domain. Figure 2 illustrates in particular, how simulation
and optimization requests are generated from the CAD/CAM-
system (ModuleWorks, 2022; Robert McNeel and Associates,
2022) and executed in subsequent steps by containerized
microservices in an on-premise cloud solution of the
Fraunhofer-Gesellschaft (2022). The CAM user first defines an
optimization request through a React-based (Meta Platforms and
Inc., 2022) user interface and forwards all relevant input
information to the Job Manager via REST API using Django
(Christie, 2022) webserver. The corresponding input data of the
optimization request is translated to a json file. The optimization
request includes in the case of FEM-coupled process simulations
information about the toolpath, selected cutter locations (CLs),
tool and workpiece geometry, boundary conditions, material
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FIGURE 2
Cloud infrastructure for technology-based CAM-planning.

properties, and simulation parameter settings. After the Job
Manager receives the input data, the json file is stored in a
central PostgreSQL (The PostgreSQL Global Development
Group, 2022) database.

A json file can contain a single parameterized CAM operation
(task) or a sequence of operations (tasks) described by a Directed
Acyclic Graph (DAG). The DAG contains information about all
dependencies (predecessors, successors) as well as the execution
order of the respective operations. A task is uniquely described by a
hash value which is generated by applying a hash function to a task
object. The hash value is used to find duplicates in the database, since
identically parameterized tasks always map the same hash value.
Tasks for which simulation results are not yet available are sorted by
execution order and stored in a Celery (Celery, 2022) task queue.
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A RabbitMQ (VMware I, 2022) message broker receives
incoming simulation tasks and forwards it to a Kubernetes
(2022) cluster hosted on multiple virtual machines. The
Kubernetes cluster is responsible for the coordination and
management of multiple simulation workers assigned to the virtual
machines. The simulation workers are responsible for the execution of
the actual simulations. A simulation worker consists of several
dockerized (Docker, 2022) simulation modules such as toolpath
calculation, macroscopic engagement simulation (calculation of
radial and axial engagement angles between tool and workpiece),
microscopic engagement simulation (calculation of uncut chip
geometry), cutting force simulation or FEM and can be used very
flexibly for the various simulation requirements due to its modular
structure. A task is executed by one simulation worker at a time while
continuously providing status updates about the simulation progress.
Incoming simulation updates (simulation progress, results, errors) are
communicated back to the Job Manager. After simulation completion,
all results are stored in database and are available to the user for
integration into the CAM-System or a browser-based dashboard.

3.2 Computer-aided manufacturing-
integrated and containerized finite
element method simulations in the
process design stage

A methodology for automated FE modal analysis with the
objective to simulate the changing workpiece dynamics in different
geometrical states of the IPW was proposed in Maslo et al. (2020).
This developed simulation methodology for the thin-walled plate
was then transferred to a 5-axis milling process of a blisk (Maslo,
2022). A coupling between CAM environment and ANSYS into
the dPart cloud system enables the automatization of position-
oriented dynamic simulations including continuously changing
properties of each IPW individually. The workflow of the FEM-
coupled process simulations (see Figure 3) with the objective to
determine the workpiece dynamics for each feed per tooth (f,) is
subdivided into four main stages:

1. Selection of characteristic CL based on the programmed
tool path,

2. Generation of the IPW for each CL by material removal
simulation,

3. Calculation of blade dynamics at each CL through coupled FE
modal analysis,

4. Interpolation of blade dynamics from CL points to f,-step
points

After the user defines all the inputs and submits the
the
parallelization of the computational effort can take place

simulation  request, actual  automation and

in the cloud. Figure 3 shows a detailed sequence of involved
inputs, methods, and variables to calculate the virtual

frontiersin.org
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representation of the dynamic process behavior. First, the
user programs the toolpath for the milling process.
Fundamental inputs for the dexel-based simulations are:
(a) NC path containing all relevant cutting parameters
(axial stepover ap; radial stepover a.; feed per tooth f,;
Spindle Speed S); (b) stock geometry of the workpiece, (c)
tool geometry (such as diameter D, number of teeth Nth,
helix angle A). Moreover, the CAM user needs to select
discrete CLs, for which the FE modal analysis should be
performed in the following steps. Simulation of all CLs of the
toolpath is not realistic in terms of calculation time and
computationally intensity since a single tool path consists of
several thousand points. For each single selected CL, the
e.g., through IPW
attachment of the

effort accumulates,
solid,

computational
conversion from dexel to

NC path position CL;

