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Word of Welcome

Chairmen of the 16th International
Conference on High Speed Machining

Prof. Dr. -Ing. Eberhard Abele
Prof. Dr. -Ing. Matthias Weigold

Welcome to the 16th International
Conference on High Speed Machining
HSM 2021.
Since 1997, the conference is focused
on machining technology, machine tool
design and related topics. The HSM
conference is carried out alternately in
five different countries by the partners
IK4 Tekniker & IDEKO (Spain), ENSAM
Metz (France), RCMT – Research Center
of Manufacturing Technology (Czech
Republic), NUAA – Nanjing University of
Aeronautics and Astronautics (China)
and PTW Darmstadt (Germany).
The conference is sponsored by the
International Academy for Production
Engineering CIRP. For the first time
PTW is organizing the conference in a
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“presence and online format” and hereby
reacts to the prevailing pandemic
situation. The annual conference offers
international manufacturing experts
from academia as well as from industry
the opportunity to exchange views on
current topics in the fields of machining
technology, machine tool design and
related topics. The main focus of this
year’s conference will be under the
umbrella of “digitalization in future
machining”.
Digitization and networking are significantly shaping current research and
development approaches in production.
Data driven production creates
completely new interaction possibilities
with innovative concepts and approaches.
Artificial intelligence and machine
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learning algorithms still play a minor role
in today's production. However, the
research findings of recent years are
promising and open a wide range of
possibilities for manufacturing companies
in monitoring, optimization or planning
as well as control and automation of
systems and processes. Due to the added
efficiency and performance for the
manufacturing industry by using AI, it is
only a matter of time before it will be
widely used.
Within the conference we will see several
new research approaches and ideas
for further digitalization of production
processes and self-optimizing machining
systems in future machining. On the
other hand, we will address the important
topic of sustainable manufacturing and
see new approaches on energy efficient
and energy flexible machine tools and
supply technology.
The goal is to gather and exchange
knowledge and to stimulate the knowledge transfer between industry, univer
sities and research centers. In addition
to the presentations, we have a great
evening planned for our guests as well as
a guided tour through the PTW Laboratory and Learning Factories.

our gratitude to the members of the
international scientific committee for their
time, effort, and constructive feedback,
which ensures the quality of our conference. I wish you a fruitful and enjoyable
conference!

Kind regards,

Prof. Dr.-Ing. Eberhard Abele

Prof. Dr-Ing. Matthias Weigold

We would like to thank all authors and
sponsors from industry for their contribution. We would also like to express
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Partners
The HSM 2021 is sponsored by the companies listed below. We would like to
take this opportunity to thank the sponsors of HSM 2021 for their support and
contribution to the conference.

pro-micron GmbH, Kaufbeuren

Alicona Imaging GmbH, Raaba
That's metrology!

GMN Paul Müller Industrie GmbH & Co. KG,
Nürnberg

Kern Microtechnik GmbH, Murnau

Big Data in Manufacturing GmbH, Hechingen

Software AG, Darmstadt

16TH INtERNATIONAL CONFERENCE HSM | 26 – 27/10 2021 | DARMSTADT | GERMANY

|5

Contents
Word of Welcome 

2

Committee and Organizers

4

Partners

5

Keynote
K001

How to understand spindles better – IIoT Ready with IO-Link

10

K002

Usecase examples for fully intergrated 100% workpiece quality conrol with spike

11

K003

Real-time quality assurance during the process through the use of AI

12

K004

Energy system planning opportunities for turnkey manufacturing solutions

13

K005

Towards sustainability in mechanical machining under different lubri-cooling technologies

14

K006

Increasing performance and energy efficency of a machine tool through
hydrostatic linear guideways with single digit micrometer fluid film thickness

15

K007

Energy efficiency beyond single-machine optimizations

16

K008

High-resolution surface texture measurements using a collaborative pick-and-place robot

17

K009

Digital Twins for supporting the machining processes: Recent development and
future challenges

18

Digitalisation in future machining 1
B165

Using gamification on the shop floor for process optimization in machining production

19

B105

Demonstration of a new approach for measuring tools with the impingement
sound of an air jet using machine learning

20

B104

Rapid uncertainty quantification of the stability analysis using a probabilistic
estimation of the process force parameters

21

B156

Damage evaluation in CFRP machining by digital image processing

22

B141

Burr formation at the interface during bi-material orthogonal cutting

23

Cutting 1
B150

Utilization of machine learning approaches for tool wear detection and prediction
in the circular sawing process of metallic materials

24

B126

Development of a methodology for the implementation of a smart drilling system
for multi-material aeronautical structures

25

B109

Local scale analysis of Ti-6Al-4V chip formation during orthogonal cutting using
high-speed optical system

26

B160

Dynamic characterization of milling based on interrupted feed motion

27

B101

Characterization of metal working fluids using tribological testing methods

28

6|

16TH INtERNATIONAL CONFERENCE HSM | 26 – 27/10 2021 | DARMSTADT | GERMANY

Hybrid Manufacturing
B138

Fundamental investigations on the machinability of additively manufactured multi-materials

29

B116

Influence of LPBF process parameters on milling of a maraging tool steel

30

B102

Assessment of finish machining and mass finishing as post-processing methods
for PBF-LB/M-manufactured 316L

31

B133

Efficient wire-based Laser Metal Deposition for large aerostructural titanium parts

32

B140

Cutting tools manufactured by SLM additive manufacturing technology

33

Energy and Sustainability 1
B162

Tribological, heat transfer and machinability properties of newly developed
hybrid lubri-coolant

34

B124

Machine learning-based identification of energy efficiency measures for machine
tools using load profiles and machine specific meta-data

35

B130

Investigation of lubricating oils from renewable resources for cryogenic
minimum quantity lubrication

36

Cutting 2
B154

Semi-analytical period-doubling chatter analysis in thin wall milling

37

B120

Performance of different diamond cutting tools in face milling of cemented carbide

38

Digitalisation in future machining 2
B169

Tool Condition Monitoring and Tool Defect Detection for end mills based on highfrequency machine tool data

39

B106

Instantaneous parameter identification for milling force models using Bayesian optimization

40

B119

Experimental investigation of ultrasonic assisted helical milling of 2205 duplex stainless steel 41

Energy and Sustainability 2
B131

Comparison of sprayability and solubility of bio-based lubricants with liquid carbon dioxide

42

B114

A deep learning approach to electric load forecasting of machine tools

43

Digitalisation in future machining 3
B111

Production of individualised multi-material components using a robot-based process chain

44

B112

Robot-based surface finishing of forming dies concerning different path strategies

45

Machine tool
B171

Method for safe experimental testing of machine tool usable spindle power

46

B142

Chatter detection based on a contact sensor in milling operations

47

16TH INtERNATIONAL CONFERENCE HSM | 26 – 27/10 2021 | DARMSTADT | GERMANY

|7

B159

Static stiffness analysis of an electronically preloaded rack and pinion feed drive system

B107

Experimental study on tilting stiffness of oil hydrostatic shallow recess thrust bearings

48
49

B147

Frictional force modeling of a machine tool feed drive telescopic cover

50

InterQ Project
B134

Framework for coupled Digital Twins in digital machining

51

B135

Fingerprint: Machine tool condition monitoring approach for zero defect manufacturing

52

B168

Polygonal errors in thin-walled medium-size casings due to lap-flanges and isogrid milling

53

B158

Identification of the root cause of surface topography inaccuracies by means of
process monitoring: Industrial examples

54

Cutting 3
A105

Influence of micro-holes on rake face of the carbide insert on machining performance

55

B173

Performance evaluation of (AlCrN) PVD coated cBN inserts on machining of Inconel 718

56

B100

Cryogenic milling of metastable austenitic stainless steel AISI 347

57

B117

Experimental analysis of the etching process for validation of non-conventional
slot machining in aero engine component manufacturing

58

B123

Numerical methods for the simulation of segmented chips and experimental
validation in machining of Ti-6Al-4V

59

Cutting 4
B115

Modelling of process forces for complex multiaxial turning processes

B132

Influence of contour radius and fiber orientation on heat accumulation during
machining of unidirectional CFRP

60
61

B163

Multi-phase simulation of the liquid coolant flow around rotating cutting tool

62

Digitalisation in future machining 4
B152

CAD-based path planning for line laser scanning of curved surface

63

B108

Control strategies for a gantry stage equipped with flexible joints using frequency
response methods

64

B155

dPart – A Digital Twin framework for the machining domain

65

Cutting 5
B129

Simulation on microstructure evolution of machined surface of titanium by laserassisted machining

66

A108

Effects of constitutive model parameters on finite element simulation process
for hard milling of AISI H13 steel

67

B136

Parametric study of an empirical material behavior law in orthogonal cutting
simulations of Ti-6Al-4V alloy

68

8|

16TH INtERNATIONAL CONFERENCE HSM | 26 – 27/10 2021 | DARMSTADT | GERMANY

Cutting 6
B166

The impact of key temperature measuring points on thermal error compensation
model transfer between milling centers of the same product line

69

B121

Machine data-based prediction of blisk blade geometry characteristics

70

Digitalisation in future machining 5
B153

Development of a measuring and control unit for an intelligent adjustment of
process parameters in sawing

71

B113

Depth of cut identification in 3-axis milling using cutting force spectrum

72

Index

73

Appendix
B156

Full Paper

75

B126

Full Paper

80

B109

Full Paper

87

B133

Full Paper

95

B140

Full Paper

101

B162

Full Paper

110

B119

Full Paper

118

B159

Full Paper

126

B168

Full Paper

134

B129

Full Paper

141

B136

Full Paper

146

16TH INtERNATIONAL CONFERENCE HSM | 26 – 27/10 2021 | DARMSTADT | GERMANY

|9

Keynote

HSM2021-Keynote-K001

How to understand spindles better – IIoT Ready
with IO-Link
J. Falker1*
1 GMN

Paul Müller Industrie GmbH & Co. KG, Nürnberg

*Corresponding author; e-mail: j.falker@gmn.de
Abstract
Within the machine tool industry, the process of digital
transformation is speeding up rapidly. At the heart of
machine tools spindles can contribute by being an
integral part of a digital machine tool. Utilizing
embedded information technology and standardized
communication protocols like IO-Link the spindle and

10 |

machine domain can be interconnected enabling new
monitoring approaches or services. In this presentation, the speaker will show how embedded information
technology within a spindle sets the basis for spindle
related IIoT solutions.
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HSM2021-Keynote-K002

Keynote

Usecase examples for fully intergrated 100%
workpiece quality conrol with spike
H. v. Zastrow1*
1 Pro-micron

GmbH, Kaufbeuren

*Corresponding author; e-mail: info@pro-micron.de
Abstract
Mechanical and process engineering are moving
closer together in an unprecedented way, combining
to create user-friendly solutions that make life easier
for the expert. Cost reduction targets with increasing
quality requirements and their automatic documentation per component pose great challenges for the
entire system and the employees from machine
operator to production manager because they should
keep the existing operation running and implement
new technologies at the same time. The economic

downturn is creating the necessary capacity scope to
take our industry to the next level of technology and
thus gain competitive advantages in quality and
productivity. In his presentation, the speaker will
highlight the interrelationships between processrelated force measurement technology with intelligent
data evaluation methods for process and machine
monitoring and the resulting changes in the role of
machine operators, process planners and production
management.
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Keynote

HSM2021-Keynote-K003

Real-time quality assurance during the process
through the use of AI
V. Kreidler1*
1 Big

Data In Manufacturing GmbH, Hechingen

*Corresponding author; e-mail: Info@bigdatainmanufacturing.com
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HSM2021-Keynote-K004

Keynote

Energy system planning opportunities for
turnkey manufacturing solutions
M. Beck1*
1 ETA-Solutions

GmbH, Bensheim

*Corresponding author; e-mail: beck@eta-solutions.de
Abstract
Industrial enterprises are more and more driven to
tap the potentials of energy efficiency in existing and
future production sites. The challenge is to identify
cost-efficient investments for lowering the energy
demand while maintaining or improving the performance of the production system. General recommendations for the implementation of specific energy
efficiency measures need a dedicated analysis of the

use case of a production machine, such as a machine
tool. Still users intend to find appropriate measures
enhancing the energy efficiency of their production
machines, while increasing the profitability simultaneously. This paper provides an approach to integrate
energy system planning into the factory planning
process.
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Keynote

HSM2021-Keynote-K005

Towards sustainability in mechanical machining
under different lubri-cooling technologies
N. He1*
1 Nanjing

University of Aeronautics and Astronautics, China

*Corresponding author; e-mail: drnhe@nuaa.edu.cn
Abstract
Sustainable machining with the characteristics of
higher efficiency, higher quality, lower energy
consumption and lower emission, has become the
latest international development trend and is considered to be the key technology to maintain the social
sustainable development. This paper will discuss the
performance of machining technologies under
different cutting media for cooling and lubrication,
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such as liquid nitrogen (LN2), dry ice (CO2), MQL, flood
coolant and so on. Furthermore, the resource-based
energy consumption will be discussed considering
all the energy consumption of machining process and
producing cutting media. Finally, energy–Economy–
Ecology–Engineering (4E) integrated methodology is
proposed for the sustainability assessment of
machining processes.
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Increasing performance and energy efficency of
a machine tool through hydrostatic linear
guideways with single digit micrometer fluid film
thickness
M. Fritz1*, M. Groeb1,2
1
2

Kern Microtechnik GmbH, Eschenlohe, Germany
Technical University Darmstadt, Institute of Materials Science, Germany

*Corresponding author; e-mail: matthias.fritz@kern-microtechnik.com
Abstract
Ever increasing requirements to machine tool performance led to a shift from regular roller bearing
towards hydrostatic guideways. These have many
advantageous properties, such as non-existent stick
and slip, nearly no wear, while increasing dampening
and stiffness. Compared to traditional guideways,
hydrostatic have a constant energy demand, resulting

from pump losses. The pump losses are composed
out of the pressure and the flow rate of the fluid. The
flowrate can be influenced with the third power via
the fluid film thickness. For this, a novel micro gap
design is proposed and tested. The static and dynamic
stiffness and the power consumption are analysed
and compared.

FULL PAPER available at: https://www.mmscience.eu/2021175 (MM Science Journal, November 2021)
DOI: 10.17973/MMSJ.2021_11_2021175
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Keynote

HSM2021-Keynote-K006

Keynote

HSM2021-Keynote-K007

Energy efficiency beyond single-machine
optimizations
H. Schöning1*
1 Software

AG, Darmstadt

*Corresponding author; e-mail: harald.schoening@softwareag.com
Abstract
While energy efficiency of a machine is a relevant topic
when targeting lower energy cost or the reduction of
the CO2 footprint, the larger potential to achieve these
objectives is on the factory level. Considering the
energy footprint of the entire factory with all its
processes and interdependencies, however, requires
capturing, managing, and analyzing a large set of

16 |

heterogeneous data. This holds even more when the
interplay with the energy market and its volatility is
included, which, on the other hand, opens a new
dimension for cost reduction. The talk will address
software architectures to cope with this challenge
and will illustrate these by showing some reference
projects.
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HSM2021-Keynote-K008

Keynote

High-resolution surface texture measurements
using a collaborative pick-and-place robot
M. Riedl1*, R. Danzl1, T. Lankmair1, F. Millonig1, S. Bergmann1
1 Alicona

Imaging GmbH, Raaba, Austria

*Corresponding author; e-mail: matthias.riedl@bruker.com
Abstract
The ongoing trend of robotics, automation, quality
control and its combination are leading to new possibilities in the field of metrology. The improvements,
especially in the handling and accuracy of collaborative robotics, are enabling new applications for automated high-resolution optical 3D measurements. This

is the basis for the implementation of a pick-and-place
solution for automatic surface texture measurements
by replacing a high precision x-y stage with a collaborative robot. In this paper two different Focus-Variation setups are compared to evaluate the uncertainty
using a certified standard and a real sample.

FULL PAPER available at: https://www.mmscience.eu/2021177 (MM Science Journal, November 2021)
DOI: 10.17973/MMSJ.2021_11_2021177
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Keynote

HSM2021-Keynote-K009

Digital Twins for supporting the machining
processes: Recent development and future
challenges
M. Sulitka1*
1 RCMT,

Czech Technical University in Prague

*Corresponding author; e-mail: m.sulitka@rcmt.cvut.cz
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Using gamification on the shop floor for process
optimization in machining production
M. Dewald1*, O. Kohn4, Y. Dehorn1, H. Howaldt1, A. Ebben2, N. Kratzke3, F. Janssen1,
M. Weigold4
1 Siemens

Energy, Industrial Application, Turbo Machinery, Wolfgang-Reuter-Platz 4, 47053 Duisburg, Germany
Energy, Generation, Large Rotating Equipment, RheinstraSSe 100, 45478 Mülheim an der Ruhr, Germany
3 Siemens AG, Digital Industries, Center of Competence, Machine Tool Systems, Postfach 30 11 66, 50781 Köln,
Germany
4 Institute for Production Management, Technology and Machine Tools (PTW), Technical University of
Darmstadt, Otto-Berndt-StraSSe 2, 64287 Darmstadt
2 Siemens

*Corresponding author; e-mail: mario.dewald@siemens-energy.com
Abstract
The optimization of production processes is even in
2021 still an up-to-date topic, where the use of data
is discussed, and the utilization has proven to be
effective in specific applications in the last 10 years.
Despite increasing access to information directly from
the production process and more available computing
resources, the data still holds unused potential. Even
ongoing digitalization does not replace a deep understanding of the underlying processes and a focus on
online automation misses the potential including

expertise of shop floor employees. Thus, besides
automation and data-driven improvements it is important to support employees with innovative methods
to exploit the full potential of the Internet of Things.
Principles of gamification offer an opportunity to
incorporate the shop floor personnel, to take their full
attention on optimization of the process supporting
them in their day-to-day job. Appropriate visualization
creates incentives for continuous process optimization.

Keywords
Process optimization; Internet of Things; Machine Tools, Gamification
FULL PAPER available at: https://www.mmscience.eu/2021172 (MM Science Journal, November 2021)
DOI: 10.17973/MMSJ.2021_11_2021172
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Digitalisation in future machining 1

HSM2021-B165

Digitalisation in future machining 1

HSM2021-B105

Demonstration of a new approach for measuring
tools with the impingement sound of an air jet
using machine learning
H. Würschinger1*, D. Gross1, M. Mühlbauer1, M. Stadler1, N. Hanenkamp1
1 University

Germany

Erlangen-Nuremberg, Institute of Resource and Energy Efficient Production Systems, Fürth,

*Corresponding author; e-mail: hubert.wuerschinger@fau.de
Abstract
Monitoring the tool condition of machining processes
is important but challenging. Several automated tool
condition monitoring solutions are available, but often
not used due to existing restrictions or disadvantages.
A new approach can be the detection and measurement of tool conditions analyzing the sound of an air
jet impingement on tools. Due to the availability of

compressed air as a working and cleaning medium
for many processes, this approach can be used for
various condition monitoring and measuring tasks.
In this paper the procedure and its functionality are
first presented on simple shapes and then tested on
the tool wear of inserts.

Keywords
Tool Condition Monitoring; Condition Monitoring; Impingement Sound; Jet Impingement; Air Jet; Flow
Noise; Airborne Sound; Machine Learning
FULL PAPER available at: https://www.mmscience.eu/2021139 (MM Science Journal, November 2021)
DOI: 10.17973/MMSJ.2021_11_2021139
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Rapid uncertainty quantification of the stability
analysis using a probabilistic estimation of the
process force parameters
M. Busch1*, B. Schmucker1, M. F. Zaeh1
1 Technical

University of Munich, Institute for Machine Tools and Industrial Management, Garching near
Munich, Germany

*Corresponding author; e-mail: maximilian.busch@iwb.tum.de
Abstract
In the course of the digitization of modern production
systems, a reliable parameterization of the digital
twin of machining processes is essential. For example,
the digital representation of milling operations
enables the process parameter selection without
time-consuming and expensive test series by using
stability lobe diagrams (SLD). However, the parameterization of the underlying process force model with
very few cutting force experiments can prevent a
reliable process design, as errors in the parameterization process are propagated to the stability analysis.
Therefore, a novel two-step methodology is proposed
to provide probabilistic credible intervals for conventional stability lobe diagrams: First, the unknown

parameters of the process force model are estimated
using a Bayesian regression method. Secondly, the
estimated probability distributions of the process
force parameters are used to quantify the uncertainty
of the stability boundary using a mechanistic process
force model. The proposed methodology is particularly characterized by its low computational cost,
since time-consuming and computationally expensive
Monte Carlo procedures are avoided. Instead, the
methodology relies on the analytical derivation of the
model parameters’ posterior probability distribution
and on polynomial chaos expansion (PCE) algorithms
to quantify the uncertainty in the final stability analysis.