Tool
/ D; Ny A

b
Engagement simulation ,

Cutting force T -? _________ Mélterial Boundary
coefficients @ pertool IPW  properties conditions
kic: ke l Shfidz (Cﬁ) Lp; E;v
A N R T
4 Analytical o Numerical 1
! Z I % O © 0 ]
1 (RN 1 2 3
' Dl FRF
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1
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FIGURE 3
FEM simulation workflow.
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ANSYS mechanical,
execution of modal analysis etc.

geometry to meshing process,

Subsequently, a dexel-based engagement simulation is
executed to calculate the engagement angles between tool and
workpiece on the one hand, and to extract CL-dependent IPWs
(CL;) on the other hand. Moreover, the user needs to define
material properties, e.g., density p; Young’s Modulus E; Poisson’s
ratio v and boundary conditions, e.g., constrains or friction, in
order to run FE modal analysis with ANSYS and obtain CL-
dependent FRFs. Additionally, specific cutting force coefficients
need to be defined in order to execute a dual-mechanistic cutting
force simulation (Altintas et al., 2014) and obtain the process-
related cutting force F.. With the knowledge of the position-
dependent cutting force and FRFs, stability diagrams can be
generated enabling the selection of suitable spindle speeds to
avoid vibrations during the milling process (Maslo et al., 2020;
Maslo, 2022).

4 Simulation and experimental setup

To demonstrate the application of the implemented DT
framework and the workflow of FEM-coupled process
simulations, Section 4.1 initially introduces a simplified blisk
demonstrator in the shape of a single blade geometry. Section 4.2
presents the systematic selection of CLs in the CAM system and
the generation of corresponding IPWs according to the first two
steps of the proposed FEM workflow (see Section 3.2).
Subsequently, Section 4.3 deals with the automated FE Modal
Analysis integrated into dPart s cloud system and applied for the
chosen blade demonstrator. The results of the FE modal analysis
were interpolated in Section 4.4. In Section 4.5, the experimental
setup of the milling experiments is described together with the
sensor setup used to monitor the finishing processes of blade
milling.

4.1 Single blisk blade demonstrator and
process setup

The demonstrator workpiece (raw part: see Figure 4A; final
part: see Figure 4E) is a thin-walled blade made of Ti-6Al-4V.
The nominal geometry of the blade has a profile height of 60 mm
and chord length of 45 mm. The high aspect ratio, the ratio of the
span to the chord length (Nasa, 2022), of 1.3 increases the
probability of occurring vibrations during the milling process.
The blade thickness varies from a minimal thickness of 0.7 mm to
a maximum thickness of 2.9 mm. The transition from the blade is
defined by a constant fillet radius of 8 mm. The milling strategy
consists of a multi-stage process including: 1) roughing
processes, with the aim of cutting the material with a high
removal rate, 2) semi-finishing processes to provide a
homogenous material offset in order to create constant
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E Final geometry

D Block 3

Demonstrator geometry and machining block strategy. (A) Raw part. (B) Block 1. (C) Block 2. (D) Block 3. (E) Final geometry.

conditions for the subsequent finishing processes, and 3)
finishing processes to produce the required geometrical
accuracy. Usually, the blades are evenly divided along the
profile height into multiple blocks (see Figures 4B-D). The
advantage of the multiple block strategy is that the short free
oscillation lengths during the finishing processes result in a
higher blade stiffness compared to a one block strategy. The
primary reason for the selection of the multiple block strategy is
to reduce the deflection and vibration influences on the
workpiece side during the milling process. In this case, the
demonstrator blade is equally divided into three blocks,
consequently each spans a height of 20 mm. In the following,
the analysis is focused on the finishing operations.
Determining a suitable and constant spindle speed is a
challenging process design task (Munoa et al., 2016; Altintas
et al., 2020). For this reason, the demonstration of the simulation
procedure (see Section 3.2) is demonstrated below that aims to
determine the blade dynamics at discrete CLs by means of FEM-

A Tool path for block 1 to 3
B Grid on blades surfaces
C Cutter Locations (CL)

FIGURE 5

coupled process simulations. In the presented use-case, a total of
150 CLs were selected for the finishing operations.

4.2 Systematic cutter location selection
and automated in-process workpiece
generation (step 1 + step 2)

Based on the programmed toolpath, CLs were selected in a grid
formation on suction and pressure side of the blade by surface
parametrization through vector-valued functions (# and v
parameters). Through three main settings the structured selection
of cutter locations was ensured: 1) number of vertical curves, 2)
number of horizontal curves as well as an 3) offset to the blade edges.
Here, five vertical and five horizontal curves formed the equidistant
grid on suction and pressure side of the blade and an offset of 2 mm
to the blade edges was defined. For each grid point, the nearest
surface contact point of the programmed toolpath was calculated.

Q
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Procedure for selection of cutter locations used for subsequent FE modal analysis. (A) Toolpath for block 1 to 3, (B) Grid on blade surfaces, (C)

Cutter Locations (CLs), (D) Cutter Location Layer (CLL).
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Finally, the coordinates of the surface contact points were
exported in a structured form along with other information,
e.g., tool data or surface normal vectors of the tool contact
points. Figure 5 illustrates the introduced procedure for all
three finishing operations starting with the programmed
toolpath (see Figure 5A), followed by the creation of
equidistantly distributed grid points on the blade’s surfaces
(see Figure 5B) and ending with 150 selected CLs in total (see
Figure 5C). Each ten CLs form a cutter location layer (CLL),
whereas CLL 1 and CLL 11 are exemplary illustrated in
Figure 5D.

4.3 Automated FE modal analysis
integrated into dPart cloud system (Step 3)

In the FE modal simulation, the material properties for Ti-
6Al-4V were defined with Young’s modulus of 118.95 GPa and
density of 4435.5 kg/m®. Maslo conducted a mesh analysis
with decreasing tetrahedral mesh sizes and concluded that an
element size of 0.8 mm provides an optimal numerical
convergence for the chosen thin-walled plate demonstrator
(Maslo et al., 2020). The element size of 0.8 mm was also used
here to mesh the IPWs. A damping factor of 0.2% was defined
and the numerical calculation of eigenmodes was set up to
12,000 Hz. The e.g.,
constraints, were defined in accordance with the machine

boundary conditions, clamping
setup.
the ANSYS Mechanical

application is shown in Figure 6. For instance, the contact

A detailed overview for

area of workpiece with adapter block, clamping screw, and
dowel pins were set as fix support (see Figure 6A).
Subsequently, the surface-based representation of the IPW
was automatically converted into a solid geometry and the
corresponding CL was assigned to the closest node. The

B Meshed in-process workpiece
C Result of FE modal analysis

A Boundary conditions

FIGURE 6

Setup of FEM simulation in ANSYS, e.g., meshed IPW of

CL62 assigned to block 2. (A) Boundary conditions, (B) Meshed in-
process workpiece, (C) Result of FE modal analysis.

Frontiers in Manufacturing Technology

07

10.3389/fmtec.2022.1021029

geometry was meshed with tetrahedral elements (see
Figure 6B) and the eigenvalue problem solved by the FE
modal analysis (see Figure 6C).

at the
corresponding CL in form of a state-space-model were
exported from ANSYS and stored in the database of the DT
framework. These steps were repeated for each CL, respectively

each IPW.

Finally, the results of the blade dynamics

4.4 Interpolation (Step 4)

The results generated through the coupled ANSYS

simulation were transferred into a reduced Linear
Parameter-Varying (LPV) model, an extended state-space
representation, which describes the position-dependent
workpiece dynamics (Maslo et al., 2020; Maslo, 2022). To
finally receive the dynamic information based on f,-step
point cloud density, an interpolation of the workpiece
the CLs

corresponding procedure is illustrated in Figure 7, using

dynamics between was performed. The
the dynamic compliance assigned to the second eigenmode
of block 2, starting at 3,276 Hz for CL 51 and ending at
2,970 Hz for CL 100, as an example (see Figure 7A). Two
linear interpolations of the grid-based LPV model in vertical
(see Figure 7B) and horizontal (see Figure 7C) direction
were subsequently applied block-wise to the magnitude
values of the 50 selected CLs. The data set with the
calculated blade dynamics was mapped via a closest-
point-algorithm to the f,-step points of the toolpath,
which represents the reference point cloud density of the

remaining process simulations performed within dPart.