Keywords
Uncertainty quantification; probabilistic parameter estimation; machining simulation; stability analysis
FULL PAPER available at: https://www.mmscience.eu/2021138 (MM Science Journal, November 2021)
DOI: 10.17973/MMSJ.2021_11_2021138
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Digitalisation in future machining 1

HSM2021-B104

Digitalisation in future machining 1

HSM2021-B156

Damage evaluation in CFRP machining by digital
image processing
B. Bilgic1, L. T. Tunc1*
1 Faculty

of Engineering and Natural Sciences, Sabanci University, Istanbul, Turkey2University Name,
Department Name, City, Country

*Corresponding author; e-mail: ttunc@sabanciuniv.edu
Abstract
Carbon fibre-reinforced polymer (CFRP) composites
are prominent materials used in aerospace, marine,
sports and recreation industries. Despite the excellent
mechanical properties, CFRP is highly prone to
machining induced damages such as delamination,
peel-up and fiber pull-out under high local stress
concentration. Such issues lead to undesirable defects
that degrade the part quality. Achieving the highquality requirements in machining of composite parts
is a key challenge for the composite manufacturing
industries, which requires damage minimization and
adequate methodologies to assess resulting part
quality. In-process detection of anomalies in
composite machining is crucial, which is also along

with the industry V4.0 aims. In this study, digital image
processing-based assessment technique is proposed
to measure delamination factor (Fda) and dimensional
quality of the generated features by machining. The
proposed technique relies on morphological trajectory model in which the morphological filter is divided
into a sequence of basic image processing operations.
Dilation and erosion-like trajectory-based morphological operations are defined from the instant basic
operations. Different structuring elements can be
used with this approach and can be easily applied to
industrial systems. The proposed approach was
demonstrated on representative hole drilling and edge
trimming operations.

Keywords
Digital Image Processing; Composite Materials; Delamination
FULL PAPER available as PDF
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Burr formation at the interface during
bi-material orthogonal cutting
C. Poissenot-Arrigoni1*, G. Fromentin1, G. Poulachon1, B. Marcon1, C. Legrand1
1 Arts

et Métiers Institute of Technology, LaBoMaP, UBFC, HESAM, F-71250 Cluny, France

*Corresponding author; e-mail: corentin.poissenot@ensam.eu
Abstract
To reduce the size of exit burrs induced by broaching,
it is possible to use a low value martyred part clamped
to the functional one on the tool exit side. Thence, this
research work deals with an in-situ analysis of the
burr formation at a bi-specimens interface in orthog-

onal cutting configuration. New mechanisms of burr
formation at the interface formed by Inconel 718 and
cast iron specimens are identified. In addition, a postmachining study is carried out to quantify the burr
size obtained with and without the martyred part.

Keywords
Burr formation; Bi-material
FULL PAPER available at: https://www.mmscience.eu/2021161 (MM Science Journal, November 2021)
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Utilization of machine learning approaches for
tool wear detection and prediction in the
circular sawing process of metallic materials
P. Georgi1*, S. Eschelbacher1, H.-C. Moehring1
1 University

of Stuttgart, Institute for Machine Tools, D-70174 Stuttgart, Germany

*Corresponding author; e-mail: patrick.georgi@ifw.uni-stuttgart.de
Abstract
Efficiency plays a major role in many areas of the
mechanical processing of metals. Especially in basic
provision of raw material, for example by cutting
components to length during sawing, high penetration
and thus efficiency as well as high robustness of the
process is required. Here, the sawing tool and its
durability is the decisive component in the process.
In today’s state of the art, at least in modern sawing
machines, the condition is recorded via the sawing
tool course or also via the motor current. This gives
the operator an initial indication of the tool condition.
In current machines an extensive sensory recording
for e.g., accelerations as a characteristic for the tool
condition is not used. The aim of the investigations
described in the paper was to use measurement data

from various internal and external sensors to record
the state of the sawing tool wear and to analyse it
using machine learning approaches. For this purpose,
cutting tests were carried out on a modern sawing
centre and the acquired measurement data were
analysed using a convolutional neural network (CNN).
During the tests, the internal and external sensors
were compared to show which of the sensors used
provides the best results in detecting wear on sawing
tools. The investigations show that the CNN is suitable
for detecting tool wear by means of the sensors used,
which can be used for on-line monitoring. Finally, an
outlook is given, and it is shown how the CNN can be
used for active control in the sawing process.
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Development of a methodology for the
implementation of a smart drilling system for
multi-material aeronautical structures
A. Haoua1, P. Rey1, M. Cherif1*, E. Abbiset-Chavanne1, W. Yousfi2
1 I2M,

ENSAM, University of Bordeaux 33405 Talence, France
25 Rue de Lamirault, 77090 Collégien

2 Seti-tec
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Abstract
The implementation of a smart drilling system would
allow the detection of unexpected events occurring
during the drilling operations that could lead to the
modification of the tool state, the degradation of the
workpiece or severe process damages. In this framework, this paper aims to develop a methodology for

identifying these events from the signals recorded by
different sensors during an experimental tests
campaign on drilling of Al7175/CFRP stack. The characterization of the signals in the time domain is
performed and a new methodology based on a
K-means clustering approach is developed.
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Local scale analysis of Ti-6Al-4V chip formation
during orthogonal cutting using high-speed
optical system
H. Zouabi1*, M. Calamaz2, O. Cahuc1, C. F. Ilvig3, V. Wagner4, G. Dessein4
1 University
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Abstract
In-situ visualization of the material flow during orthogonal cutting is achieved using high-speed optical
system. Difficulties arise from the sub millimetric size
of the cutting zone. Therefore, a dedicated optical
system was designed allowing for local scale analysis

of chip formation. The Digital Image Correlation (DIC)
technique is applied on recorded images from the
cutting zone to measure the kinematic fields. Then,
the effect of the cutting conditions on chip formation
is presented with local scale analysis.

Keywords
Chip formation; High-speed optical system; In-situ measurement; Digital Image Correlation; kinematic
fields
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Dynamic characterization of milling based on
interrupted feed motion
A. K. Kiss1,2*, D. Bachrathy1,2
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Abstract
This study presents an experimental method for
detecting and avoiding chatter vibrations that occur
during general milling processes. The main idea is to
capture the so-called dominant spectral properties
from the transient vibrations of the milling process,
which gives a good approximation for its dynamical
behavior and provides a quantitative measure of
stability. To induce transient vibration, the machining

process is momentarily interrupted. Therefore, the
method offers the possibility that the stability limit
can be forecasted by extrapolation from stable and
accurate measurement points without reaching
harmful vibration on the machine tool. We present
laboratory tests with momentary interrupted straight
tool path to demonstrate the applicability of the
proposed method.
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Characterization of metal working fluids using
tribological testing methods
N. Ostrowicki1*, J. Markert1, N. Hanenkamp1
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Erlangen-Nuremberg, Institute for Resource and Energy Efficient Production Systems,
Dr.-Mack-Str. 81, 90762 Fürth, Germany
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Abstract
The objective of this paper is to determine whether it
is possible to compare the lubricating properties of
different Metal working fluids (MWF) for a defined
cutting application using easily reproducible tribological tests. The idea is that this will eventually allow
users of MWF to select the most suitable MWF for a
specific application without the need to run expensive
and time-consuming tests on a machine tool being
unavailable for production during that time. The test
method chosen is the Pin-on-Disc (PoD) test, as there
has been extensive research and an easy setup can

be acquired inexpensively, making it more available
and attractive for potential users. The PoD-tests were
done with two groups of MWF, those for wet machining
and those for minimum quantity lubrication (MQL).
Additionally, the viscosity of the MQL-MWF has been
measured using a capillary viscometer. The evaluation
of the wear on the pins and discs with different measuring devices shows consistent and promising results
for the comparison of MQL-MWF, while the MWF for
wet machining display only limited comparability with
the PoD-setup used.
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Fundamental investigations on the machinability
of additively manufactured multi-materials
T. Kelliger1*, D. Schraknepper1, T. Bergs1,2
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Abstract
Additively manufactured multi-materials promise
unique combinations of different material properties.
However, the machining behavior of these materials
is widely unknown. In this study, fundamental investigations on chip formation and morphology, cutting
force, workpiece temperature after cutting and
surface quality were conducted in orthogonal cutting
experiments. Additively manufactured test specimens
made out of 316L stainless steel processed by Laser
Powder Bed Fusion (LPBF), and the nickel-based alloy
Inconel 718 processed by wire-based Laser Metal
Deposition (LMD-w) were machined. Investigations
were conducted with single- and multi-material

combinations as well as porous 316L material.
Besides, conventional cast material was machined in
order to draw a relative comparison. The results
showed significant changes in chip formation and
cutting forces between cast and additively manufactured materials, especially for Inconel 718. These
differences can be attributed to the changed microstructure and material properties. For two-component multi-materials, the connection area between
the materials acted as a defect only to a limited extent.
It was shown that the main influence evoke from the
cutting direction in relation to the build-up direction
of the specimen.
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Influence of LPBF process parameters on milling
of a maraging tool steel
M. Neuenfeldt1*, F. Zanger1, V. Schulze1
1 Karlsruhe

Institute of Technology (KIT), wbk Institute of Production Science, Karlsruhe, Germany

*Corresponding author; e-mail: manuela.neuenfeldt@kit.edu
Abstract
As the process parameters in the LPBF-process
influence the microstructure, density and hardness
of the produced parts, their influence on the milling
process is suspected. For this reason, the new
maraging tool steel alloy Specialis® has been investigated on its machinability depending on the built
parameters. The influence of the energy density, laser

power and scan speed in the LPBF-process on the
milling process Specialis® is examined. During the
milling process the process forces are measured as
well as the obtained surface roughness. The results
confirm the importance of adjusting the process
parameters in the LPBF-process to the finishing
process.

Keywords
Additive manufacturing; milling; Laser Powder Bed Fusion; maraging steel
FULL PAPER available at: https://www.mmscience.eu/2021148 (MM Science Journal, November 2021)
DOI: 10.17973/MMSJ.2021_11_2021148

30 |

16TH INtERNATIONAL CONFERENCE HSM | 26 – 27/10 2021 | DARMSTADT | GERMANY

Assessment of finish machining and mass finishing
as post-processing methods for
PBF-LB/M-manufactured 316L
C. Fuchs1*, L. Kick1, O. Leprévost1, M. F. Zaeh1
1 Technical

University of Munich, Department of Mechanical Engineering, Institute for Machine Tools and
Industrial Management, Boltzmannstrasse 15, 85748 Garching, Germany
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Abstract
Additive manufacturing techniques are increasingly
used in industry. However, the direct usage of additively manufactured parts is limited due to their relatively low surface quality. Specially to achieve functional surfaces, post-processing has to be carried
out. Post-processing methods include traditional
mechanical cutting processes as well as electrical
and chemical processes. Since previously deposited
material is removed and additional manufacturing
time is necessary, post-processing leads to increased
manufacturing costs. Therefore, if additive manufacturing is to be competitive with traditional manufacturing processes, choosing the correct postprocessing method is vital. Decision parameters, for
example, are the achievable surface quality, the

amount of material removal, and the preservation of
the shape. In this article, the suitability of two traditional manufacturing processes, milling and mass
finishing, as post-processing methods for parts from
316L, manufactured with powder bed fusion using a
laser beam, is described. It is characterized how the
depth of material removal influences the surface
quality. For the milling process, it is determined that
a depth of material removal of 0.2 mm leads to a stable
surface quality. Finally, the processes’ effectiveness
as post-processing methods is assessed by comparing
the achievable surface quality, showing that mass
finishing processes are an economic post-processing
option in specific cases.
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Efficient wire-based Laser Metal Deposition for
large aerostructural titanium parts
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Abstract
Additive manufacturing of large aerostructural titanium parts can enable significant cost reduction, but
it is still a challenge to be solved. The paper presents
the complete development of an additive manufacturing machine tool. The machine tool uses laser
metal wire deposition (LMD) technology in a controlled
atmosphere. The machine tool is the most remarkable

result of a complete methodology, including key
elements such as automatic toolpath generation,
closed-loop process control system and the necessary simulation tools. Finally, the experimental results
of w-LMD deposition and machining of Ti6Al4V components are shown.
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Cutting tools manufactured by SLM additive
manufacturing technology
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Abstract
The manufacture of cutting tools by conventional
methods presents geometrical and mechanical limitations that prevent achieving efficient tooling solutions for some processes. Selective Laser Melting
(SLM) is an additive manufacturing technology that
allows manufacturing 3D metal elements with high
precision. In this study, cutting tools manufactured
combining SLM, machining and finishing techniques

have been compared to conventional ones. This
approach shows important geometric advantages
and allows the use of internal cooling channels in
narrow or difficult-to-reach areas. The article
analyzes the metallography of the novel manufactured
tools and checks whether they meet the mechanical
requirements of a machining process.
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Tribological, heat transfer and machinability
properties of newly developed hybrid lubricoolant
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Abstract
Cryogenic cooling has excellent cooling and poor
lubrication, while minimum quantity lubrication (MQL)
has vice versa. Therefore, biodegradable hybrid lubricooling is getting attention nowadays to achieve
adequate cooling and lubrication for high-speed
machining hard-to-cut materials. In this study,
ethanol, ester oil, and hybrid ethanol-ester oil lubricoolants are biodegradable, eco-benign, and innocuous for operator health. Under the premise of this,
machinability performance measures (temperature,

cutting force, surface integrity, and tool wear) are
evaluated for above-mentioned lubri-coolants. Tribological properties of prepared lubri-coolants evaluated by pin-on-disc tribometer depicted the minimum
force and friction coefficient under hybrid ethanolester oil (1:1), while maximum under dry conditions.
Regarding the machinability of heat-treated Ti-6Al-4V,
lower cutting temperature, superior surface integrity,
and extended tool life were obtained under hybrid
lubri-cooling.
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Machine learning-based identification of energy
efficiency measures for machine tools using load
profiles and machine specific meta-data
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Abstract
Approaches to detect energy efficiency measures are
associated with time consuming analysis requiring
expertise. Against this background, this paper
presents an expert system to identify potentials for
improving the energy efficiency of metal cutting
machine tools based on measurement and meta data
of 35 machines. For this purpose, it is necessary to
determine energy states of machine tools and control

strategies of their support units. Therefore, unsupervised and supervised learning algorithms are applied
and evaluated. Based on energy states, control strategies and descriptive statistics, performance indicators are developed for enabling automatic selection
and prioritization of application-dependent efficiency
measures.
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Investigation of lubricating oils from renewable
resources for cryogenic minimum quantity
lubrication
T. Meier1*, D. Gross1, N. Hanenkamp1
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Abstract
Cryogenic minimum quantity lubrication using liquid
carbon dioxide (CO2) has increasingly become the
focus of research in recent years. With this cooling
strategy it is possible to cool and lubricate the cutting
zone individually by regulating the oil and liquid CO2
flow. The oil used has a significant influence on the
process stability and performance. The aim of this
study is to identify the influence of 15 different base
oils from renewable sources on a milling process of
X2CrNiMo17-12-2 with cryogenic minimum quantity
lubrication. For this purpose, a non additivated
sunflower, coconut and rapeseed oil and additional

bio-based oils, such as synthetic ester and fatty
alcohol, will be tested and compared to a conventional
mineral oil regarding wear, process forces and
productivity. In addition, the impact of the bio-based
oils on rough turning of X2CrNiMo17-12-2 and finishing
turning of 100Cr6 with cryogenic minimum quantity
lubrication is evaluated and compared to the milling
performance. The results have been analyzed in
comparison to conventional emulsion flood cooling
and recommendations have been given for the future
development of sustainable lubricants to be applied
with cryogenic cooling strategy.
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Semi-analytical period-doubling chatter analysis
in thin wall milling
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Abstract
During thin-walled part milling, a dominant flexible
direction perpendicular to the feed motion is most
likely to exist, which allows to formulate the stability
problem in the frequency domain in a very simple
form. By these means, the existence of optimal
engagements under up-milling strategy for achieving
a theoretical infinite Hopf stability have already been
demonstrated. However, period-doubling chatter can
also pose a limit to the productivity in thin wall milling,
but the knowledge on optimal engagements that can
cancel this kind of chatter is inexistent. This paper
discusses the effect of the radial engagement and
number of flutes on flip stability in a dimensionless

way and independent on the system dynamics. Upand down- milling strategies are compared: a larger
period-doubling prevalence is identified in the former,
although in terms of absolute critical depth of cut,
up-milling outperforms down-milling for most of the
practical cases. It is also demonstrated that even
though it is possible to find optimal engagements that
minimize the flip likelihood, it is impossible to totally
cancel the period-doubling chatter by simply tuning
the radial engagement, which leaves the cutter helix
tuning as the only way to eliminate flip chatter. Finally,
the obtained results are validated through semidiscretization simulations.
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Performance of different diamond cutting tools
in face milling of cemented carbide
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Abstract
More and more forming and punching tools as well
as wear parts are made from cemented carbide. The
large variety and the geometry of these components
are often reasons for finish machining by milling, but
the tool wear is very high. For the investigations, end
mills with different diamond material tips or coatings
are used. The cemented carbide specimens exhibit
an average tungsten carbide particle size of 2.5 μm

and the binder material is cobalt with a proportion of
20 %. The cutting parameters are kept constant. For
all tools a surface roughness depth Rz smaller than
1 μm is achieved. The detailed analysis of the tool wear
behaviour and the surfaces allows for an appropriate
selection of the cutting material and contributes to
an increase of the performance of machining
cemented carbides by milling.
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Tool Condition Monitoring and Tool Defect
Detection for end mills based on high-frequency
machine tool data
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Abstract
In the context of increasing digitalization, machine
tools have a decisive impact on the manufacturing of
technically sophisticated products. The resulting
large amount of available data opens up new opportunities for process monitoring and optimization. In
this paper, a new in-process tool condition monitoring
(TCM) approach for end mills is developed. Besides

in-process wear determination, the presented
approach also enables the early detection of tool
manufacturing defects on end mills. By applying
machine learning algorithms, high prediction accuracies can be achieved. The results allow the implementation of an in-process TCM system based on internal
machine tool data.
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Instantaneous parameter identification for
milling force models using Bayesian optimization
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Abstract
The comparison between measured and simulated
machining forces enables the evaluation of workpiece
quality, process stability, and tool wear condition. To
compute the machining forces that occur, mechanistic
cutting force models are typically used. The cutting
force coefficients (CFCs) of mechanistic force models
are directly linked to the mechanics of chip formation
and, thus, depend on the tool-workpiece combination
and on the prevailing cutting conditions. CFCs are
usually identified via the average cutting force identification method, which requires the execution of
cutting tests under defined test conditions. Hence,
determining CFCs for different cutting conditions is

time-consuming and expensive. In this paper, the
performance of an instantaneous CFC identification
approach based on Bayesian Optimization during the
machining of arbitrary workpiece geometries is
studied. Bayesian Optimization is well suited for global
optimization problems with computationally expensive
cost functions. The simulated cutting forces are calculated using a dexel-based cutter workpiece engagement simulation and the actual cutting forces are
measured during the machining process using a
dynamometer. Thus, an efficient identification of CFCs
could be achieved.
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Abstract
Duplex 2205 stainless steel is one of the difficult-tocut materials, currently used in marine industries. In
this work, the combined effect of ultrasonic vibration
and helical milling of the duplex 2205 was investigated
using 2k factorial design of experiments. The effects
of cutting feed, axial depth of cut, cooling regime, and
ultrasonic vibrations on the cutting forces, torque,
and burr height were presented. Ultrasonic vibrations

were found to have a significant effect on decreasing
the resultant forces and the milling torque. Also using
the flood (wet) cooling regime provided a significant
reduction in milling forces and torque while the burr
heights at entry and exit were significantly reduced
by increasing the cutting feed and the axial depth of
cut, respectively.
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Comparison of sprayability and solubility of
bio-based lubricants with liquid carbon dioxide
T. Meier1*, D. Gross1, N. Hanenkamp1
1 University

Erlangen-Nuremberg, Institute for Resource and Energy Efficient Production Systems,
Dr.-Mack-Str. 81, 90762 Fürth, Germany

*Corresponding author; e-mail: trixi.meier@fau.de
Abstract
In recent years, cryogenic minimum quantity lubrication (CMQL) has been established in comparison to
pure cryogenic cooling. The used oil has a crucial
influence on the success of the technology. The aim
of this study is to investigate the influence of oils from
renewable resources with regard to their miscibility
with carbon dioxide (CO2) and their spraying behavior.
Ten different bio-based oils (synthetic ester, natural
ester and fatty alcohol) have been examined regarding
their suitability for CMQL compared to a conventional
mineral hydrocrack oil. A validation based on sprayability and solubility properties with liquid CO2 has
been performed. The sprayability and the resulting

oil droplet size have an impact on the amount of oil
entering the process zone and thus on the lubrication
performance of the coolant concept. For this reason,
a high-speed camera has been used to capture
shadow images of the jet from an external cooling
nozzle. In addition, the width, intensity and uniformity
of the oil application were evaluated. The solubility of
the bio-based oils in CO2 is investigated in a static
mixing chamber with varied mixing ratio. The miscibility of the bio-based oils in a single channel supply
system was investigated with high-speed recordings
of a dynamic mixing chamber. The results of the
various experimental setups have been compared.
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Abstract
The ongoing climate change and increasingly strict
climate goals of the European Union demand decisive
action in all sectors. Especially in manufacturing
industry, demand response measures have a high
potential to balance the industrial electricity consumption with the increasingly volatile electricity supply
from renewable sources. This work aims to develop
a method to forecast the electrical energy demand of
metal cutting machine tools as a necessary input for
implementing demand response measures in factories. Building on the results of a previous study, long
short-term memory networks (LSTM) and convolu-

tional neural networks (CNN) are examined in their
performance for forecasting the electric load of a
machine tool for a 100 second time horizon. The
results show that especially the combination of CNN
and LSTM in a deep learning approach generates
accurate and robust time series forecasts with
reduced feature preparation effort. To further improve
the forecasting accuracy, different network architectures including an attention mechanism for the LSTMs
and different hyperparameter combinations are
evaluated. The results are validated on real production
data obtained in the ETA Research Factory.
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Production of individualised multi-material
components using a robot-based process chain
M. Albergt1*, M. David1, M. DroSS1, A.-K. Reichler1, H.-W. Hoffmeister1, K. Dröder1
1 TU

Braunschweig, Institut für Werkzeugmaschinen und Fertigungstechnik, Braunschweig, Deutschland

*Corresponding author; e-mail: m.albergt@tu-braunschweig.de
Abstract
The production of individual work pieces in small to
medium batch sizes requires an adaptation of the
manufacturing strategy. Particularly, the manufacturing of multi-material components out of metal and
plastic is characterized by high production costs as
well as high production times. To resolve this challenge, a new, modular process chain for the production of these structures in a single manufacturing cell
was developed. In this cell, a robot manufactures
multi-material components with multiple end-effectors in several successive process steps. In the first
step, interlocking structures are manufactured on a
metal part by a surface structuring tool. Afterwards,
an extruder is used to add a thermoplastic onto the

structured metal part. Due to mechanical interlocking
effects, the applied thermoplastic shows improved
adhesion behavior. A study was conducted to analyze
the achievable joint strength of the additive material
application onto the structured metal samples. Investigations to determine the achievable manufacturing
quality of a robot guided milling process for multimaterial parts have been carried out. A recently developed suction hood is used to capture the metal and
plastic chips. In this paper, the results regarding the
efficiency of the individual end-effectors, including
the extraction hood, are presented and it is demonstrated how they interact within the robot-based
process chain.
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Abstract
The production of shape accurate forming dies in the
toolmaking industry requires a high degree of manual
labour. To achieve a higher level of automation,
machine-based approaches are necessary. Therefore,
robot-based milling experiments of difficult-tomachine cold work steel 1.2379 are carried out. This
paper presents an experimental study of different
path strategies using an industrial robot to mill
example geometries of a forming die. Starting with
preliminary tests to determine the best possible
process and machining parameters, a conventional

machining process strategy follows as a reference.
Based on the findings two different strategies are
derived: additional tool inclination and the avoidance
of circular movements that are eventually joined and
regarded in combination. Four different path strategies are carried out to determine the influence on
form deviation in a CNC-like multi-step material
removal process. Results are analysed and discussed
regarding geometric fidelity and cutting moments of
the example geometries.
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Method for safe experimental testing of machine
tool usable spindle power
P. Kolar1*, M. Janota2, J. Sveda1, T. Kozlok3
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Abstract
The regenerative chatter during milling is a consequence of the machine tool dynamic compliance and
the specific setting of the cutting process. The basic
request on the machine structure is to enable a stable
cut with dominant portion of the installed spindle
power. In order to improve the dynamic properties of
newly-designed machine tools, the machine tool
structures are optimized using various advanced
simulation methods and are made of various advanced
materials. The final design should be tested experimentally. The test of usable spindle power provides
important feedback on the machine tool design. The
testing of large machine tools is time consuming due
to the significantly varying machine dynamic compliance dependent on the working space. Due to the
installed high power and large diameter tools used,
the occurrence of chatter might be dangerous with a
high risk of machine tool damage. The article presents

a method for the safe and time-effective experimental
testing of the machine tool usable spindle power. The
method is based on the experimental identification of
the cutting force coefficients and the experimental
identification of machine tool behavior with the
support of extrapolation models based on identified
experimental data. The dynamic compliance is measured within a rough network of measurement points
in the machine working space. The measured dynamic
compliance results are characterized by a model
based on modal identification data. Only a few cutting
tests are done for the cutting force coefficient identification. Finally, a map of the usable spindle power
is calculated. This approach makes it possible to
calculate the results with respect to the real machining
process and the current machine tool conditions
across the whole working space in an acceptable time.
The approach is demonstrated on a real case study.
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Abstract
Chatter vibrations during machining operations are
large-amplitude self-excited vibrations, which result
in the loss of physical contact between the workpiece
and the tool. This paper presents an electric contact
sensor, which is used to detect the cutting and noncutting periods during the operation. The spectrum of
the signal of the electric contact sensor is free from

environmental noise and can be used to select the
chatter frequencies as the boundary of stability is
approached. The detection is automatic with the use
of an analog phototransistor that helps the timeperiodic sectioning of the measured signals. The
presented approach makes chatter detection possible
before harmful vibrations arise.
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Static stiffness analysis of an electronically
preloaded rack and pinion feed drive system
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Abstract
Rack and pinion feed drives are usually selected for
large machine tools with long traveling distances as
the stiffness of the rack and pinion mechanism is not
influenced by the axis stroke. In order to overcome
the existing backlash between the pinion and the rack,
two pinions are usually used and an electronic preload
is generated by the CNC controller. The commissioned
preload value not only influences the acceleration

capacity, but also the stiffness behavior of the feed
drive as demonstrated in this paper. A coupled masterslave controlled rack and pinion model is developed,
where required parameters are obtained by experimental characterization. Static stiffness measurements obtained on a large machine tool with different
electronic preload levels validate the proposed model.
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Experimental study on tilting stiffness of oil
hydrostatic shallow recess thrust bearings
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Abstract
Circular shallow recess bearings generate a not rotationally symmetrical pressure profile if they are not
aligned parallel. The throttling effect of the shallow
recess makes this response possible. Furthermore,
the generated pressure profile acts against the tilting.
As a result, a shallow recess bearing generates a
tilting stiffness. This article outlines an experimental

approach to characterize the tilting stiffness of an oil
hydrostatic shallow recess thrust bearing with micro
step and gap height. For this purpose, we developed
a small test bench. The measured tilting stiffnesses
are compared with a numerical solution based on the
2D-Reynolds equation.
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Frictional force modeling of a machine tool feed
drive telescopic cover
J. Ferkl1*, L. Novotný1, Š. Fiala1, P. Kolář1, M. Rytíř1
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Technical University in Prague, Faculty of Mechanical Engineering, Department of Production
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*Corresponding author; e-mail: j.ferkl@rcmt.cvut.cz
Abstract
Telescopic covers are components which can have a
potentially large impact on machine tool feed drive
capabilities. Frictional force modelling is a wellestablished field of interest in which many approaches
and challenges have been identified. This paper
addresses frictional force modelling of machine tool
feed drive telescopic covers. A sequential assembly
approach and control system data acquisition are

used for friction model parameter estimation and
verification. Models of telescopic covers may be used
in virtual machine tools. Furthermore, feed drive
accuracy and dynamics may be enhanced by compensation of frictional forces in the control system. Other
possible applications include component commissioning during machine tool assembly and predictive
maintenance.
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Abstract
This paper presents a further elaboration of the use
of the digital twin concept in digital machining. The
main goal of the research is an attempt to combine
digital representations of different objects involved in
the machining process in a holistic manner. Digital
twins of the in-process workpiece, cutting tool,
clamping, and machine tool along with the process
twin are connected in a framework in which all these
elements can influence each other. The framework
shows different levels of integration of different digital
twins and practical recommendation on the implementation. Besides, the framework supports a simu-

lation layer that provides data for the intensity of the
interaction. Such interactions can result in, for
instance, cascading calculations of cutter workpiece
engagement, cutting forces, tool wear, tool deflection,
chatter, and so on. Eventually, a design for a software
mockup was elaborated to present the developed
framework. The entire workflow to simulate part
machining in such a digital representation can be used
as an ultimate tool for CAM simulation and NC verification within the Zero Defect Manufacturing paradigm.
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Fingerprint: Machine tool condition monitoring
approach for zero defect manufacturing
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Abstract
Manufacturing process monitoring is showing great
advances thanks to increasing sensor availability and
the development of edge to cloud IoT systems.
However, the application of this technology in industry
is slowed down due to cyber security policies, the
coexistence of old manufacturing systems, with
limited monitoring capabilities, with newer and fully
monitored ones, and the lack of application-oriented

functionalities. In this paper, a fast and automated
machine tool characterization procedure, called
Fingerprint, is presented, that allows determining
useful Key Performance Indicators of the status of
machine tools based on IoT technologies. The paper
also presents the implementation of this technology
in industrial environment.
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Polygonal errors in thin-walled medium-size
casings due to lap-flanges and isogrid milling
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1 University
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Abstract
Turbomachinery components commonly present low
stiffness with thin-walled sections and axisymmetric
shape. In casing low-angles, tapered sections are
also common on the surfaces. Additionally, flanges
are used to joint turbine or compressor stages. These
flanges are milled in a wave-like shape due to the
weight reduction and assembly requirements. Waves

are produced by milling, in a peripheral way, using
carbide tools. When the alloy material is milled, the
flange rings weaken and a general relaxation occurs.
Thus, a polygonal pattern appears. Distortion effects
generated in the isogrid are also found out. Only
another perfect ring makes the part stiff again.
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Identification of the root cause of surface
topography inaccuracies by means of process
monitoring: Industrial examples
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1 Ideko,

Dynamics and Control, Elgoibar, Spain
of the Basque Country, Department of Mechanical Engineering, Bilbao, Spain

2 University
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Abstract
The surfaces of machined workpieces contain the
signature of the manufacturing process. Indeed, the
surface inaccuracies can be related to process
parameters and machine vibrations. This paper aims
at using process monitoring to identify the origin of
surface topography defects. Thus, vibration and other
process parameter measurements are correlated
with profile measurements to establish the relationship between vibrations and surface topography for
various process conditions. As each machine and
process anomaly is reflected differently in the time

and frequency domain, different analyses are applied
both to temporal signals such as vibrations and to
geometric signals obtained from the micro-geometry
of the workpiece. Experimental results validate the
diagnostic method and verify that the procedure is
effective for the identification of topography defects
originated not only from chatter vibrations but also
from forced vibration coming from the kinematical
chain (unbalance, beating...). The diagnostic method
is successfully applied in various machining operations such as turning and grinding.
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Influence of micro-holes on rake face of the
carbide insert on machining performance
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Abstract
The performance of the PVD coated carbide insert
with micro-holes is experimentally compared with
that of the conventional inserts while machining
Inconel 718 under Dry and MQL condition (Canola Oil,
0.25% Gr with Canola Oil). The machining performance of textured tool is found to be relatively good
when compared to untextured tool in terms of the

cutting force, surface roughness, flank wear and
crater wear occurred on the cutting inserts. It is being
inferred that Canola oil with 0.25% Gr-nanoparticle
has improved the cutting force by 17.39%, decreased
the flank wear and surface roughness by 20% and
36.23% respectively while machining with the textured
tool.
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Performance evaluation of (AlCrN) PVD coated cBN
inserts on machining of Inconel 718
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Abstract
This research work focuses on the experimental investigations conducted using uncoated cBN tool and
(AlCrN) PVD Coated cBN tool for turning Inconel 718.
Two different sets of experiments – one with uncoated
cBN and another with coated cBN inserts were
conducted considering three different levels of cutting

speeds, feed rates and depth of cuts. The performance
of the coated cBN over the uncoated inserts were
evaluated and it was found that the AlCrN coated cBN
inserts can produce 10-12% drop in the cutting force,
15% reduction in the flank wear and 10% reduction in
the surface roughness.
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Cryogenic milling of metastable austenitic
stainless steel AISI 347
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Abstract
The metastable austenitic stainless steel AISI 347
offers the possibility to induce a phase transformation
from γ-austenite to ε- and α’-martensite when
machining. This knowledge is well understood during
cryogenic turning and was already applied to improve
the surface morphology of metastable austenitic steel.
However, the potential of this in-process hardening

method is so far limited to rotationally symmetrical
components. The aim of this study is to investigate
deformation induced phase transformation during
cryogenic milling, aiming at an improved surface
morphology and at the resulting beneficial surface
properties of the workpiece for parts with complex
geometries.
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Experimental analysis of the etching process for
validation of non-conventional slot machining in
aero engine component manufacturing
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Abstract
To fulfill service life and integrity requirements when
using a non-conventional process in aerospace
industry, a comprehensive validation needs to be
carried out. According to the state of the art, the
characteristically resulting recast layer of wire electrical discharge machining (WEDM) can be reduced
to a few microns. To meet existing requirements for
eliminating the recast layer, it is essential for valida-

tion to consider the complete process chain consisting
of WEDM and the subsequent processes. In this paper,
the subsequent process etching in series production
is investigated with regard to its suitability for the
removal of the white brittle surface layer without
leaving any residues. By using a Design of Experiment
approach, the residue-free removal of the recast layer
by electrolytic etching is investigated.
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Numerical methods for the simulation of
segmented chips and experimental validation in
machining of Ti-6Al-4V
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Abstract
The simulation of machining processes holds the
opportunity for process improvement on many levels.
Possible benefits that can be derived from accurate
representations of the real processes on the tool from
simulations include a prediction of tool wear, the shape
of the chips produced, the forces, frictions and
temperatures that arise and the residual stresses in
the workpiece. These predictions can be used to
improve the process in terms of its economic and
ecological behaviour: Increasing the service life of the
tools used through an improved understanding of the
tool-workpiece interaction. The finite element method
(FEM), among others, has emerged as a common

method for simulating these processes. When simulating machining processes using FEM, a major challenge is to avoid or compensate for the mesh distortions caused by the massive, fast-moving deformation
processes, but at the same time to allow the mesh to
be discretised in some way to ensure chip removal.
To this end, various approaches will be presented in
the course of this work and the mesh-based
approaches will be explored in depth. Among other
things, a remeshing approach for these investigations
was developed. The machining of TI6AL4V is used to
illustrate these approaches, as its tendency to form
segmented chips is particularly challenging to model.
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Modelling of process forces for complex
multiaxial turning processes
B. Denkena1, A. Krödel1, L. Ellersiek1, F. Zender1*
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Germany

*Corresponding author; e-mail: zender@ifw.uni-hannover.de
Abstract
Increasing demands regarding productivity and
component quality are a major challenge in turning.
To meet these demands, complex multiaxial turning
processes like enhanced variants of the trochoidal
turning processes are increasingly used. For these
processes, the tool path is optimized to achieve advantageous cutting conditions and thus higher productivity. However, the process forces and their relations
to the process parameters for these processes are
currently unknown, which complicates the process
design and calculation of required clamping forces.

This paper presents a simulation based approach to
estimate the process forces of complex multiaxial
turning processes. Therefore, a dexel based material
removal simulation is used to calculate the chip
parameters, e.g. undeformed chip thickness, and the
chip cross-sectional area. On this basis, the process
forces are modelled as a function of the undeformed
chip thickness and undeformed chip width. By this,
the force model is parameterized and the calculated
process forces are validated by comparison with
process force measurements.

Keywords
process forces; turning; dexel model; material removal simulation
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Influence of contour radius and fiber orientation
on heat accumulation during machining of
unidirectional CFRP
J. Mehnen1*, W. Hintze1, M. Köppe1
1 Hamburg

University of Technology, Institute of Production Management and Technology, Hamburg, Germany

*Corresponding author; e-mail: jan.mehnen@tuhh.de
Abstract
The production of carbon fiber reinforced plastic
(CFRP) parts requires edge trimming after primary
shaping. Heat accumulates in convex workpiece
sections, leading to increased temperatures
compared to straight edges, possibly compromising
the material. Existing analytical models assume
constant thermal conditions and are therefore unable
to calculate temperature fields of curved workpiece

contours. Accordingly, a numerical simulation for
straight contours was extended to convex geometry
sections with different radii. The paper outlines this
temperature simulation and presents results for
various radii and fiber orientations when machining
unidirectional CFRP. Temperature measurements
during milling of unidirectional CFRP are used to
calibrate the simulation.

Keywords
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Multi-phase simulation of the liquid coolant flow
around rotating cutting tool
L. Topinka1*, M. Bräunig1, J. Regel1, M. Putz1,2, M. Dix1,2
1 Chemnitz

Germany

University of Technology, Institute for Machine Tools and Production Processes (IWP), Chemnitz,

2 Fraunhofer

Institute for Machine Tools and Forming Technology IWU, Germany

*Corresponding author; e-mail: lukas.topinka@mb.tu-chemnitz.de
Abstract
The heat generated during the cutting processes
significantly influences the manufacturing accuracy.
For many machining tasks, the use of cooling lubricant
is essential to achieve the necessary cooling and
lubricating effect in the cutting zone. A reduction of a
coolant supply due to resource-efficient or ecological
efforts has an impact on the temperature field in the
cutting tool and clamping system, which affects the
thermal behavior of the frame structure and can
cause its thermo-elastic deformations leading to

machining inaccuracies. In this paper, the multi-phase
CFD model for simulation of liquid coolant flow around
the cutting tool was developed. The effect of rotation
of the cutting tool causing turbulences was taken into
account and the simulation of coolant flow was based
in Eulerian approach as a continuous flow. Furthermore, this paper considers the modification of the
simulation model for thermal simulations of the influence of coolant flow on the temperature field of the
cutting tool and clamping system.
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CAD-based path planning for line laser scanning
of curved surface
W. Guo1*, Z. Zhao1, D. Ding1, Y. Fu1
1 Nanjing

University of Aeronautics and Astronautics, College of Mechanical and Electrical Engineering,
Nanjing, China

*Corresponding author; e-mail: zhengcaizhao@nuaa.edu.cn
Abstract
On-machine measurement by a line laser scanner
has a great potential in machining large complex
components in aerospace and automation applications. This paper proposes a novel approach for path
planning of measuring curved surfaces in a 5-axis
machine tool, which takes scanning overlap, visual
angle, and working distance into consideration. A
conformal mapping algorithm is employed to trans-

form a three-dimensional (3D) mesh surface to a 2D
parametric plane. The shortest equidistant paths
calculated in the 2D plane are transformed into
smooth collision-free scanning paths in the 3D
surface. The experiments verify that this method can
improve the efficiency by 21.4% and the accuracy by
24.9%.
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Control strategies for a gantry stage equipped
with flexible joints using frequency response
methods
P. Pöhlmann1*, M. Merx1, J. Müller1, S. Ihlenfeldt1,2
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Institute for Machine Tools and Forming Technology IWU, Dresden, Germany

2 Fraunhofer

*Corresponding author; e-mail: patrick.poehlmann@tu-dresden.de
Abstract
Gantry stages, consisting of two parallel acting drives,
are a well-known example, where a significant interaction between all control systems’ in- and outputs
is present due to structural coupling. Stability issues
and therefore the limitation of the bandwidth of the
position control can be a consequence of this effect.
The adjustment of the systems mechanical properties
using compliant joints, as well as the implementation

of centralised control strategies are two possible
approaches to overcome these issues and to improve
the dynamic and static behaviour of the stage.
Frequency domain methods for multivariable systems
are used for controller tuning to consider properties
like the controls’ time delay and high frequency
mechanical eigenmodes, which are hard to model
otherwise.