Compliance [m/N]
0 I W 3E-7
6
8
s~ 10
P

)
i,
]
| GG ||||
N : |

@ e
e e

e e
e e

® e
e e

FIGURE 7

FE results in form of the torsional mode for block 2 in CAM
environment. (A) 50 simulated positions, (B) vertical interpolation,
(C) horizontal interpolation.

A 50 simulated positions
B vert. interpolation
C horz. interpolation
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Compliance [m/N]
0 M W 3E-5

A Mode 1
B Mode 2
C Mode 3

FIGURE 8
Interpolation on f,-steps of the magnitudes for mode shapes
1 to 3 of block 1 to 3. (A) Mode 1, (B) Mode 2, (C) Mode 3.

In Figure 8 the resulting magnitudes of the dynamic
compliance related to the first three eigenmodes of block 1 to
3 are visualized in the CAM environment. The first two mode
shapes (bending and torsion mode) (Figures 8A,B) show a
repetitive pattern for block 1 and 2, and a drastically decrease
of dynamic compliance for the third block. At the beginning of a
machining block, the blade usually has a lower stiffness since the
distance to surrounding solid material, which is at the bottom of
the block, is the longest. Eigenmode 3 has smaller magnitudes
compared to the first two modes. Moreover, the first block has
only two dominant modes. This is why the position-oriented
visualization shows up as dark blue color as can be observed in
Figure 8C.

With a constant process excitation, for example by
machining with a constant spindle speed, the scenario can
occur that the tooth passing frequency (TPF) suddenly hits
the decreasing natural frequency of the workpiece resulting
in an unstable process (Klocke, 2018). In Figure 9, it can be
observed how the eigenfrequencies change in relation to the
specific CL. In general, the stiffness-reducing effect of
than the
reduction, which means that as machining progresses

material removal is much stronger mass
from block 1 to 3, the eigenfrequencies of a thin-walled
workpiece usually decrease (Klocke, 2018). A similar
behavior can also be observed within one single block. As
the machining process continues, the -eigenfrequency
decreases. An example is represented by block 2: the
eigenfrequency of mode 1 starts with 1,590 Hz (CL 51)
and continuously decreases to 1,460 Hz (CL 100). Block
1 represents an exception for the described change of the
eigenfrequencies of mode 1 and 2. Here, an initial increase of
the eigenfrequencies can be observed (CLs 1-30) before it

returns to a continuous decrease (CL31-CL 50).
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FIGURE 9

CL specific change of eigenfrequencies for modes 1 and 2 of
block 1 to 3.

4.5 Machine and sensor setup

The 5-axis milling of the blade demonstrator was conducted
on a GF Mikron HPM 800U HD vertical machining center (see
Figure 10). The stock material was positioned with two dowel
pins and clamped with two M8 cylinder head screws on an
adapter block with a torque of 20 Nm. The multi-stage milling
process was divided into roughing, pre-finishing, finishing, hub
and fillet processes. Every operation was executed with another
type of milling tool, whereas for all tools the same tool holder
system was used: Rego-Fix HSK-A 63/PG 25 x 100 H with a collet
holder. A ball end mill with a diameter of 12 mm and four teeth
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FIGURE 10
Blade demonstrator clamped on milling machine with used
sensory.

and a helix angle of 30° (Walter Prototype MC413-12.0A4XD-
WJ30TF) was used for the finishing operations. The cantilever
length of the finishing tool was increased specifically to 105 mm
to represent a state-of-the-art blisk milling process with a high
tool compliance as required for high-aspect ratio blade
geometries. The axial depth of cut was set to a, = 0.4 mm, the
radial depth of cut, respectively the blade material offset was set
to a, = 0.2 mm and the feed per tooth was f, = 0.06 mm.