Keywords
gantry stage; linear direct drive; compliant joints; frequency domain
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dPart – A Digital Twin framework for the
machining domain
P. Ganser1*, T. Venek1, V. Rudel1, T. Bergs1,2
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for Machine Tools and Production Engineering (WZL) of RWTH Aachen University, Aachen, Germany

*Corresponding author; e-mail: philipp.ganser@ipt.fraunhofer.de
Abstract
Todays’ heterogeneous manufacturing environments
and isolated manufacturing elements hinder the
realization of a complete and data consistent digital
twin. Against this background, an increased connectivity based on the Industrial Internet of Things (IIoT)
might be the future key enabler for the digital twin.
However, it requires each domain to transfer, rearrange and rethink their individual data solutions in a

framework that is IIoT-ready. This paper presents an
IIoT-based implementation of a digital twin framework
for machining, enabling the creation of a complete
and data consistent digital twin throughout process
planning, manufacturing and quality assurance.
Different use cases are introduced based on the
example of a blade integrated disk for modern
turbofan engines.
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Digitalization, Digital Twin, Industrial Internet of Things, Machining, Milling, Turning
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Simulation on microstructure evolution of
machined surface of titanium by laser-assisted
machining
B. B. Xu1,2, J. Zhang1,2*, H. X. Guo1,2, X. Liu1,2, W. H. Zhao1,2
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Republic of China
Jiaotong University, School of Mechanical Engineering, Xi’an, People’s Republic of China

2 Xi’an

*Corresponding author; e-mail: junzhang@xjtu.edu.cn
Abstract
Under the effect of the laser heat-affected-zone (HAZ),
the microstructure of the machined surface in laserassisted machining (LAM) differs from the conventional machining (CM), which affects the surface
properties of components. Cellular automata (CA)
method is considered to be a more effective way to
simulate the microstructure evolution process of
materials, which is difficult in traditional finite element
cutting simulation. In this study, considering the
significant effect of laser thermal effect on dynamic

recrystallization (DRX) of materials, the CA method
is adopted to simulate the microstructure evolution
process of the machined surface during LAM titanium
alloy. The microstructure and grain size of the
machined surface are predicted and the physical
mechanism of microstructure evolution is also
analyzed. The results show that different processing
parameters affect the degree of grain refinement of
the machined surface.
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Laser-assisted machining; Cellular automata; Microstructure evolution; Titanium; Machined surface
FULL PAPER available as PDF
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Effects of constitutive model parameters on
finite element simulation process for hard
milling of AISI H13 steel
S. Zhang1,2*, B. Li1,2, J. Li1,2, J. Man1,2
1 Shandong

University, School of Mechanical Engineering, Key Laboratory of High Efficiency and Clean
Mechanical Manufacture of Ministry of Education, Jinan, China
University, Key National Demonstration Center for Experimental Mechanical Engineering
Education, Jinan, China

2 Shandong

*Corresponding author; e-mail: zhangsong@sdu.edu.cn
Abstract
During the metal cutting process, finite element (FE)
simulation has been acknowledged as an efficient way
to provide designers more in-depth understanding.
Furthermore, constitutive model parameters of the
experimental material play a crucial role in determining the accuracy of FE simulation results. In this
study, three different sets of Johnson-Cook (J-C)
constitutive model parameters (A, B, n, c, and m) in
literature were chosen to investigate the influence on
numerical modeling for hard milling of AISI H13 steel.
Hard milling experiment was conducted to compare
the simulation results obtained by varying constitutive
model parameters concerning chip morphology,

cutting force, and cutting temperature. The parameter
A has a significant influence on chip morphology and
cutting force compared to other parameters, while
the parameter m shows little impact on cutting
temperature variation. The comparison between
experimental and predicted results indicates that the
considered machining outputs are sensitive to adopted
constitutive model parameters, in particular the chip
morphology. Based on the analysis, it can be
confirmed that constitutive model parameters calibration in advance is a necessary procedure before
applying it to metal machining simulation.
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Parametric study of an empirical material
behavior law in orthogonal cutting simulations
of Ti-6Al-4V alloy
P. Limje1*, M. Calamaz1, D. Coupard1, M. Cherif1
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*Corresponding author; e-mail: preshit.limje@ensam.eu
Abstract
Finite element modelling of the cutting process
requires a material behavior law adapted to the severe
thermo-mechanical conditions, induced by the metal
cutting process. The choice of the model and the
identification of the numerous parameters for a given
machined material remains a key issue. This paper
focuses on a modified Johnson-Cook law (MJC). The

parametric study of various constants of the MJC law
with respect to stress-strain curves and chip
morphology at low cutting speed is considered. The
study first presents the influence of some parameters
on numerical results and then compares it with
experimental tests conducted on Ti6Al4V alloy at low
cutting speeds.

Keywords
Finite element modelling; Orthogonal cutting; Segmented chip morphology; Ti6Al4V
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The impact of key temperature measuring points
on thermal error compensation model transfer
between milling centers of the same product line
M. Straka1, M. Mareš1*, O. Horejš1
1 Czech

Technical University in Prague, Faculty of Mechanical Engineering, Department of Production
Machines and Equipment, RCMT, Horská 3, 128 00 Prague, Czech Republic

*Corresponding author; e-mail: m.mares@rcmt.cvut.cz
Abstract
Machine tool thermal errors are an important element
in machined workpiece inaccuracies. In the past few
decades, thermal errors have been successfully
reduced by software compensation techniques such
as multiple linear regression analysis, finite element
method, neural network and transfer function (TF). A
phenomenological approach based on TFs is used for
thermal error compensation in this research. This
approach respects basic heat transfer mechanisms
in the MT structure and requires a minimum of additional gauges. Every MT is unique due to manufacturing inaccuracies in components, assembly

processes (different preloads in bolts, deviations in
the assembly and seating of components, etc.) or
working environment (air-conditioned room or ordinary production hall). The aim of this paper is to investigate thermal error compensation model transfer
between machines of the same product line to improve
thermal error model prediction. Several milling
centers of the same product line were tested with
varying non-stationary activities of heat sources from
linear axis movements and in varying working environments. The issue of key temperature point selection
is considered.
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Machine data-based prediction of blisk blade
geometry characteristics
A. Ernst1*, M. Weigold2
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*Corresponding author; e-mail: alexander.ernst@rolls-royce.com
Abstract
The increasing availability of data recording solutions
in the field of machining in combination with major
developments in Machine Learning and Artificial Intelligence enable new approaches towards optimization
in the industrial environment. In the aviation industry,
critical components must fulfil extremely high quality
standards. This requires a stable and error-free
manufacturing process, as well as an extensive
geometrical compliance, what is until now verified by
long-lasting coordinate measuring machine (CMM)

inspection. This publication shows how machine data
analysis can contribute to reduce CMM measurement
effort and thus decrease component cycle time. For
this purpose, production machine data from an
aircraft engine Inconel compressor blisk blade 5-axis
milling operation was recorded and analysed by
subsequent application of machine learning algorithms to predict the geometric measurement characteristics.
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Development of a measuring and control unit for
an intelligent adjustment of process parameters
in sawing
F. Schreiner1*, B. Thorenz1, J. Schmidt1, M. Friedrich1, F. Döpper1,2
1 University

of Bayreuth, Chair Manufacturing and Remanufacturing Technology, Bayreuth, Germany
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*Corresponding author; e-mail: florian.schreiner@uni-bayreuth.de
Abstract
Sawing frozen wood differs significantly from sawing
unfrozen wood. Temperatures below zero degrees
result in an increasing hardness of wood, rising
cutting forces and a progression of tool wear. Currently,
the adaption of process parameters due to different
wood temperatures is based on operator experience,
leading to overloaded saw blades, hence causing

considerable economic damage by increasing production downtime. This paper presents the development
of a measuring and control unit featuring an integrated
database of processing values enabling operators to
use most suitable process parameters, thus extending
the service life of circular saw blades and increasing
the performance of sawmills.
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Depth of cut identification in 3-axis milling using
cutting force spectrum
L. Morelli1*, N. Grossi1, A. Scippa1, G. Campatelli1
1 University

of Firenze, Department of Industrial Engineering, Via di Santa Marta 3, 50139, Firenze, Italy

*Corresponding author; e-mail: lorenzo.morelli@unifi.it
Abstract
Cutting forces analysis is one of the most important
means of improving machining quality and productivity. In 3-axis milling, the frequency domain analysis
of the cutting forces provides information which can
be adopted for both predicting and monitoring the
cutting process. However, the evaluation of the cutting
forces spectra requires the application of specific
tools (i.e., Fourier’s Transform) to the time domain
representation of the same cutting forces. This paper
presents analytical formulations to directly evaluate
the cutting force spectra starting from the tool geometry and the cutting parameters. The proposed formu-

lations start from the expression of the cutting forces
as a Fourier series and enhance the predictions
showed in previous works by reducing the overall
number of calculations needed. Then, the proposed
formulations are applied to identify both radial and
axial depths of cut exploiting the normalized cutting
force spectrum. Finally, the proposed formulations
and their application were numerically and experimentally validated. This work represents a preliminary step in the development of a monitoring system
to identify cutting conditions in 3-axis milling.
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DAMAGE EVALUATION IN CFRP MACHINING BY DIGITAL IMAGE
PROCESSING
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Abstract
Carbon fibre-reinforced polymer (CFRP) composites are prominent materials used in aerospace, marine,
sports and recreation industries. Despite the excellent mechanical properties, CFRP is highly prone to
machining induced damages such as delamination, peel-up and fiber pull-out under high local stress
concentration. Such issues lead to undesirable defects that degrade the part quality. Achieving the highquality requirements in machining of composite parts is a key challenge for the composite manufacturing
industries, which requires damage minimization and adequate methodologies to assess resulting part
quality. In-process detection of anomalies in composite machining is crucial, which is also along with the
industry V4.0 aims. In this study, digital image processing-based assessment technique is proposed to
measure delamination factor (Fda) and dimensional quality of the generated features by machining. The
proposed technique relies on morphological trajectory model in which the morphological filter is divided
into a sequence of basic image processing operations. Dilation and erosion-like trajectory-based
morphological operations are defined from the instant basic operations. Different structuring elements
can be used with this approach and can be easily applied to industrial systems. The proposed approach
was demonstrated on representative hole drilling and edge trimming operations.
Keywords:
Digital Image Processing; Composite Materials; Delamination

1 INTRODUCTION
In the last decades, the demand for fiber reinforced
composites such as CFRP and GFRP (glass fibre) is
increasing. Fiber reinforced polymer (FRP) is a composite
material formed by a combination of fiber reinforcement and
matrix in which strong but brittle fiber provides high strength
while the matrix phase reduces stress concentration and
absorbs energy [Singh 2013]. Fibre reinforced composites
have superior mechanical properties such as high strengthto-weight ratio, stiffness-to-weight ratio, fracture toughness
and corrosion resistance. due to these advantages fibre
reinforced composites are widely used in extensive
applications and various manufacturing sectors such as
aeronautics, aero- space, marine, automobile, medical
service, chemical processing equipment, sporting goods,
wind turbine blade, defense, and transportation sectors.
In general, composites are manufactured to near-net-shape
where additional machining operations such as drilling, or
contour milling are often required. As a critical final
manufacturing process, drilling process is widely used for
producing riveted and bolted joints for fastening the
composite structure to other parts.

drilling operations. Although some special nonconventional hole- making processes, such as waterjet,
laser and electro- erosion have been appropriately
industrialized for composite laminates, the conventional
mechanical drilling with drilling tools remains the most
common method for drilling holes in composite laminates.
[Sorrentino 2018] in machining of fiber reinforced
composites there are unique challenges due to the
anisotropic material properties. Machining induced
damages such as delamination, hole shrinkage and fiber
pull-out usually occur when the stress induced in the layers
of laminate exceed the interlaminar strength. Delamination
is the principal damage type observed in machining of
composite materials, which deteriorates structural integrity.
It is known that delamination and microcracking significantly
reduce theperformance of composite materials and the inservice behavior of assembly parts, whereas drilling
induced delamination not only reduces the surface finish
and assembly tolerance but also affects the strength
characteristics of the hole against fatigue [Khashaba 2004].
Hence, drilling induced delamination is known as one of the
most critical damage resulting in heavy losses in the
industry [Fleischer 2018]. In the past decade, the rejected
parts made of composite laminates during the final
assembly due to drilling induced delamination damage was

It was reported that 40% of the material removal
process inaerospace industry is done by conventional
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significantly high. Furthermore, It is also reported that even
with the recent emergence of delamination repair
technology repairing a fastening hole with drilling induced
delamination can take 5 to 6 hours while it takes only 10 to
15 min to repair an oversized oval hole in airplane
assembly even with the recent emergence of delamination
repair technology [Zarate 2014]. Therefore, in the past
decades, substantial research efforts have beenconducted
on the drilling induced delamination.
The influence factors such as tool geometry and machining
parameters on delamination have been studied by several
researchers. Davim and Pedro compared the influence of
different drill geometries on the delamination of hand lay-up
carbon fiber reinforced plastic (CFRP) laminates [Davim
2003]. Campos discussed about performance of high
speed machining of glass/epoxy composite material with
minimal damage [Compos 2008].
[Gaitonde, 2008] worked on high-speed drilling of carbon
fiber reinforced plastics (CFRP). They developed an
expression for delamination factor to represent it as a
second order non-linear regression model based on
response surface methodology (RSM).
For delamination control, the evaluation of drilling induced
delamination has a great importance. The conventional and
most used delamination factor (fd) is proposed by Chen. It
is defined as the ratio of the maximum diameter of
delamination are (dmax) to the nominal diameter of hole
(dnom) [Chen 1997]. When delamination geometry
possesses a regular pattern, the conventional delamination
factor presents satisfactory results. However, drilling CFRP
might result in presenting irregular form and due to the lack
of indication of delamination area, the conventional
delamination factor might not be appropriate.
Silva (2013) proposed an assessment method named
minimum delamination factor where the delamination factor
is the ratio of the diameter of minimum delamination area
(dmin) to the nominal diameter of hole (d) [silva 2013]. This
method is useful when the delamination area does not
locate around the drilled hole uniformly, however the
damage area contribution in the delamination assessment,
was ignored. Faraz (2009) proposed a two-dimensional
delamination factor (fa). It is represented as a percentage
and defined as the ratio of the delamination area (ad) to the
nominal hole area (anom) [Faraz 2009]. Although a
comprehensive assessment of the contributions of
damaged area and cracks on delamination is still difficult to
analyze the drilling induced delamination and control the
process, presented delamination factors are widely used.
Furthermore, these methods might not reflect the extent of
the severity of different delamination elements such as
delamination area, delamination depth, fiber pull out length
and width.
Several techniques have been employed to measure
delamination after drilling composites, such as shop
microscope, c-can, optical microscopy and digital
photography. A quantitative evaluation is required to assess
the effect of both the principal cutting parameters and the
geometry of the drill [Capello 2004], [Hocheng 2005].
X-ray CT scan be used in three-dimensional nondestructive testing for the delamination damages in
CFRP. However it is unattractive for industry due to
high cost, time consuming and size limitations. C-

scan method is a delamination detection technique with high
detection accuracy and ability of detecting the inner
delamination inside the CFRP. Gao and Kim present a
comparative study based on destructive andnon-destructive
evaluation techniques for characterizing the damage in
carbon fibre reinforced composites. They concluded that
visual inspection has a considerable drawback associated
to the difficulty in accurately obtaining the profile of the
damage [Gao 1999].
The delamination geometry at the entrance and the exit side
of the workpiece is well known. However, delamination
propagation in edge milling of the top layer and the
geometrical errors are not extensively considered in the
scientific literature [Hintze 2011]. Most of the studies deal
with damage of the inner laminate plies at the machined
surface. In this study, a digital image processing-based
approach is proposed to identify and quantify fiberpull out
delamination and the geometrical accuracy for composite
machining. The proposed approach is experimentally
identified on edge trimming and milling of CFRP materials.
Henceforth, the manuscript is organized as follows;
damages in CFRP machining are discussed in section 2,
which is followed by the explanation of the imageprocessing based approach proposed in this study. The
experimental implementation is given in section 4 and
conclusions are derived in section 5.
2 DAMAGES IN CFRP MACHINING
Delamination size, shape and severity highly affects the
performance of composite materials and the behaviour of
assembled parts. In this section, delamination mechanism,
peel-up, push-out and machining induced errors are
presented.
2.1 DELAMINATION MECHANISM
Peel-up delamination is generally used to refer the hole
entry delamination while push-out delamination is used to
refer the hole exist delamination. A peeling force is
generated in the drill flute when the cutting edges of twist
drill contact with the composite material. The top plies are
separated by the peeling force and peel-up delamination
occurs. In addition, due to the cutting conditions, the fibres
on the top plies might not be cut properly.

a)

b)

c)

Fig. 1 Damages in CFRP machining: a) Peel-up b) Push- out
(c) Part and tool engagement in milling
During the drilling process, thickness of the composite
material decreases, and the machining area starts to bend.
When the drill approaches the hole exist side the uncut plies
beneath the drill become more sensitive to deformation in
the bending area. At the end of the drilling operation, when
the interlayer stress exceeds the interlayer bondingstrength
of the composite material, push-out delamination occurs
[Girot 2017], [Curiel-Sosa 2018].
In the literature, more attentions have been paid to the pushout delamination. It was observed that the push-out
delamination is usually more critical than the peel-up
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delamination due to the lack of a backup force which
can compensate for the generated thrust force during
the drillingprocess [Shyha 2010].
In Fig. 1c, the parts and tool engagement in contour milling,
i.e. edge trimming, operation is shown. The behaviour of
fibers in contour milling dimensional variations occurring
after machining operation and the methodology to examine
these phenomena are explain in the following sections.
2.2 PROPOSED IMAGE PROCESSING APPROACH
A digital image is considered as a matrix where each
column and row identify one point of the image (Pixel). Each
pixel corresponds to certain light intensity in the point.
Image processing allows to generate analysis from the
digitalized image by using a discrete process where the
image is positioned under a rectangular grid and each pixel
is identified by the coordinate system having the origin point
at the upper left corner of the image.

In this study, to determine the extent of delamination,
specimens were examined to evaluate milling-induced
delamination and process induced defects. A large number
of high-contrast images, each consisting of 200x400 pixels
were obtained from each scanning. after capturing images in
the first stage, each image is represented by an array of grey
scale values (0-255). the pixel values of milled area of the
CFRP are set to 255 while the non-machined surface is set
to 0 meaning that the CFRP is represented as a black

3

EXPERIMENTAL SETUP

The contour milling tests were carried out on KUKA KR16
machining robot with 15 kW spindle power and maximum
spindle speed of 22000 rpm. CFRP plates made up of 20
Layers of fibers with a total thickness of 5 mm were used as
the workpiece.