Extensive process data acquisition took place as part of the
investigation applying elements from the data acquisition and device
control domain of dPart (Ganser et al.,, 2021b). Machine-internal
signals, such as the position data of the linear and rotational axes, as
well as the load signals of all drives were recorded by the edge data
acquisition at a frequency of approximately 250 Hz. In addition,
important metadata such as workpiece identification, NC-program
structure and tool parameters was saved. Moreover, the acquisition
system is supplemented by the integration of signals from external
sensory. Two triaxial acceleration sensors with a measurement range
of +50 g were used to monitor the vibrations on the workpiece and
tool side during machining. Acceleration sensor 1 (PCB 356A15)
was mounted by a screw connection at the bottom of the blade
demonstrator. Acceleration sensor 2 (Kistler 8764B050BB) was
attached on the flat surface of the spindle ring. Inside the
internal machine room, a microphone from Roga Instruments
(RG-50) measured the sound pressure induced by the milling
process. Additionally, a spike sensor (Greiff, 2022) was used
during the finishing operations. The spike is a wireless intelligent
tool holder system that is able to measure bending, torsion, and axial
moments by integrated sensory.

5 Results

Within Section 5, the results of the FE modal analysis (see
Section 4.4) are compared with the acquired process data and
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experimental results (see Section 4.5). The structure of this
section is as follows: In Section 5.1 the FRFs of the FE
simulation and experimental modal analysis (EMA) are
compared. In Section 5.2 the achieved surface finish geometry
of the demonstrator blade is discussed in detail. Finally, the short
time fourier transform (STFT) analysis of the acquired
acceleration sensor (Acc 1) is presented putting surface
quality, simulation data and process data in context (Section 5.3).

5.1 Validation of FE results by comparing
the frequency response functions
obtained from experimental modal
analysis

An experimental modal analysis was conducted before the
individual finishing operations with the objective to determine
the modal parameters of the blade IPWs for all modes in the
frequency range of 200-12,000 Hz. The modal parameters were
calculated by system identification, respectively curve fitting of
EMA results, and used to formulate mathematical dynamic
models (state-space model) for the IPWs. The measurements
were performed with a laser vibrometer (Polytec OFV-5000) and
an impulse hammer (PCB 08A17). Figure 11A shows the
experimental setup, whereas Figure 11B shows the result of
the system identification for blade modes 1 to 3 representing
the FRF for the IPW before blade finishing of the second block.
1,592, 3,278, and 7,470 Hz can be identified as the first three
eigenfrequencies. The corresponding magnitudes are: 2 E-4 m/N
(mode 1); 6.26-E-5 m/N (mode 2), and 7.14-E-6 m/N (mode 3).
The damping ratio { for the first two eigenmodes is 0.05% and for
mode 3 it is 0.27%.

As introduced in Section 4.3, FE modal analyses were
conducted for a total of 150 in-process workpieces. Figure 11B
shows the comparison between the simulated FRF of CL
51 and the corresponding EMA represented by geometric
condition of the block before the finishing operation of
block 2. The eigenfrequencies determined by FE modal
analysis are 1,590, 3,275, and 7,371 Hz, which is equal to a
relative deviation of 0.13%, 0.09%, and 1.33% from the EMA
results. By comparing the FRF curves from EMA and FEM
simulations, it can be observed that especially the damping
ratios, but also the magnitudes, do not show good accordance
(see Figure 11B). In this context, the definition of only one
single value for the damping ratio in ANSYS Mechanical,
which then was applied to all modes, can be mentioned as a
possible root cause. Another reason for the deviation could be,
that the the
environment was calculated based on the three directional

resultant FRF generated in simulation
(X, Y, and Z direction) state space model exported from
ANSYS, but the the
experimental environment considered the normal direction

of the blade surface.

resultant FRF generated in
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FIGURE 11

(A) EMA Setup, (B) FRF before finishing block 2 obtained from
EMA (red); state-space model by system identification (blue); FE
modal analysis for CL51 (black).