In order to obtain a qualified image for further analysis, a
series operation should be applied. Noise suppression,
image enhancement, edge detection and brightness
intensity correction are the commonly used operation types.
Step 1: Capture digital image.

(a)
Step 2: Image filter and enhancement

Fig. 3: The fixture of dynamometer & CFRP plate
An appropriate clamping system was employed to fix the
CFRP plates in the machining center. The outer frame of
the CFRP was machined by abrasive water jet machine and
corresponding hole geometries are opened according to the
dynamometer geometry.

(b)
Step 3: Morphological image processing

(c)

Step 4: Edge detection and contouring

Fig. 4: The relation between feed rate and fiber pull-out
length & The relation between feed rate and dimensional
variation
The damages around the holes were analyzed and
measured by means of an image acquisition system. The

(d)
Fig. 2: Images obtained at different steps of the proposed
approach. (a) digital image (b) filtered image (c) image with
corrected holes (d) dimensional variation & generated
contour
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test parameters used in the experiments are given in Tab.
1.

Test

Vcut
(m/min)

Feed Rate
(mm/min)

1
2
3
4
5
6
7
8

150

0.11
0.12
0.13
0.14
0.11
0.12
0.13
0.14

160

Axial
Depth
(mm)
5

Radial
Depth
(mm)
6

5

6

Tab. 1 : Cutting parameters used in the experimental tests
4. RESULTS & DISCUSSION
In this experimental work, contour milling tests were applied
to CFRP plate in order to analyze the effects of each
parameter on delamination size and shape by using image
processing algorithms. In the past studies, it has been
already observed that delamination increases with feed rate
[Jain 1993].
It is observed that an increase in feed rate causes higher
extent of variation and wavy structure. Furthermore, it is
observed that the higher feed rate not only causes wavy
contour generation and higher milling forces, but it also
causes longer fiber pull outs. The relation between feed
rate and fiber pull-out length is presented in Fig 4.
The dimensional variation and force values obtained from
the experiments are analyzed in Minitab 15 and image
processing toolbox within Minitab 15 version. For each test,
the parametric effect on the variation in each test was
analyzed by one way variance analysis in ANOVA statistical
programming. It was observed that the 𝑅 values for
regression and dimensional variation model is 0.87. Since
this value is closer to 1, it is possible toconclude that the
model is suitable to analyze the result of these experiments.
P value of feed rate is 0.030 meaning that the effect of feed
rate on delamination is statistically significant. Based on the
results obtained from experiments and digitally processed
images, the mathematical approach and model used to
characterize the delamination in contour milling provides
proper evaluation of the delamination damage as the
machining parameters are altered. The digital image
acquisition system has shown to be satisfactory for
obtaining the damage after contour milling of CFRP.

From the experimental results and ANOVA statistical
analysis, as expected, it is observed that the increase in the
feed rate has direct effect on dimensional variation
occurring in the generated contour. The variation in
dimension has an extended shape far from the reference
shape for higher feed rate. The effect of feed rate in
dimensional variation is shown in Fig 4. In addition, it is
observed that the dimensional variation tends to decrease
with an increase in spindle speed. This phenomenon can
be explained by the cutting speed being increased.
An Increase in the feed rate and cutting speed results in
higher force values. The occurrence of wavy structure in
contour is highly related with the higher values of forces.
From Fig.5, it is possible to observe that for higher force
values, the dimensional variations are higher.
5 CONCLUSION
In this study, CFRP plates were contour milled with the
objective of analyzing the effect of cutting parameters on
dimensional variation and severity of the fiber pull-out
phenomena. In the precedent section, the relevant results
of the study and cutting conditions were presented.
Irregular forms, dimensional variations and fiber pull-outs
might be observed during the milling operations due to the
mechanical behavior of CFRP therefore usage of a
reasonable and efficient mathematical approach and image
processing methods to characterize the damage is
beneficial as the machining parameters are changing. It is
observed that the image digitalization and processing is an
essential method to evaluate the extent of delamination.
The image processing techniques used in this experimental
study were observed to be appropriate and suitable for
delamination assessment studies. The relation between
cutting parameters and force and dimensional variations
are calculated from the processed images.
It is well known that the feed rate influences the
delamination propagation in drilling of CFRP and
dimensional variation in edge trimming of CFRP. the results
confirmed that higher dimensional variations, higher force
values and higher lengths of fiber pull-out are caused by
higher feed rates. Furthermore, the presented experimental
work again showed the importance of parameter selection
in machining operations of CFRP in order to reduce the
dimensional damage.
In literature, fiber pull-out and fiber push-out delamination
are examined by many researchers and the delamination
mechanism is well known. However, the geometrical
variations and inaccuracies are not extensively examined.
For further studies, these phenomena should be further
studied.
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Abstract
The implementation of a smart drilling system would allow the detection of unexpected events
occurring during the drilling operations that could lead to the modification of the tool state, the
degradation of the workpiece or severe process damages. In this framework, this paper aims to
develop a methodology for identifying these events from the signals recorded by different sensors
during an experimental tests campaign on drilling of Al7175/CFRP stack. The characterization of
the signals in the time domain is performed and a new methodology based on a K-means
clustering approach is developed.
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Smart machining, Al/CFRP stacks, drilling, Signal processing, Tool wear, Unsupervised learning

that degrade productivity: premature tool failure, parts that
do not comply with the quality requirements (diameter
problem, geometric and dimensional deviation, burrs,
spalling). Therefore, it is relevant to seek to implement a
smart drilling system that can execute in real-time
appropriate corrective/adaptive actions by:

1 INTRODUCTION
Multi-material structures are commonly used in
aeronautical structural applications, especially where high
mechanical loads exist, such as for aircraft wing and tail
components[Castro 2010],[Ramulu 2016].These structures
are made of carbon fiber reinforced polymers (CFRP) and
metal alloys, most commonly aluminum and titanium. This
combination takes advantage of the mechanical properties
of each material layer, a high strength-to-weight ratio of the
composites, and high strength and fatigue life of the metal
alloys[Prasanth et al. 2015]. Due to their use for structural
parts, these multi-materials are assembled by mechanical
fasteners (bolt, rivet) that require drilling operations
beforehand and the precision (dimensional, geometric and
surface finish) required to produce these bores is very
demanding.
Industrially, the dimensions and geometry of the elements
to be assembled make it very difficult to abide by the
alignment tolerances of through holes [Ramulu et al. 2001].
Thus, the different stacked layers are drilled in a single
operation with the same tools and fixed process
parameters.This assembly technique minimizes positioning
errors during the drilling operations [Xu et al. 2016], but
implies new difficulties for manufacturers, especially during
machining. Indeed, with different thermomechanical
properties of the materials involved (composite/metallic)
and therefore different properties in terms of machinability
(cutting speed and feed rate, wet/dry drilling, .etc.), one shot
drilling with a single speed couple (cutting speed - feed rate)
leads to the use of poorly optimized parameters for the
entire stack and may , to a certain extent, generate defects

1.
Detection of drilling incidents (lubrication failure,
chip jamming, axis misalignment, tool chipping, tool
breakage, quality defects of the part)
2.
Identifying the different transition phases of a
multi-material regardless of the thickness of the material
layers and the nature of the stacks: this step consists of
identifying the singularities in the signals that denote the
engagement of the tool in the first layer, the transition
between two material layers and the exit of the tool from the
material (end of drilling), taking into account the wear of the
tool and the defects that occur only at the interfaces (e.g.
pinning defect)
3.
Recognition of the material at the start of drilling in
order to be able to associate the appropriate cutting
parameters.
The detection of drilling incidents is a crucial step to ensure
the reliability of a monitoring system. In order to detect tool
condition related incidents in a machining system (tool
chipping, excessive tool wear, tool breakage), leading in
most cases to part damage, many research works have
investigated on indirect tool condition monitoring (TCM)
using features obtained from sensor signals. Next, tool
state recognition is perfomed thanks to machine learning
techniques using mainly supervised models such as
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gradient back-propagation neural networks(BPNN),
support vector machines (SVM), hidden Markov model
(HMM) [Nath 2020]. Although these methods present good
results in the laboratory environment, they do not meet the
industrial constraints of flexibility and robustness (data
labeling and results strongly dependent on operating
conditions) and no study has addressed the incidents
related to the degradation of cutting conditions (accidental
deactivation of the lubrication system for instance , chip
jamming, play between sheets, etc.) during the drilling of a
multi-material stack and their effects on the quality of
machining.
In this context, this paper focuses on the first task of the
smart drilling system. The objective of the proposed
approach is to develop a model that would identify the
above-mentioned drilling incidents. The other two tasks will
be studied in depth later. This sequential treatment would
allow to the best address, from the design of the monitoring
system, the various challenges related to the complexity
and dispersive behavior of the drilling process to meet the
industrial constraints of robustness, reliability, and
flexibility. The tests were carried out on a specific bench
equipped with a multi-sensor system (cutting forces,
accelerometers, pressure, and lubrication flow sensors)
using a portable electric drilling unit equipped (UPA) with a
forced drilling vibration module (MITIS) used for
aeronautical assemblies. The use of this module facilitates
the fragmentation and evacuation of metal chips. During
this campaign, the pressure sensor was used to monitor the
lubrication problem. features are extracted, in the time
domain, from the feed motor current signals. These
features showed linear trends that were highly correlated
with tool wear. Therefore, a new method based on the
residual signal was performed. Based on the residuals, a Kmeans unsupervised machine learning algorithm is
developed to identify classes corresponding to possible
drilling incident signatures.
The proposed approach for drilling incident detection
consists of three parts from data acquisition to decision
making, and a final step of database enrichment (Fig.1).
1. multisensor drilling bench

to identify the structure present in the unlabeled data
(behavior of the data not known in advance). These two
types of learning generally consist of two phases: the first,
called learning, which consists of estimating the parameters
of a model from data, and the second, called validation,
which aims at making predictions on data not present in the
training set. Methods using supervised learning procedures
have been very popular in detecting incidents related to tool
condition or process quality [Kim et al. 2018],[Nath 2020].
However, besides to the fact industrially it is generally not
possible to collect already labeled output data [Wang et al.
2019], these methods require a large amount of data, long
training periods, and their accuracy is highly dependent on
the training set. Thus, to overcome the difficulties of
flexibility expected from a monitoring system, unsupervised
learning methods and more specifically clustering
algorithms are used in this study.
Clustering allows partitioning unlabeled data into different
clusters based on their similarities. There are several
clustering algorithms [Jacques, n.d.]: the moving center
method (K-means), the hierarchical clustering (bottom-up
or top-down), the density-based method (DBSCAN). Kmeans is an iterative algorithm that seeks to minimize the
intra-cluster variance. It allows to analyze a set of data
characterized by a set of descriptors, in order to find
patterns and to group similar data into K clusters. The only
parameter to define is k, the number of clusters to
distinguish. Unlike the last two methods, K-means has the
advantage of being applicable to a large amount of data and
of being computationally efficient. Its working principle can
be described as follows (Fig. 2) [Akinkunmi 2019],[Jacques,
n.d.] :
1. Initialization: place the K cluster centers in a
random way
2. while the partition is not stable, do
3. Assign each observation to the class whose center
is closest to it
4. Recalculate the centers (means) of the classes
5. Repeat these calculations until the centers
converge to an equilibrium position
6. End while
In this research work, the K-means method is applied to a
multi-material stack drilling database collected from an
experimental campaign. To determine the optimal number
of clusters, the elbow method is used. This method consists
in plotting the evolution of the variance of the model as a
function of the number of clusters and choosing the elbow
of the curve as the number of clusters to use [Jacques, n.d.]

4. storage of identified
patterns in a database
New Signal

cluster1

5. Which pattern is it?

which incident?

Signals

Patterns

cluster1

3. Clustering
pattern recognition

Features
2. data collection and analysis:
data cleanning and feature extraction

Fig.1. Illustration of the proposed approach.

2 K-MEANS CLUSTERING
To identify machining incidents from sensor signals,
artificial intelligence decision-making techniques and more
specifically machine learning algorithms are widely used.
These algorithms are classified according to the learning
modes they use. There are two main types: supervised
learning and unsupervised learning. Supervised learning
allows to answer classification and regression problems
from already labeled output samples (provided by human
experts). On the other hand, unsupervised learning allows

Fig. 2. KMeans [Akinkunmi 2019].
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3.2 Data collection and database construction
During the experimental campaign, the thrust force, torque,
micro-lubrication pressure and flow rate, axial and radial
vibrations of the workpiece, axial vibrations of the UPA, and
currents of the feed motor (thrust current) and the spindle
motor of the UPA are recorded. For all the tests performed,
the pressure is constant (Fig. 7). This is due to the
regulation made by the proportional valve of the control box
of the UPA. The flow of micro-lubrication presents a peak
(90 l/min) corresponding to the pressurization of the circuit
then small variations (between 55l/min and 60l/min)
throughout the drilling(Fig. 7). Thus, these two physical
quantities are not a priori very relevant for a decision on the
failure of the tool condition / process quality but could
however be used to simulate lubrication problems. Also, the
vibration data collected during the campaign(Fig. 6) do not
seem to be good indicators for this study. Indeed, the axial
vibrations of the UPA, easily integrated industrially contrary
to the vibrations of the workpiece, present a very important
no-load load therefore its use at this stage of work is not
obvious. From these results, a database of a multi-material
Al/CFRP stack is constructed. A set of 168 tests consisting
only of the thrust force 𝐹𝑡 measured via the dynamometer
sensor and its equivalent in terms of the feed motor current
𝐼𝑓 (Fig. 8) is extracted from the database to train the Kmeans model . Taking into account the feed current of the
UPA simplifies the industrial application of the method and
does not require the addition of complex and expensive
means of measurement.
The chosen dataset is pre-processed to avoid errors in the
model results.

3 DATABASE CONSTRUCTION
3.1 Experimental procedure
The workpiece employed in this research work is an
Al/CFRP stack. An uncoated tungsten carbide twist drill with
a diameter of 6.35 mm was used to make all holes. The
tests were carried out on a bench with an electric UPA
(automatic drilling unit) equipped with a forced vibration
module (MITIS) (Fig. 3).The tests were performed under
industrial coditions of Al/CFRP stack taking into account the
limit of chip splitting by MITIS. The Cutting parameters used
are shown in Tab.1. A total of two hundred and eight holes
arranged in an 8×26 matrix were drilled (Fig. 4). When
drilling these holes, measurements of the cutting edge
profile are made after every twenty drilling operations, with
a Keyence 3D digital microscope (Fig. 5), the blunting of the
cutting edge resulted in a variation of the radius of acuity of
about 8 μm as shown in Fig. 5.
Drilling bench and machine tool

Multisensor Monitoring system

Pressure sensor
flow rate sensor

NI DAQ
Sampling rate:
20 KHZ

Accelerometers

Vacuum cleaner
Kistler torque
and thrust
sensor

Al/CFRP
Stack

Kistler charging
amplifier

Fig. 3. Experimental Setup.

Drilling
direction
Aluminium
(11mm)

CFRP
(16mm)

Fig. 4. Tests on Al/CFRP stack.
The multi-sensor system consists of
•
A Kistler 9365B piezoelectric dynamometer,
connected to a Kistler 5073 charge amplifier, to
acquire thrust force and torque along the z axis.
•
Two 3D accelerometers (8792A500), one of
which is placed on the machine spindle and the
second on the workpiece.
•
A pressure sensor (Festo 567472) to measure the
micro lubrication pressure of the tool.
•
A flow sensor(SMC PFMB7201-F026E) to
measure the flow of micro lubrication of the tool.
The analog output signals are sampled at 20 KHz.
The UPA records the signals of the spindle motor current
and the feed current. It also allows the recovery of the
compressed air-oil mixture for micro-lubrication through the
spindle.

Fig. 5. Measurement and evolution of the cutting edge
profile.

Tab.1. Drilling Parameters
Feed (mm/rev)

Spindle speed (rpm)

0.08

6000
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Fig. 6. Vibrations recorded during a drilling cycle(6000 rpm
and 0.08 mm/ rev).

b)

Thrust Cuurent

Fig. 8. Thrust force and thrust current.

4 DETECTION OF DRILLING INCIDENTS BY KMEANS
4.1 Preprocessing
To transform the chosen dataset input data for the K-means
model, the raw signals are segmented to keep only the part
of the signal corresponding to the machining(Fig.9). The
segmentation procedure is performed by identifying the
change in direction of the slope of the signals, based on the
moving average[Caggiano 2017].To analyze separately the
two materials constituting the stack, a 10 Hz low-pass filter
was applied to the segmented raw signals of thrust force
(Fig. 10) to best highlight the drilling phases of Al and
CFRP. Then, a time-domain analysis was performed to
extract relevant features correlated with the state of tool
and/or the process quality.
4.2 Features extraction
Four features were extracted from the pre-processed
signals of the thrust force 𝐹𝑡 and the motor feed current 𝐼𝑓 :
arithmetic mean, standard deviation, skewness, and
kurtosis. The extracted characteristics are commonly used
in statistical procedures due to their high sensitivity to
machining incidents and tool wear. The analysis was
performed separately in the two drilling phases (Al and
CRP). Only the arithmetic mean was informative. The
graphical analysis (Fig.11) of the trend shows that wear
involves a linear growth of the average as a function of the
number of holes or more precisely of the length of material
drilled (length of material drilled = the number of holes *
thickness of the part). Thus, in order to detect drilling
incidents from the average of the thrust force 𝐹𝑡 and the
feed motor current 𝐼𝑓 , it is important to extract the wear form
the drilling behavior.

Fig. 7. Evolution of the pressure and flow of the microlubrication( 6000 rpm and 0.08 mm/ rev).

a)

Thrust force
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b)

Thrus Current

Fig.11. Thrust force average and feed motor current
Thrust average (6000 rpm and 0.08 mm/ rev).
Fig.9. Raw thrust force signal.
4.3 Wear extraction and calculation of residues
A linear regression was applied to the average extracted
from the feed motor current signals. The wear level was
modeled by an affine equation of type:

If,wear = f (drilled material length)
By calculating the residuals (Fig.12) with the formula
If_r = If (observed)- If,wear (estimated)
One can then “remove” the wear from the drilling behavior.

Fig. 10. Segmented and filtered thrust force signal.

a)

Thrust Force

a)

Al Segment

High Speed Machining | 2021 | Conference Proceedings of HSM2021
5

Fig.13. Clustering based on the thrust Current average
feature.
The extracted residuals are used as input values for the Kmeans model. To initialize the model, the elbow method is
used to determine the optimal number of clusters. The
result showed a minimum variance for two clusters as
shown in the Fig.14.

Fig.14. Determination of the optimal number of clusters by
the elbow method.

b)

Looking at the representations of two identified clusters, it
can be seen that they differ in their signs. Cluster 1 consists
mainly of the negative residues (Al and CFRP residues) in
contrast to cluster2 which consists of positive residues (Al
and CFRP). When we map this result on the workpiece
(Fig.15), we see the positive and negative residues are far
from being arranged randomly. Indeed, the negative
residues are mainly arranged in the center of the workpiece,
contrary to the positive residues arranged at the edges of
the workpiece. The difference observed in the two clusters
could explain the dynamic behavior of the bench observed
during the experimental campaign. Indeed, during this
campaign, more accentuated vibrations of the bench are
felt during the drilling of the holes arranged on the edges of
the part. This shows that the dynamic behavior of the bench
is not identical on the whole of the test piece. These
differences have not been studied, but they show that this
clustering method highlights differences.

CFRP Segment

Fig.12. Residues Thrust Current Average.

5 RESULTS AND DISCUSSION
In a first approach, the average extracted in the time
domain of the feed motor current signals are evaluated by
the K-means model. The result (
Fig.13) shows a correlation with the progression of the tool
wear characterized by the blunting of the cutting edge (Fig.
5). To identify phenomena other than tool wear, in this case
drilling incidents, a procedure for extracting residual signals
from the average feed motor current signals were
introduced.