5.2 Achieved blade surface quality

Figure 12A shows significant surface irregularities (labeled with
A to F) occurring on the suction surface due to instable dynamic
process conditions during the finishing processes of the blade. It
can be observed that, apart from area D and F, the vibrations
occurred at the beginning of each machining block.
Figure 12B represents the result of a surface comparison
between the nominal and actual geometry, which was carried
GOM Inspect.
measurement of the blade was performed with a Zeiss
COMET 8M system. The result in Figure 12B indicates
profile deviations of up to + 50 pum outside the areas of A

out using the software The optical

to F. It can be assumed that a superposition of quasi-static
deflections of the tool and workpiece cause these geometrical
form errors, which lead to a lower chip thickness during the
milling process and result in a geometrically oversized blade
profile. Therefore, almost all profile deviations are in the
positive range. The effect of tool wear can be neglected since
the three finishing operations remove a total chip volume of
1,060 mm?, resulting in a flank wear land width of VBmax =
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35um. In areas A, B, C, E, and F on the other hand, the
positive deviations are lower with quantified errors of
approx. +25 um each. Area D shows the lowest deviations
of approx. up to +5 um, although the largest vibration marks
can be observed visually according to Figure 12A. Thus, the
data show that dynamic unstable process conditions with
high vibration amplitudes (areas inside A to F) caused a
relative movement between tool and workpiece, so that more
material was removed compared to the surrounding surfaces
(areas outside A to F). In addition, Figure 12 shows the
spindle speeds, respectively according TPFs, used for each
machining block: 474 Hz (block 1); 445 Hz (block 2); 608 Hz
(block 3).

5.3 Comparison between achieved
surface quality and acquired process data

In the following Section 5.3, a root cause analysis was
conducted based on the simulation and process data to explain
why the instable process conditions (areas A to F) occurred.
Therefore, the acquired sensor signal of Acc 1 (see Figure 10) is
investigated. The objective was to identify dominant vibration
frequencies of the acceleration signal, which can be assigned to tool
and workpiece dynamics or process-related frequencies. Therefore,
the vibration signal was processed by application of a STFT, which
enables a time- and frequency-dependent data analysis with
of 0.02s
(frequency domain).

resolutions (time domain), respectively 50 Hz

In the following section, a position-dependent evaluation of the
STFT is discussed for the TPF (see Figure 13A), mode 1 (see
Figure 13B) and mode 2 (see Figure 13C) for all 3 finishing
processes. In the case of the mode’s visualization, the simulated
eigenfrequency values for the 150 simulated CLs (see Figure 9) were
assigned to acquired tool tip positions based on a closest point
algorithm. Subsequently, the spectrogram matrix was read out
partially based on the assigned frequencies per tool tip position
and colorized according to the amplitude. This method of process
data analysis shows a high level of correlation between the achieved
surface quality (see Figure 12) and the position-dependent
evaluation of the STFT (see Figure 13). According to the
comparison, the vibrations marks in A to F were caused by the
following dominant frequencies: TPF (A); mode 2 (B); mode 1 (C);
mode 2 (D); mode 2 (E); mode 1 (F).

Figure 14 shows the spectrogram of all three finishing blocks
containing time, frequency, and magnitude (logarithmic scale)
information from the acceleration signal. The corresponding
simulated natural frequencies of mode 1 and 2 (see Figure 9) are
indicated as black curves. The simulated frequencies were assigned
to each individual timestamp through a closest point algorithm
between the planned and acquired CL positions. Through the traced
course of mode 1 and 2, the relative location of both modes to the
TPFs (narrow dashed lines) can be analyzed. The eigenfrequency for
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FIGURE 12
(A) Image capture of the machined blade, (B) surface comparison of the nominal and actual geometry.

mode 1 starts at 4,068 Hz, decreases during machining, and ends at o (A): Within the time interval from 0 to 90 s, the first
831 Hz. Mode 2 has an eigenfrequency of 6,185 Hz at the beginning eight harmonics (frequency spectrum of 0-3,792 Hz) of
of block 1, decreases as well, and has a value of 2,107 Hz as the TPF, = 474 Hz indicate particularly high amplitudes.
finishing operation of block 3 ends. It can be observed that the TPFs The amplitudes decrease after the time of 90s. This
of 474, 445, and 608 Hz and their respective harmonic values have corresponds with the observation that only the upper
high amplitudes throughout the entire process time. In addition, the area of block 1 shows surface irregularities.