Cluster1
Cluster2

Fig.15. K-means mapping for K=2.
In order to verify the accuracy of the elbow method and to
confirm the observations made in the two clusters, the Kmeans model was initialized with two different numbers of
clusters (K=3 and K=4). For K=3, we notice the first two
clusters are also composed of positive and negative
residues respectively. Finally, by initializing the model with
four clusters (K=4), we see that the algorithm divides each
of two previously formed clusters (K=2) into two clusters .
By running the model several times (K=2, K=3 and K=4),
we see that the first two clusters (Tab.2) are more stable
and their interpretation provides information on the dynamic
behavior of the bench observed during the drilling of holes
located on the edges of the part.
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Monitoring.” Procedia CIRP
10.1016/j.procir.2017.03.046.

Tab.2. K-means results
K=2

Cluster 1
Cluster 2
K=3
Cluster 1
Cluster 2
Cluster 3
K=4
Cluster 1
Cluster 2
Cluster 3
Cluster 4

Alu (+) et
CFRP (+)
0
80

Residues
Alu (-) et
Alu (+) et
CFRP(-)
CFRP (-)
62
7
0
14

Alu (-) et
CFRP (+)
2
3

0
56
24

47
0
15

0
0
21

0
0
5

0
52
1
27

39
0
23
0

0
1
20
0

0
1
4
0

62:209–14.
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6 CONCLUSION
This paper describes the development of a drilling incident
detection methodology using an unsupervised machine
learning approach based on K-means. This approach was
applied to a database collected during an experimental
campaign on a multi-material Al/CFRP stack.
To develop the model, a raw data set (168 drillings) is
extracted from the database. To transform the selected
data set into data usable by the K-means clustering
algorithm, long pre-processing operations are performed:
imputation of missing values, segmentation, filtering and
taring of signals. Then, a sub-segmentation step is
performed to separate the metallic part from the composite
part. A statistical analysis in the time domain to extract the
features correlated to the tool condition or the process
quality is performed from the prepared data.
Using the features extracted from the APU feed motor
signals as input data, the model was able to highlight tool
wear. To push the analysis beyond the detection of wear,
an original approach based on residuals is proposed. The
residuals are calculated from the linear regression of the
averaged signals and are used as input data for our model.
The results reported in the previous paragraph, show that
the methodology developed is a first step towards the
identification of drilling incidents. The analysis of all the
signals recorded (torque, accelerations) in the database by
the developed model should allow the identification of
drilling incidents.
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Abstract
In-situ visualization of the material flow during orthogonal cutting is achieved using high-speed optical
system. Difficulties arise from the submillimetric size of the cutting zone. Therefore, a dedicated optical
system was designed allowing for local scale analysis of chip formation. The Digital Image Correlation
(DIC) technique is applied on recorded images from the cutting zone to measure the kinematic fields.
Then, the effect of the cutting conditions on chip formation is presented with local scale analysis.
Keywords:
Chip formation; High-speed optical system; In-situ measurement; Digital Image Correlation; kinematic
fields.

submillimetric size of the region of interest (which disables
any strain gauge to be mounted) and ii) the rapidity of the
phenomenon (which disables to retrieve in real-time the
kinematic fields).
First attempts to study the mechanisms of chip formation
was made using Quik-Stop Devices (QSD) [Bitans 1965;
Vorm 1976]. It allows freezing the cutting process and
extracting the chip root. Shear angle within the Primary
Shear Zone (PSZ) could be determined. Despite the time
delay for the tool-chip separation that induces errors, this
technique gave results at only one instant which limits its
use.
An alternative technique allowing for in-situ visualization of
chip formation was the use of high-speed camera. Particle
tracking was achieved by printing a micro-scale grid. Highdistortion of the micro-scale grid induced by the high plastic
deformation within the PSZ disables a full-field
displacement measurement.
Recently, optical imaging systems have been successfully
implemented for in-situ measurement of kinematic fields
during machining [Pottier 2014; Zhang 2017; Harzallah
2018; Davies 2018; Meurer 2020]. It offers a real-time
insight on the material flow through surface observation of
the workpiece. Application of the DIC technique in the
context of kinematic fields measurement during orthogonal
cutting have been increased. It allows to measure a full-field

1 INTRODUCTION
Metal cutting is a widely used process for part
manufacturing. During chip formation, the material is
subjected to high strain (>1) under high strain rate that
exceeds 103s-1. Understanding the mechanisms of chip
formation under complex thermomechanical loads require
developing dedicated experimental set-up. Local
measurement of the displacement and strain fields in the
cutting zone are with a great importance to improve the
machining process. These local fields measurement can be
used to predict the stress fields within the cutting zone, and
then the cutting forces [Baizeau 2016; Yang 2021].
In addition, local data measurements enables to
enhance/validate numerical models that could better
predict the thermomechanical load at local scale [Thimm
2019]. Numerical simulation results are mostly compared
with the experimental ones at macroscopic level through: i)
force components measurement, ii) chip morphology and
iii) temperature measurement at the tool tip. These
quantities remain as global quantities and limit the
understanding of local phenomena such as strain
localization.
The highly interest in understanding local phenomena
during chip formation has led researchers to develop a
dedicated experimental protocol allowing for in-process
visualization of the material flow in the cutting zone. Indeed,
two major difficulties have to be mentioned: i) The
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displacement with sub-pixel accuracy and to estimate the
full-field strain.
In this paper, an optical system using coaxial illumination is
proposed for in-situ visualization of the material flow during
chip formation. The DIC technique was returned for
kinematic fields measurement. Orthogonal cutting tests
were conducted on Ti-6Al-4V. The experimental set-up is
given. Results of the measured cutting forces are
discussed. Application of the DIC technique allows to
determine the kinematic fields that highlight localized shear
band during Ti-6Al-4V chip formation.

size allowing for in-situ visualization of the material flow
during chip formation.
An infinity-corrected X15 magnification objective was
chosen allowing for a maximum transmission in the visible
spectrum range (up to 96%). It was coupled with a 200mm
tube lens in order to keep the magnification at X15. The
working distance of the objective is equal to 23,8mm which
was found to be secure. The main objective behind
choosing an infinity-corrected objective is that it enables
introducing beam-splitter for coaxial illumination in the socalled infinity space delimited by the objective and the tube
lens. For coaxial illumination, a collimated light beam is
required. An optical solution based on the use of an f60mm
plano-convex lens was adopted. Details of the optical
system are given in the following figure.

2 OPTICAL SYSTEM
Under the spatial resolution of 512x512pixels, an X15
magnification objective leads to obtain an acceptable scene
X15 infinitycorrected objective

Beam splitter

C-mount adapter

f60mm plano-convex
lens

Collimated
light beam

Fiber optic
housing

Scattered light beam

Fig 1 : Details of the optical system using beam-splitter for coaxial illumination.
in the reference image (respectively in the deformed image)
and:

3 DIGITAL IMAGE CORRELATION
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In this paper, the DIC technique was returned for kinematic
fields measurement during Ti-6Al-4V chip formation.
Indeed, it ensures enough spatial resolution for localized
shear band identification.
To evaluate the similarity between a given subset in the
reference image and the corresponding one in the
deformed image, a correlation criterion should be
introduced. In this work, a Zero-Normalized Sum of
Squared Differences (ZNSSD) correlation criteria was
used:
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This correlation criteria ensures no sensitivity to both offset
and linear scale in lighting [Pan 2009] and indicates good
match when CZNSSD is close from 0.
In the reference image, the displacement components of
each material point (X,Y) are denoted by (UX, UY). UX

where f(Xi,Yi) is the gray level at pixel in the position (Xi,Yi)
in the reference image; g(xi,yj) is the gray level of the
corresponding pixel in the deformed image; 2M+1 is the
size of the subset centered at (X0,Y0) (respectively (x0,y0))

High Speed Machining | 2021 | Conference Proceedings of HSM2021
2

(respectively UY) is the displacement along the x-axis
(respectively along y-axis). In the deformed image, the
displacement components of each material points (x,y) are
denoted by (Ux,Uy).

The equivalent strain is then given by:

Aeq =

•
Lagrangian configuration
In Lagrangian configuration where the strain field is given in
the reference image, the components of the GreenLagrangian strain tensor computed from the displacement
gradients is given by:
2
2

1  U
U
U
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4 RESULTS AND DISCUSSION

(4)

4.1 Experimental set-up
Othogonal cutting tests are made on rectangular Ti-6Al-4V
workpiece under cutting speeds of Vc=3m/min and
10m/min, and a feed of 0,2mm. °). Low cutting speed was
chosen in order to validate both the new optical system
using coaxial illumination. Moreover, the adjustment of the
optical parameters under 3m/min leads to obtain good
images qualities for DIC application as first-conducted test.
The width of cut is equal to 3mm. H13A uncoated carbide
cutting inserts were used. The experimental bench used for
instrumented orthogonal cutting tests is given in figure 2.
The first test was made with a rake angle of 0° while the
second one was with 15° rake angle. The clearance angle
in both tests was equal to 11°. Perpendicularity of the
workpiece surface with respect to the tool rake face was
adjusted to (0,+10µm).Figure 3 gives the experimental setup of the instrumented orthogonal cutting test with the axis
system. The entire optical system used for in-situ
visualization of the material flow during chip formation is
composed of the following:
▪
Fastcam APX-RS high-speed camera.
▪
X15 reflective objective.
▪
200mm tube lens.
▪
150W halogen light source.
The APX-RS high-speed camera offers a resolution of
1024x1024pixels with a pitch of 17µm. It reaches 10000fps
under the maximum resolution of 512x512pixels. Using an
X15 infinity-corrected objective, the distance that separates
the workpiece surface from the objective was adjusted to
23,8mm using 4-axis manual stage.
4.2 Cutting efforts
Kistler 9129AA dynamometer was used for the cutting
efforts measurements. Fc denotes the cutting force (along
x-axis) and Ff is the feed force (along y-axis). The
acquisition frequency was set to 20000Hz. The mean
values as well as the maximum and the minimum of the
measured forces are summarized in Table 1. Under the
same cutting speed, Fc and Ff decreases when the tool
rake angle increases.

(5)

In this paper, Eulerian configuration was adopted so that
the measured strain fields can be interpreted from the
deformed images.
Direct differentiation of the displacement field is sensitive to
noise. This means that noise in the measured displacement
field leads to errors in the strain field obtained by direct
differentiation. In order to overcome this issue, Ncorr DIC
software [Blaber 2015] uses a least squares plane fit on the
displacement data within a strain calculation window of a
given radius to determine the displacement gradients:
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In this paper, DIC technique is applied on the recorded
images of one segment chip for kinematic fields
measurement. The effect of the rake angle is examined
through the results of the measured strain fields.
Comparison between the equivalent strain reached within
the localized shear band in the case using 0° and 15° rake
angle is made.

•
Eulerian configuration
In Eulerian configuration where the strain field is given in
the deformed image, the components of the EulerianAlmansi strain tensor computed from the displacement
gradients is given by:
2
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where (Ux, plane, Uy, plane) are the displacement components
obtained by the least squares plane fit and
(𝑎𝑈𝑥 ,𝑝𝑙𝑎𝑛𝑒 , 𝑎𝑈𝑦,𝑝𝑙𝑎𝑛𝑒 ) are the parameters of the fitting.
Dynamometer
Tool holder
Cutting tool

Principal strains, AM and Am where AM (respectively Am)
denotes the major strain (respectively the minor strain) are
defined as the eigenvalues of the strain tensor:
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Fig 2: Experimental bench used for instrumented
orthogonal cutting tests.
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Cutting tool

Dynamomter
Vice
Tool holder
Workpiece

Beam splitter

Optical fiber

X15 objective

Fig 3 : Experimental set-up of the instrumented orthogonal cutting tests.
Tab. 1: Mean, maximum and minimum values of the measured forces.

Test1 (Vc=3m/min; γ=0°)
Test2 (Vc=3m/min; γ=15°)

Ff, mean (N)

Fc, mean (N)

577 (max: 851/ min: 306)
282 (max: 469/ min: 110)

1377 (max: 1841/ min: 701)
1058 (max: 1375/ min: 591)

4.3 Kinematic fields measurement

Images were chosen before the segment chip starts to slide
with respect to the shear plane in order to avoid error on the
computed strain fields induced by the crack propagation
within the localized shear band. Results of the measured
kinematic fields are given in Figure 4 and 5.
The displacement fields along x-axis (Figure 4.a and 5.a)
and y-axis (Figure 4.b and 5.b) were obtained after
conversion from pixel to micron unit. The components of the
Eulerian-Almansi strain tensor (Axx, Axy and Ayy) were
computed within a strain window calculation with a radius
of 5pixels. The measured strain fields highlight the
appearance of localized shear band that is consistent with
the mechanisms of Ti-6Al-4V chip formation.
At the subsurface of the workpiece and far from the
machined surface, the strain components were found equal
to 0 which is consistent with the assumption of rigid body
motion at this zone. With a cutting tool of 0° rake angle, the
equivalent strain was found to reach ~4 in the localized
shear band while it reaches ~3 with a cutting tool of 15°
rake angle. Indeed, using 0° rake angle, the segment chip
was found to be more subjected to compression and shear
than in the case using a 15° rake angle. The last can be
correlated with the measured cutting efforts (Table 1) where
the cutting and the feed forces using 0° rake angle are
higher than in the case using 15° rake angle.

•
Optical parameters
The camera resolution of the Fastcam APX-RS high-speed
camera was set to 512x512pixels. This yields to obtain a
scene size of 0,58x0,58mm² allowing for in-situ
visualization of the material flow during Ti-6Al-4V segment
chip formation. The pixel size is theoretically equal to
1,13µm/pixel. It was adopted for the displacement field
conversion from pixel to micron unit.
The integration time was chosen so that it reduces the blur
induced by the scene displacement. Setting a maximum of
2,21pixels displacement, the corresponding integration
time is equal to 50µs.
Assuming that the speed of one segment chip formation is
equal to the cutting speed and the segment width is equal
to the feed [Pottier 2014], the number of images per one
segment chip function of frame rate can be predicted. Using
10000fps with a cutting speed of 3m/min and a feed of
0,2mm, theoretically 40 images per one segment chip can
be obtained.
•
DIC parameters
Digital Images Correlation was applied on the recorded
images from the cutting zone during chip formation. Ncorr
DIC software using a local approach was used [Blaber
2015]. The Region of Interest (ROI) was discretized into
circular subset with a radius of 25pixels. The subset
spacing as defined with the DIC software was set to 1pixel.
This means that the distance separating two consecutive
nodes is equal to 2pixels (1+subset spacing). For the strain
calculation, a window with a radius of 5pixels was adopted.

•
Effect of out off-plane displacement
In order to evaluate the accuracy of the measured strain
fields, the effect of out off-plane displacement was
examined. An out off-plane displacement with an increment
of 10µm was applied along the optical axis and an image
was recorded at each step. The mean value of the virtual
equivalent strain was measured using the DIC technique.
The maximum virtual equivalent strain was compared with
the equivalent strain reached within the shear localized
band for accuracy assessment.

•
Results of kinematic fields measurement
Digital Image Correlation was applied on 34 images
(respectively on 33 images) for the test made with
Vc=3m/min and γ=0° (respectively for the test made with
Vc=3m/min and γ=15).
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Fig 4 : Displacement field along a) x-axis ; and b) y-axis (in µm) ; Euler-Almansi strain field :c) 𝐴𝑥𝑥 ; d) 𝐴𝑥𝑦 and e) 𝐴𝑦𝑦 ; and f) equivalent strain field.
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The result of the measured mean value of the virtual
equivalent strain function of the out-off plane displacement
and for different subset radius is given in the following
figure.

strain reached in the localized shear band (~4 using 0° rake
angle and ~3 using 15° rake angle). The last proves the
property of the DIC application for kinematic fields
measurement during orthogonal cutting and therefore
reliability of the measured strain fields.
4.4 Chip morphology and characteristic
•
Chip morphology analysis
A Scanning Electron Microscopy (SEM) view was made on
Ti-6Al-4V chip. Segmented chips were observed
highlighting crack opening within the localized shear band
and high material failure near the tool-chip contact zone.
The last gives one of the main difficulties of the DIC
application in the context of kinematic fields measurement
during orthogonal cutting. Material discontinuity induced by
crack implies subset truncation for more accuracy in the
measured strain fields.
•
Chip characteristic analysis
The recorded video of the cutting process was obtained
with sufficient quality allowing for chip characteristics to be
measured for different segments (Figure 7). Only the
segment width was measured in order study the effect of
the rake angle on the chip compression.

Fig 6 : Mean value of the virtual equivalent strain
function of the out off-plane displacement and for
different subset radius.
Using a subset radius of 25pixels, the maximum mean
value of the virtual equivalent strain reaches ~6,5.10-2
which is negligible comparing to the measured equivalent

Segment width

Chip characteristic
= °

Cutting tool

512x512 pixels

a)

w

512x512 pixels
b)
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w

Cutting tool

512x512 pixels

=

w: segment width.

512x512 pixels

Fig 7 : Ti-6Al-4V chip characteristic and occurrence of chip segment width measured from the
recorded video during orthogonal cutting with : a) 𝜸 = 𝟎° and b) 𝜸 = 𝟏𝟓°.
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Occurrence of the chip segment width was fitted with
a normal distribution in order to determine the mean
value of the chip segment width for both the tests. In
the case using a 0° rake angle, the mean value of the
chip segment width is equal to 0,17mm which is
slightly lower than in the case using 15° rake angle
as the mean value of the chip segment width was
found equal to 0,19mm.
The last can be traced back to the fact that the chip
segment is more subjected to compression along xand y-axis (Axx and Ayy) in the case using 0° rake
angle (Figure 3.c and e) than in the case using 15°
rake angle (Figure 4.c and e).
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Abstract
Additive manufacturing of large aerostructural titanium parts can enable significant cost reduction, but it
is still a challenge to be solved. The paper presents the complete development of an additive
manufacturing machine tool. The machine tool uses laser metal wire deposition (LMD) technology in a
controlled atmosphere. The machine tool is the most remarkable result of a complete methodology,
including key elements such as automatic toolpath generation, closed-loop process control system and
the necessary simulation tools. Finally, the experimental results of w-LMD deposition and machining of
Ti6Al4V components are shown.
Keywords:
Additive Manufacturing; Titanium; Machine tool

coaxial wire in an automated, controlled, and robust
process constitutes an innovative and promising method,
the potential of which is so far almost entirely untapped.
Especially when you consider that the deposition efficiency
is almost 100% compared to the powder DML process,
where up to 20-50% of material can be wasted during the
manufacturing process depending on the material, nozzle
and process conditions used. This is especially critical for
the manufacture of large structures (> 1 m) made of
superalloys, where, in addition to the high demands in
terms of freedom from defects and microstructural and
geometrical quality, a high productivity rate of several kg/h
is required, maintaining this quality throughout the entire
component and allowing the manufacture of identical
references in series.
This research is based on the laser wire direct energy
deposition (w-LMD) process, using the concentric wire
technique. Compared to other wire DED technologies, such
as Wire Arc Additive Manufacturing (WAAM), laser
technology has several key advantages [Szost 2016], such
as smaller distortions, smaller heat-affected zones, smaller
residual stresses, finer microstructures and better overall
surface quality, which simplifies the finishing process and
produces a more efficient process, from the point of view of
the use of raw materials [Ding 2011].
The concentric feed method, compared to lateral feed
deposition, offers the advantage of higher toolpath
flexibility. Short raster patterns, zig-zag trajectories or spiral
deposition trajectories can be deposited if concentric feed
is applied (Fig. 1). In addition, distortion control and

1 INTRODUCTION
The aerospace industry, among others, has realized that
some geometrical constraints and high manufacturing
costs can be overcome if key components were
manufactured by additive manufacturing (AM) [Thomas
2014]. This is true for large metal parts with slender areas,
such as stringers or ribs, and some engine components.
These are currently machined from previously forged
preforms scrapping high amounts of expensive and
difficult to cut materials, such as titanium alloys, which can
not be re-used for the same structural applications. The
buy-to-fly ratio for a part machined from a forged billet is
typically 10 to 20 [Flower 1995] and can drop almost to 1
with AM for the most favourable cases.
Currently, different AM technologies coexist, mainly divided
by the way the deposition material is delivered [Wohlers
2014]. Powder bed melting processes, like Selective Laser
Sintering (SLS), Selective Laser Melting (SLM) or Electron
Beam Melting (EBM) lead the market when small and
complex parts have to be produced. Directed energy
deposition (DED) processes, such as the different variants
of Laser Metal Deposition (LMD), Electron Beam Additive
Manufacturing (EBAM) or Wire Arc Additive Manufacturing
(WAAM) are the best candidates for producing large parts.
However, the most prominent, and greater progression
technologies that seem to prevail for the production of
highly durable metal structures are SLM and LMD, both
based on laser technology [Gasser 2010].
While LMD with powder material has been well established
for years for coating and repair tasks, wire-LMD using
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compensation are much more limited if lateral w-LMD (Fig.
2) is employed [Nickel 2001] compared to concentric wLMD.

is applied depending on the geometrical characteristics of
the component. According to previous work done [Flores
2018], the ability to deposit in at least 5 DoF is necessary if
inclined walls and free-form components have to be
manufactured [Arregui 2018].
2. Deposition strategies established based on the
generation of the minimum error obtained from
thermomechanical simulation results according to
algorithms developed in previous research and adapting
them to the required geometries and constraints. In
addition, distortion compensated geometries are used for
tool path generation, resulting in near net optimized
geometries once the component is distorted. The inclusion
of an algorithm between the toolpath generation software
and the simulation software for optimal toolpath selection is
evaluated. This multivariable optimization algorithm allows
the generation of trajectories that produce the minimum
distortion and maximum accuracy in the deposition
process. Among the main parameters that are optimized
are pattern strategy, interlayer orientation, start and end
points and interlayer time.
The automatic toolpath generation algorithm has been
developed specifically for the w-LMD process. The part STL
file (Fig. 3a) is sliced between the specified heights
following the algorithms presented in [10, 11]. Once sliced,
the STL (Fig. 3b) is fed into the trajectory generator
software to obtain the trajectories of the next set of layers.

Fig. 1: Concentric fed laser W-DED process [Ocylock
2016].

Fig. 2: Laterally fed laser W-DED process [Ocylock 2016].
The main objective of this work is the development of an
efficient methodology for the fabrication of Ti6Al4V
aerostructural components by using a direct deposition
technique of metallic material in wire form by means of laser
technology (w-LMD). The most outstanding result of the
research is the complete development of a new machine
tool, TITAN©, which integrates the manufacturing
methodology developed by a large research group during
the last years. For this purpose, the methodology includes
complementary simulation tools, in situ process control,
heat treatment and finishing to convert the w-LMD process
into another manufacturing alternative within a sector with
high quality standards, such as the aeronautical sector.

Fig. 3: Trajectory generation based on the STL model
implemented. (a) STL model of the part; (b) Slice of the
STL to be deposited (green).
Alternatively, the open source slic3r software has also been
adapted to w-LMD with both powder and wire, although,
due to the particularities of laser w-DED, it is preferable to
use a self-developed trajectory generation code (Fig. 4).
This choice is motivated by the fact that some of the fill
patterns including, zig-zag, spiral, etc. can be employed in
the w-LMD process, and also has the ability to adjust the
deposition parameters directly using the command line
interface. This feature allows the adjustment of these
parameters and the generation of trajectories automatically,
and is used for the recalculation of the deposition tool path
based on the height measurement.
The output trajectories are generated in a GCODE format
(CNC, numeric control programming). Bidirectional (zigzag) filling strategies with successive layers rotated at 90
degrees and outer perimetral depositions have achieved
best results in terms of component quality, minimum
distortion generation and process stability. In addition to
these strategies, on the developed trajectory solution it is
possible to plan different filling patterns and layer
orientations. An example of a deposited component using
the toolpath generation strategy is shown in Fig. 5.

2 KEY PROCESS ELEMENTS
To successfully implement this overall LMD concept,
several supporting technologies are needed, namely
automatic toolpath generation methods, monitoring and
control technologies and advanced thermo-mechanical
simulations.
2.1 Automatic toolpath generation
The TITAN© machine tool applies automatic toolpath
generation algorithms based on multidirectional deposition
for application in concentric wire technology. The toolpath
generation is performed from two points of view:
1. The deposition toolpaths are generated automatically
taking into account the current limitations and peculiarities
of the w-LMD process. Automatic toolpath generation
based on 3 degree of freedom (DoF) and 5 DoF strategies
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2.2 Adaptive toolpath variation based on closed loop
process monitoring and control
The proposed adaptive toolpath control is based on
recurrent measurement of deposited geometries and
subsequent correction of deposition toolpaths based on
comparison between the theoretical (CAD) geometry and
the actually built geometry. The extreme process conditions
require non-contact three-dimensional measurement
techniques [Heralić 2012], so a structured light scanner
device is used. A data processing algorithm, implemented
in the computer, sets the frequency of the measurements
and modifies the deposition (CAM) toolpaths, to send them
to the machine tool. As a result, the deviation between the
deposited and planned geometry of the 3D component can
be minimized, even when there are significant residual
stresses that cause noticeable distortions. The distortion
values of large components usually range from 20 to 40
wt% of the finished volume, depending on the different
geometries, and the closed-loop geometric control system
makes these values lower than 15 wt% [Garmendia 2018].
The distortion-optimized deposition pattern is derived from
the thermomechanical simulation, as explained in the next
section. In addition, the events controlling the laser on/off
and the wire material feed are also controlled. A diagram
showing the developed adaptive toolpath control
methodology is shown in Fig. 6.

Fig. 4: Calculated trajectory based on the sliced STL.

Fig. 5: Automatic toolpath generation validated in a
deposited component (c).

Fig. 6: Diagram of the closed- loop adaptive toolpath control strategy.
Process stability is ensured and error propagation along the
part height is avoided when the control strategy is employed
(Fig. 7). The definition of the initial parameters before
deposition is also simplified, since one of the key
parameters, the layer height, is adjusted during deposition.
The files containing the deposition toolpaths are finally sent
to the machine tool via FTP protocol for deposition of the
next set of layers, and the controller then loads the program
module with the CAM toolpaths at the start of the main
program execution.

Fig. 7: Deviation in the finished geometry from CAD using
closed-loop control system.
In addition to the adaptive CNC, a closed-loop thermal
control is proposed as a complementary control strategy.
Monitoring the molten pool using CCD or CMOS cameras
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with spectral ranges from visible (Fig. 8) to IR (Fig. 9) (1000
nm - 5000 nm) allows minimizing the effect that the
emissivity of the molten pool has on the measured
temperature. Controlling the molten pool temperatures (on
the order of 1700 °C for Ti alloys) and the geometry of the
molten pool can reduce overheating problems that induce
higher residual stresses and distortion problems. The
acquired data (melt pool width/size, temperature reached in
the melting zone) are processed and compared with a
nominal value, to finally obtain the signal that will command
the process.

Fig. 9: Temperature melt pool control at long infrared
spectr).
2.3 Thermo-mechanical process simulation
One of the main goals of predictive modelling for AM is to
reduce the need for trial and error optimization of
processing recipes based on wire feed rate, design, energy
input, toolpath/layer sequencing, and postprocessing heat
treatments variables, among others. The maturity of
integrated computational materials engineering (ICME)
tools for AM is limited and allows prediction of
thermomechanical cycling, solidification, solid-state
transformation, residual stress, geometric distortion, and
mechanical properties as a function of existing and
emerging AM processes. Finite Element Method based
simulation has been adopted for the thermo-mechanical
process solidification, including the following features:
• Fast and accurate simulations based on model order
reduction techniques.

Fig. 8: Temperature melt pool control at visible spectra.
The control system acts mainly on three process
parameters: a) the speed of movement of the machine tool
axes, b) the power of the laser source and c) the wire supply
speed. The computer commands the system, either by a
signal to the PLC or by sending commands directly to the
CNC, depending on the control strategy chosen. The
closed-loop thermal process increases the robustness of
the process and improves the adaptability of the entire
system.

•

Optimization of deposition strategies (CAM) to generate
minimum distortion.
• Possibility of compensation of the original theoretical
geometries for counteract distortions that will be
generated during the building process.
The TITAN© machine tool is based on these developments.
Fig. 10 shows the simulation workflow implemented for a
particular structure.

Fig. 10: Workflow for process optimization based on simulation.
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3 TITAN©: W-LMD MACHINE
TITANIUM LARGE PARTS

TOOL

FOR

W-LMD

Axes feed
rate

Overlap Layer Substrate
height thickness
15 mm

Tab. 1: Main processing parameters used in w-LMD of the
Ti6Al4V part.
When machining AM components, the workpieces to be
machined have certain peculiarities such as pores, uneven
and hardened surfaces or inhomogeneous structures. This
makes it necessary to adapt the machining process to the
new conditions. Workpieces manufactured using w-LMD
and subsequently machined can be subject to compressive
stresses. Discontinuities in the additive manufactured part
lead to a higher fluctuation of cutting forces. The use of heat
treatment, as used in this case, helps to achieve a more
homogeneous microstructure and reduce cutting forces
[Oyelola 2016], [Oyelola 2018].
As for the recommended cutting conditions for titanium
alloys in milling processes, cutting speeds of 40-60 m/min
and feeds of 0.10-0.25 mm/tooth are established. The
surface finish of the machined material is generally better
when higher cutting speeds are used, considering also that
tool wear affects this surface finish.Residual stress is
generally compressive when using the recommended
cutting conditions for titanium machining. This factor is also
affected by tool wear [M'Saoubi 2015].The surface finish of
the machined material is generally better when higher
cutting speeds are used, considering in turn that tool wear
conditions this finish. Residual stress is generally
compressive when using the recommended cutting
conditions for titanium machining. This factor is also
affected by tool wear [M'Saoubi 2015].
In terms of lubrication methods, the most commonly used
option is the coolant bath (emulsion of around 8% oil),
which considerably improves the performance of the cutting
inserts. However, the formation of vapour bubbles when
part of the fluid evaporates in the cutting zone as a result of
the high temperatures reduces the effectiveness of this
method. Therefore, the solution used in this research is a
high-pressure jet of coolant at a pressure of about 250 bar
directed at the cutting edge. This method breaks the vapour
bubbles and offers improvements such as reduced cutting
temperature and tool wear, better chip evacuation, reduced
friction and thus a better surface finish. A cylindrical Ti6Al4V
part (Fig. 13) was machined by milling with the main cutting
parameters given in Tab. 2.

Fig. 11: TITAN© w-LMD machine tool for large Ti parts.

RESULTS:

Wire
feed
rate

2.5 kW 3m/min 1 kg/h 900mm/min 2.8 mm 1.5 mm

All the previous process know-how has been integrated into
a new w-DED laser machine tool developed for large
titanium parts (Fig. 11). The machine tool has three
cartesian axes to define the position and optionally with a
reorientation of the head or worktable to generate
geometries with greater complexity.
TITAN© incorporates a 4 KW continuous wave 1070 nm
fibre laser source. The operating work envelope is 1900 x
900 x 750 mm. The coaxial laser wire head is suitable for a
diameter range of 0.6 mm to 1.6 mm. It includes a controlled
atmosphere chamber to include inert gas (Ar and He) or
vacuum (< 5 ppm). It also has a heated plate to control the
temperature of the parts and an integrated scanner for the
geometry control system during the manufacturing process.
Its main functionalities are the manufacturing of 3D
structures on Fe, Ti, Ni and Al alloys with a deposition
efficiency close to 100%. Deposition rates are currently up
to ~3 kg/h depending on the alloy material.

4 EXPERIMENTAL
MACHINING

Wire
speed

PLUS

A set of tests have been performed to validate the AM
methodology developed within the TITAN© machine tool. A
cylindrical Ti6Al4V part was deposited (Fig. 12) and later
machined by milling. The AM parameters are gathered in
Tab. 1.

Fig. 12: Part produced using w-LMD at TITAN©
Fig. 13: Ti6Al4V part after milling.
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Rotational
speed

Feed speed

Depth of cut

Overlap

600 rpm

180 m/min

2 mm

30%
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Tab. 2: Main cutting parameters selected for finishing AM
Ti6Al4V parts.

5 CONCLUSIONS
This paper presents the application of the developed
concentric w-LMD methodology, which has been fully
integrated into a new TITAN© machine tool. The machine
has been specifically designed to produce large
aerostructural parts in titanium alloys
The optimization of deposition toolpaths based on FE
thermo-mechanical simulations is still under development
in the context of the ASSALA project (2019 - 2021, GA831857), with very promising results [Ghnatios 2021].
To achieve a fully operational w-LMD machine tool, several
technical objectives have been achieved:
1. The optimization of the existing laser-based wire metal
deposition process for the manufacturing of critical
aircraft components making use of in-house
developed CAM tools for automated toolpath
generation and process monitoring and control
systems.
2. Minimization of component distortion and process
development time through the use of state-of-the-art
simulation techniques, including parameterized
trajectories and reduced order models (ROMs) for
near real-time evaluation of the effect of process
parameters and trajectories on part distortion
3. The integration of an optimized build sequence,
derived from simulations, into the trajectory generation
procedures for minimizing distortion during component
construction.
4. The implementation of automatic deposition toolpaths
in geometries with distortion compensation so that,
once cooled, the final geometry is as close as possible
to the nominal geometry.
5. The selection of the machining conditions to achieve
the required tolerances and surface quality by milling.
Although they are not included in this paper due to space
limitations, the methodology also deals with the following
issues:
6. The development of referencing methods for
component transfer between additive and subtractive
machine tools, using contactless vision systems.
7. The definition of the most suitable heat treatment
method for releasing the residual stresses contained
in the part.
8. Exhaustive characterization tests on samples at
microstructural and mechanical level in accordance
with aeronautical standards, in order to certify the new
manufacturing methodology.
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Abstract
The manufacture of cutting tools by conventional methods presents geometrical and mechanical
limitations that prevent achieving efficient tooling solutions for some processes. Selective Laser Melting
(SLM) is an additive manufacturing technology that allows manufacturing 3D metal elements with high
precision. In this study, cutting tools manufactured combining SLM, machining and finishing techniques
have been compared to conventional ones. This approach shows important geometric advantages and
allows the use of internal cooling channels in narrow or difficult-to-reach areas. The article analyzes the
metallography of the novel manufactured tools and checks whether they meet the mechanical
requirements of a machining process.
Keywords:
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operator’s health Kaynak 2018]. Therefore, enormous
efforts to reduce or avoid conventional cutting fluids have
been done, such as developing alternative lubricants and
cooling technologies.
In this respect, the use of internal cooling channels instead
of conventional cooling techniques increases the efficiency
of the cutting process [Dubey 2020]. The lubricant is directly
applied to the cutting area and improves heat dissipation in
the interface between material and cutting tool, especially if
the lubricant is used at high pressure. A tool with internal
cooling can significantly decrease the cutting temperature
and thus improve the cutting tool’s life [Uhlmann 2017].
Nonetheless, not all the cutting tool geometries allow
performing internal coolant channels using traditional
manufacturing methods. The design of a piece is limited by
the available manufacturing technologies to produce it. This
is particularly crucial in tools with indexable inserts located
at different heights or complex geometries with difficult to
access areas. Additionally, especial care must be taken
when manufacturing cooling channels because the use of
inappropriate radii and abrupt section changes may cause
the cutting fluid to work in a turbulent regime and drastically
reduce its effectiveness [Morimoto 2018].
Nowadays, additive manufacture is considered a solid
alternative for the manufacturing of 3D metal parts that
offers much more freedom in design. Particularly, the SLM
(Selective Laser Melting) option is proposed as a solution
for manufacturing cutting tools with complex internal cooling
channels. This metal additive manufacturing technique

1 INTRODUCTION
There is a growing demand for precise machining of
increasingly complex parts. Modern industry demands
solutions of high technological level and great
specialization. Consequently, cutting tools have evolved
into customized designs aiming to maximize their
performance in a particular cutting process.
In the literature, there are different approaches aiming to
improve the performance of cutting processes. This
includes the design of new cutting geometries
[Saravanamurugan 2021, Hall 2019], the use of advanced
coatings [Sahin 2005, Zhao 2021], the development of new
tooling materials [Li 2021] or the design of chip breakers
[Yilmaz 2020, Wu 2020], among others. The present study
considers the use of internal cooling channels as an option
to optimize the cutting process.
The heat generated in the machining process can raise the
temperature to a point where the damage occurs resulting
in higher cutting forces, increased surface roughness,
reduced tool life and inaccuracies in machined part
dimension [Ravi 2021]. To overcome this problem, cutting
fluids are applied to introduce cooling and lubrication effects
into the workpiece-tool and the tool-chip interfaces. This
results in longer tool life, higher amount of removed material
and improved chip flow [Saikiran 2019]. Traditionally, flood
cooling is used for this purpose, consisting in flooding the
cutting area with a mixture of water and oil. However, when
disposed, most of the cutting fluids cause serious
environmental problems and pose a serious risk to the
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uses laser powder bed fusion technology in an inert argon
atmosphere. An extremely thin bed of metal powder is laid
down and the areas that will form the component are melted
using an ytterbium fiber laser and then solidified on cooling.
This process is repeated with layers of metal powder, until
the part is finished. However, there are some issues to cope
with when using SLM in the manufacturing of cutting tools,
such as a reduced number of printable materials,
dimensional accuracy, surface quality or mechanical
properties, among others.
The aim of this study is to manufacture cutting tools
containing internal cooling channels using SLM technology
and to check whether these tools meet the minimum
mechanical requirements required by machining
processes. In order to achieve this objective, a two-phase
study is proposed.
In the first part, the aim is to select a material available for
SLM technology that meets or exceeds the properties of a
material commonly used to manufacture cutting tools. In
turn, the optimum SLM printing direction to achieve the best
mechanical properties is analyzed. For this purpose,
specimens are printed in three different directions
(horizontal, vertical and 45 degrees) and the properties of
each of them are analyzed in detail to determine the best
solution.
The conclusions of the first phase are used in the second
one to manufacture a cutting tool and perform machining
tests to compare its performance with a tool manufactured
in a traditional way. The ultimate goal of the study is to
validate de use of SLM in the manufacturing of cutting tools
to exploit SLM’s versatility in terms of geometry, especially
for the manufacturing of internal cooling channels.

applications (see Tab. 2). This material has good properties
up to 400ºC, highlighting its high toughness and high tensile
strength. After the additive process, the material has been
precipitation hardened to achieve a hardness of 52-54
HRC. This heat treatment consisted in the application of
510ºC for 6h and a subsequent reduction of 2ºC per minute
to 300ºC.
Tab. 2. Chemical composition and physical properties of
steel 1.2709 given by the powder manufacturer (after
standard heat treatment).
Fe

Ni

Mo

Ti

Co

Al

Mn

C

P

Bal.

18,00
19,00

4,70
5,20

0,50
0,80

8,50
9,50

0,05
0,15

0,10

0,03

0,01

Density
Hardness
Modulus of elasticity
Elongation
Tensile Strength
Yield Strength (2%)

8,10 [g/cm3]
50-56 [HRC]
180.103 [MPa]
4 [%]
2050 [MPa]
1990 [MPa]

The SLM process have been developed in a Renishaw
AM250 machine and the process parameters summarized
in Tab. 3. The powder was produced by gas atomization.
Tab. 3: Process parameters of SML machine.
Power
Hatching spacing
Scanning speed
Layer thickness

100-200 [W]
0,08 [mm]
720 [mm/s]
40 [µm]

2 TOOL MATERIAL CHARACTERIZATION
To carry out the metallographic study and the mechanical
tests, specimens have been printed according to DIN 50125
standard. The dimensions of the specimens are given in
Tab. 4.

2.1 EXPERIMENTAL PROCEDURES
In this section, the manufacturing process of the samples
and experimental methodology for the analysis carried out
are described.
2.1.1 Manufacturing of printed samples and tools
The material selected as a reference for setting standard
values for cutting tool properties is PKT-117, that is a pretreated alloy steel commonly used in the manufacture of
cutting tools and tool holders. This material has good wear
resistance at high temperatures and good toughness to
hardness ratio. In Tab. 1, the properties of the quenched
and tempered pre-treated steel are gathered.