following cause-effect relationships can be derived between the o (B): For the first 40s of block 1, the curve of the
identified surface irregularities from A to F (see Figures 12, 13) second eigenmode is almost congruent with the dashed

and the spectrogram:

Acc 1 Res STFT [g] *: individual max bounds
0 BTN max*

\ A Tooth passing frequency
B Mode 1

FIGURE 13
Process data for TPF and mode shapes 1 and 2 (following simulated eigenfrequencies). (A) Tooth passing frequency, (B) Mode 1, (C) Mode 2.
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FIGURE 14

Spectrogram of the finishing operations from block 1 to 3 with changing eigenfrequency related to mode 1 and 2.

curve of the 13th harmonic (6,162 Hz). This may have caused
the torsional vibration of the blade in area (B).
o (C): Mode 1 is in the middle between the third (1,335 Hz) and
fourth (1,780 Hz) harmonic TPF, at the beginning of block 2.
It may have caused the amplitudes from both harmonic
frequencies to overlap and result in the excitation of the
bending mode.
(D): Shortly after 340 s, the seventh harmonic TPF (3,120 Hz)
intersects the second eigenfrequency of the IPW. This may
have caused the torsional vibration of the blade in area (D).
o (E): Mode 2 is close to the fourth harmonic TPF; (2,432 Hz)
at the beginning of block 3. The high amplitudes in the range
between 2,400 Hz and 3,000 Hz indicate a torsional vibration
of the blade in area E.
o (F): Mode 1 is close to the second harmonic TPF (1,216 Hz)
throughout the finishing process of block 3. This indicates that
the bending mode caused vibrations in area F.

6 Conclusion and outlook

The presented DT framework supports to generate,
interconnect, analyze, optimize and document manufacturing-
relevant data through the application of various process-relevant
models. Contrary to other DT frameworks (see Section 2.1), the
special feature of the proposed framework is that all involved
components are

implemented in an on-premise cloud
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infrastructure. This enables the creation of a complete and
data-consistent digital twin along the entire value-added chain
of planning, production and quality assurance and reduces
interface problems within the machining domain. Technology
models, such as the material removal simulation, cutting force
simulation and the FE analysis are implemented in a
microservice architecture within the DT framework for
modular and single purpose data processing applications in
the process planning stage.

In this paper, it was possible to systematically predict the
continuously changing workpiece modal behavior related to
the material removal by the application of the proposed FEM-
coupled process simulation. Based on the FRF comparison
between FEM simulation and EMA it can be stated that a
precise prediction (evaluated relative deviation of max. 2%) of
the workpiece eigenfrequencies could be made during the
process planning stage. However, the analysis also showed
that there is potential for optimization in the simulation of the
damping ratios and amplitudes of the simulated FRF. In
addition, data analysis methods were presented to provide
a data-based explanation for the occurrence of vibration-
induced chatter marks on the blade surface considering the
The
combination of simulated eigenfrequencies and acquired

harmonic excitation of the milling engagement.
vibrations signals, subsequently processed by applying

STFT, could provide a data-based evidence why vibration
fields A to F occurred (see Section 5.3).
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As future work, a continuous further development of the
presented FEM-coupled process simulations will take place.
Major focus will be to overcome the mismatch between the FRF
curves of simulation and reality (illustrated in Figure 11B).
Exemplary, activities are currently ongoing to improve the
prediction of dynamics by post-processing the FE results,
such as assigning individual damping ratio to each
eigenmode. Furthermore, focus will be on the substitution of
conventional FEM method by novel approaches such as Finite
Cell Method (FCM) or machine learning applications. The data
processing methods presented within this paper are intended to
be applied to the following overall optimization objectives in
the milling of thin-walled workpieces: 1) suppression of
vibrations occurring in the process through process-parallel
adaptation of the spindle speed; 2) development of a toolpath
compensation method for the reduction of quasi-static
workpiece deflections by considering the position-dependent

change of the workpiece stiffness.
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