Tab. 4. Dimensions of the specimens.
A0

B0

3

8

L0

B

r min

min

30

12

12

h

Lc

Lt

min

min

min

26

38

104

Tab. 1. Chemical composition and physical properties of
steel PKT-117.
C

Si

Mn

Cr

Mo

V

S

Ni

Oth.

0,50
0,60

0,10
0,40

0,65
0,95

1,00
1,20

0,45
0,55

0,07
1,12

0,12
max

1,50
1,80

0.8

Density
Hardness
Modulus of elasticity
Elongation
Tensile Strength
Yield Strength (2%)

7,82 [g/cm3]
46,5 [HRC]
214.103 [MPa]
16 [%]
1505 [MPa]
1305 [MPa]

Horizontal, vertical and 45-degree printing orientations
have been used for the manufacturing of the samples as
shown in Fig. 1.

With SLM technology it is not possible to use the PKT-117
because there are no powders available for this material.
Therefore, to build the tool by SLM a maraging steel powder
has been selected (1.2709) that is equivalent to German
X3NiCoMoTi 18-9-5 and is commonly used in tooling
High Speed Machining | 2021 | Conference Proceedings of HSM2021
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Fig. 2. Testing machines.
2.2 RESULTS AND DISCUSSION
2.2.1 Porosity of the printed samples
The results of porosity quantification for horizontal, vertical,
and 45-degree specimens are shown below.

Fig. 1. Orientation during 3D printing
2.1.2 Metallographic characterization
The mechanical test specimens (horizontal, vertical and 45º
tilted) were characterized using an Olympus GX71 optical
microscope. Image analysis was performed with a
magnification of 100x to evaluate surface level
imperfections (melted droplets) as well as internal integrity
(porosity). Metallographic longitudinal sections of the
samples were prepared perform the microstructural
analysis. The Vickers hardness of the samples was
measured using a Future-Tech serie700 microhardness
tester.
The samples intended for microstructural observation were
etched with Adler`s reagent. The porosity levels of the
printed samples were evaluated via optical microscopy and
subsequent image analysis. On each longitudinal section of
the polished samples the ratio of the pores was evaluated
using an Olympus Stream image analysis software. Values
are obtained by analyzing the average of 20 fields (x100
magnification) for each reference.
Crystallographic phase analysis was carried out by X – ray
diffraction (BRUKER X – ray diffractometer D8 with Cr
radiation (average penetration depth of 5 microns on
100Cr6) with scanning range 2 = 45-85°.

Fig. 3. Mean value and standard deviation of the porosity
measured at different positions as a function of the type of
mechanical test specimen considered.

2.1.3 Mechanical testing
Tensile tests were performed on a deformation stage
(Zwick/Roell 50KN and 100KN) in accordance to the
standard UNE-EN ISO 6892-1 using the samples described
in section 2.1. Four samples were tested for each printing
direction. Continuous tensile loading (30MPa/s) was
employed to determine the yield strength, ultimate tensile
strength, modulus of elasticity and total elongation of each
sample. The average values of these parameters were
evaluated for every printing direction.
The base length of the extensometer (L0) used in the tests
was 30mm and 12.5 mm, depending on the type of
specimen and machine used (50KN and 100KN machine
respectively).

According to Figure 3, no significant differences were
observed in terms of porosity for the specimens analyzed.
Dispersion of data was evident, being more remarkable in
the case of specimen referenced as 45º tilted.
The low porosity values observed (<1%) agree well with the
values reported by Kucerova et al. [Kucerova 2019].
corresponding to the same material analyzed in this work.
2.2.2 Microstructural analysis of the printed samples
Figure 4 shows the dendritic/cellular appearance of the
weld seams, as it was described previously by other
authors. The observed structure corresponds to a
martensitic matrix, with intermetallic precipitates rich in
nickel (possibly Ni3Mo and Ni3Ti) and retained austenite,
similar to the results reported by Pardal et al. [Pardal 2006].
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each specimen considered and agree well with the values
registered in bibliography for this material after the aging
heat treatment (584-610 HV1).
This hardness value is substantially higher than the
hardness value of common tool steels such as the one
selected to manufacture the conventional tool (46,5
HRC~507HV1).

Fig. 5. Hardness characterization as a function of the
specimens considered.
2.2.4 Mechanical properties of the printed samples
The following figures show the values obtained for Young's
modulus, the load corresponding to a deformation of 0.2%,
the ultimate tensile strength and the maximum deformation
at break.

Fig. 4. (a) and (b) Light micrographs of the perpendicular
cross – section of the specimen referenced as Vertical,
which were etched with Fry’s reagent. c) X-Ray diffraction
spectra of the specimen showing the martensitic (M) and
austenitic () peaks.
2.2.3 Hardness analysis of the printed samples
The results of Vickers hardness with 1Kgf (HV1) performed
on the core of the horizontal, vertical and 45-degree
specimens are shown in Figure 5. Values are similar for
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are observed. Therefore, no correlation is detected
between the minimum deviations in porosity and distribution
of the "beads" of molten material during the process with
the mechanical properties of the final part.
It is important to mention that, in general terms, the
specimens break very close to the edge of the clamping
zone with the equipment's claws, outside the effective
measurement area of the extensometer. Therefore, the
values of elongation at break were calculated "indirectly" by
measuring the relative displacement of the marks made on
the specimen.
The results agree with the study carried out by Monkova et
al [Monkova 2019] where specimens printed in x, y, z
directions and at 45 degrees are studied. In this work,
isotropic mechanical conditions are considered for the
material after the hardening treatment, as all the values are
within the same range. On the other hand, the values
obtained in the three directions studied agree with the
values offered by the powder supplier (see Tab. 2 in this
paper).
Therefore, no noticeable differences are observed when the
printing direction is modified in the process. In all the
studied directions after the hardening treatment, standard
mechanical properties are achieved for this material. These
properties equal or exceed the conditions of the selected
conventional tool steel PKT-117 (see Tab. 1). The Tensile
Strength of the selected steel is 1505 MPa and the
minimum value measured on the tested specimens is 2054
MPa. The same applies to the Yield Strength with a value
of 1305MPa compared to a value of 1928 MPa.
The mechanical properties of the selected material for the
manufacturing of tools by additive manufacturing are
superior to those of the conventional steel in terms of tensile
strength, yield strength and hardness. Therefore, from a
functional point of view, the new SLM tools should
withstand the requirements of the machining process.
For the manufacture of phase 2 tools, the use of steel
1.2709 has been approved, since it exceeds the properties
of the material assigned as reference (PKT-117). At the
same time, it has been chosen to print the specimens in
vertical arrangement, since no major differences are
observed with the rest of the directions studied and
constructive advantages are obtained (it is not necessary to
print fastening elements and a greater number of tools can
be printed in the available chamber).

3 STUDY OF TOOL PERFORMANCE
3.1 EXPERIMENTAL PROCEDURES
In this section, the manufacturing process of the tools and
the experimental methodology machining test are
described.
3.1.1 Manufacturing of the tools
For the milling tests, a conventional cutting tool without
internal cooling has been selected and a new version of this
tool including internal cooling channels has been developed
using SLM technology as part of its manufacturing process.
Fig. 7 shows the two versions of the tool.

Fig. 6. Mechanical test results for the specimens printed
considering different orientations. The red line indicates
the values corresponding to the steel PKT 117.
According to the above graphs, no significant differences in
the mechanical properties of the manufactured specimens
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Tensile Strength
Yield Strength (2%)

310 [MPa]
565 [MPa]

The machining tests were executed on a 5-axis milling
machine Goratu GDynamic P8 (18.000rpm, 35kW). The
cutting area was cooled by means of a flood emulsion with
an 8% concentration of Alusol SL61XBB oil.

Fig. 8. Machining set up.
Fig. 7. Cutting tool designs with and without internal
cooling

The cutting conditions used in the tests are listed in Tab. 6.
For each tool, the wear of the three cutting inserts was
observed periodically during the study with a contact optical
microscope Keyence VHX-500F with a lens VH-5901. To
register the cutting forces during the first cutting pass, a
force dynamometer of the type Omega 191 FT19148 from
the company ATI Industrial Automation was used.

The first tool has been manufactured by conventional
technologies and lacks internal cooling due to the
geometrical constraints of this type of technologies. The
material used is PKT-117, this is, the steel established as a
reference in the initial phase whose properties are shown in
Tab. 1.

Tab. 6. Cutting conditions.

The second tool has been manufactured by SLM. In this
case it has been possible to include internal cooling
channels due to the flexibility of additive manufacturing. The
material used was 1.2709 steel and the printing direction
was vertical, following the conclusions of phase 1.
The printed tools have been heat treated to homogenize
and improve their mechanical properties as well as
specimens in phase 1. Additionally, aiming to meet the most
demanding dimensional requirements, precision machining
and grinding have been used to finish the functional
surfaces (insert seating and clamping area/shank).

Vc (cutting speed)
F (feed rate)
Ap (axial depth of cut)
Ae (radial depth of cut)

3.2 RESULTS AND DISCUSSION
3.2.1Tool wear evolution in machining test
Tool life test have been carried out with the two defined
tools, machining a total volume of 55,800mm 3 in a
machining time of 27,5 minutes in both cases. None of the
cutting inserts used (3 cutting edges on each tool) have
reached the end-of-life criterion of exceeding a flank wear
of 0.3mm after exceeding the established maximum
machining time (25min). The predominant wear is on the
flank of the tool where progressive abrasive wear occurs.
At the same time, slight nose wear is detected. In neither
case micro-chipping or severe wear are observed. The
machining is of good quality and the performance of both
tools is good.
During the first cutting passes, the wear on the conventional
tool is higher. A wear of 0,08 mm is observed on the flank
of the tool. Regarding the additive tool, the initial wear is
lower and is concentrated on the tool nose, as can be seen
in Fig. 9.

3.1.2 Machining testing
Tool life milling tests according to ISO 8688 standards were
carried out with the new SLM cutting tool and the
conventional one. The maximum machining time for each
test has been set to exceed 25 minutes. Each tool has three
coated carbide inserts from Kennametal with the reference
SPGX070304FP. The experiments consisted in contouring
machining operations on a rectangular test bar. The
workpiece material used is C45 Steel whose properties are
shown in Tab. 5. The experimental setup within the
machine tool is shown in Fig. 8.
Tab. 5. Chemical composition and physical properties of
steel C45.
C

Si

Mn

Cr

Mo

P

S

Ni

Oth.

0,42
0,50

0,10
0,40

0,50
0,80

0,40
max

0,10
max

0,035
max

0,035
max

0,40
max

-

Density
Hardness
Modulus of elasticity
Elongation

200 [m/min]
1023 [mm/min]
2 [mm]
1 [mm]

7,87 [g/cm3]
170 [HV]
200.103 [MPa]
16 [%]
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Fig. 9. Tool wear after removing 6.300mm3 of material. (a)
additive and (b) conventional

Fig. 10. Tool wear after removing 55.800mm3 of material.
(a) additive and (b) conventional

As the machining time increases, the tool wear in both
cases is practically equal, although it is slightly higher on
the conventional tool. Specifically, flank wear is around 0.1
mm in both cases when machining time exceeds 10
minutes.

3.2.2 Cutting force analysis in machining test
Force data has been collected during the first 150 mm
machining pass for the 3 main axes (x, y, z) in both tests.
Part of the signals obtained is shown in Fig. 11.

After more than 25 minutes of machining and a total of 186
cutting passes, the test is concluded. Tool wear follows the
same trend in both tools as shown in Fig. 10. The flank wear
is slightly greater than 0.1 mm on one of the cutting edges
while it is slightly lower in the rest of edges. Therefore, the
monitored wear is well below the maximum stipulated by
the ISO standard (Vb=0.3mm).
The use of internal cooling results in a better protection of
the tool flank, which wears slower. Therefore, a coolant flow
directly oriented to the cutting zone leads to a reduced
abrasive wear. This aspect is also demonstrated in the work
of Lakner et al [Lakner 2019].
On the other hand, the good performance of the tool
manufactured by additive technology has been
demonstrated, as no deficits have been observed
compared to the conventional tool. The tool has performed
correctly under the cutting forces and conditions involved in
the machining process.
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[Lakner 2019]. This different behavior can be caused by the
internal cooling effect or by the different mechanical
properties of the additive manufactured tool and the
conventional one.

4 CONCLUSION AND FUTURE WORK
In this study, the suitability of a tool manufactured by
additive technology for a machining process has been
validated. For this purpose, the mechanical properties of
the material used in additive manufacturing have been
analyzed. Additionally, the performance of and additive
manufactured tool has been compared with a conventional
tool. The results yield the following conclusions:
•

The printing direction is not decisive for better tool
characteristics. The three printing directions
studied
have
similar
mechanical
and
metallographic results.
•
The selected material (steel 1.2709) has superior
properties in terms of hardness, ultimate tensile
strength and yield strength compared to the
selected conventional steel (PKT-117).
•
During machining tests, the additive manufactured
tool does not show any problems in completing the
process and working under regular cutting
process’ conditions.
•
Comparing the wear of the inserts used in the
conventional (flood cooling) and additive tool
(internal cooling), a slightly lower wear has been
seen in the case of the additive tool, especially in
the first cutting minutes.
•
The force values in the Z axis significantly
decreases for the additive manufactured tool
compared
with
the
conventional
one.
Nonetheless, both tools present similar force
values in X and Y axes.
Despite the good performance obtained with the
additive manufactured tool, there are several aspects
that still need to be further studied. Machining other
materials, measuring vibrations during the cutting
process, using high pressure internal cooling or
manufacturing tools with more complex geometries are
some of the challenges for the future.

Fig. 11. Force measurement result in x, y and z axis.
The measured cutting forces in X and Y direction are similar
for both tested tools. However, in the Z axis the forces are
higher in the case of the conventional tool. Tab. 7 shows
the average and maximum values measured in each test.
From the table, it can be drawn that the additive
manufactured tool produces significantly lower Z-axis
cutting forces. It is also observed the appearance of some
peaks in the case of the conventional tool. This may be due
to vibrations that appear in the machining because of the
structural differences between the tools or of varying the
lubrication strategy, since these are the two aspects that
vary between the two tested tools.
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Tab. 7. Force values.
Reference
Conventional X
Conventional Y
Conventional Z
Additive X
Additive Y
Additive Z

Maximum
values [N]

Average
values [N]

903,4

342,4
355,5
629,2

450,2

325,5

487,8

375,9

392,0

313,9

424,8
455,1
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Abstract
Cryogenic cooling has excellent cooling and poor lubrication, while minimum quantity lubrication (MQL)
has vice versa. Therefore, biodegradable hybrid lubri-cooling is getting attention nowadays to achieve
adequate cooling and lubrication for high-speed machining hard-to-cut materials. In this study, ethanol,
ester oil, and hybrid ethanol-ester oil lubri-coolants are biodegradable, eco-benign, and innocuous for
operator health. Under the premise of this, machinability performance measures (temperature, cutting
force, surface integrity, and tool wear) are evaluated for above-mentioned lubri-coolants. Tribological
properties of prepared lubri-coolants evaluated by pin-on-disc tribometer depicted the minimum force and
friction coefficient under hybrid ethanol-ester oil (1:1), while maximum under dry conditions. Regarding
the machinability of heat-treated Ti-6Al-4V, lower cutting temperature, superior surface integrity, and
extended tool life were obtained under hybrid lubri-cooling.
Keywords:
Machinability; hybrid lubri-cooling; surface roughness; Cutting temperature

compared the vegetable oil and ester oil in perspective of
their biodegradability, viscosity, oxidation stability, and tool
wear under MQL environment. The author's findings have
shown the ester oils have higher biodegradability, oxidation
stability, and less wear compared to pure vegetable oil. This
evaluation underscored that polyesters are optimal MQL
lubricants in terms of machinability performance. (Rahim et
al., 2015) investigated the ester oil MQL performance in the
turning of AISI-1045 steel. At varying cutting conditions, the
cutting temperature, contact length, and cutting forces are
determined and compared with dry cutting. The
experimental findings have shown that the application of
ester oil reduced 10~30% of cutting temperature, 5~28% of
cutting force, and lower contact length than dry cutting. The
authors concluded a significant machinability improvement
under ester oil MQL.
(Jamil et al., 2020) have investigated the thermophysical
and friction properties of ethanol, ester oil, and hybrid
ethanol-ester oil cooling condition. The pin-on-disc (carbide
pin, Ti-6Al-4V disc) tribometer is used to explore the
lubrication stability of hybrid lubri-cooling. The ethanol
evaporation provided cooling and ester oil having stable
lubrication capability. The microscopic analysis of pin and
disc surfaces showed fracture ridges, deform lips, lateral
flowing, abrasion, and adhesion under dry cutting.
However, under hybrid lubri-cooling, minor lateral flowing,
feed marks, and micro-surface cracks on the disc surface.
The pin surface under dry cutting showed a significant
thermal effect on the pin surface, while minimum thermal

1 INTRODUCTION
Burgeoning demand for titanium alloys in the automobiles,
biomedical, and aerospace industries is pushing the
manufacturing sector to seek greener techniques for their
processing. Ti-6Al-4V is a well-known ɑ+β titanium alloy
having high strength, fatigue endurance, corrosion, and
biocompatibility. Despite having desideratum properties,
poor thermal conductivity (7.2W/mK) (Jamil et al., 2019)
hinders its ease in machinability and its applications.
Conventional machining is less efficient and not
sustainable, especially for heat-resistant alloys. Emerging
epidemic concerns and health awareness is pushing the
modern manufacturing sector to seek an avenue to replace
mineral-based emulsion cooling with environmentally
friendly sustainable coolants to improve the machinability of
such hard-to-cut materials. The term sustainability means
to fulfill the need with minimal exploitation of natural
resources and sustained existence. In machining
technology, sustainability is used to target continuous
improvement in processes/products.
Considering the minimal environmental damage and
natural resource consumption, minimum quantity
lubrication (MQL) seems an alternative by using a milliliter
of oil-air pressured mist to improve machinability. In MQL,
neat oil (50-500ml/h) is mixed with airflow in a mixing
chamber and a fine mist is directed towards the tool-chip
interface to provide adequate cooling and lubrication
(Hadad and Sadeghi, 2012). Suda et al., 2002 have
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effects under hybrid lubri-cooling. Su et al., 2016b
compared the polyol ester oil and nanofluids MQL in the
machining of hard-to-cut materials. Results have
highlighted superior thermophysical characteristics and
machinability regarding lower temperature and cutting
forces. Liu et al., 2020 have compared ethanol-castor oil,
castor oil, in the machining of hard-to-cut materials for
cutting temperature, tool life, and surface quality. The
experimental findings have depicted superior surface
quality and longer tool life under ethanol-castor oil blended
MQL compared to ethanol or castor oil MQL condition.
Krishnamurthy et al., 2017 investigated the machinability of
Ti-alloy under cryogenic and ethanol-based metalworking
fluid. Comparative findings have shown 65% less cutting
forces and tool-workpiece interface heat than dry
conditions. Also, a smooth surface, micro-voids
coalescence, low shear strain under ethanol-blended fluid
due to provision of the hydroxyl group (-OH) of ethanol
sustained and prevented adhesion of workpiece chemical
elements (Ti, V, Al) on the cutting tool edge during cutting.
There is great progress made regarding the MQL
advancements and now it is being applied in some
automotive industries at a limited scale (Tai et al., 2014).
Since MQL is not fully mature and it is not completely a
replica of flood cooling. Therefore, the minuscule flow of
MQL is insufficient to dissipate heat, especially for
workpieces having poor thermal conductivity, where poor
surface quality may be due to poor thermal control. In a
nutshell, it would be beneficial to understand the heat
transfer coefficient. It is fact that regarding MQL air-oil mist,
limited literature is available to quantify the convective heat
transfer coefficient. To propose a new coolant/lubricant,
tribological (friction force, friction coefficient), heat transfer
(surface temperature, heat flux, convective heat transfer
coefficient), and machinability characteristics (cutting
temperature, surface roughness, surface topography, and
tool wear) are necessary to investigate (Fig. 1).

ethanol, ester oil, and hybrid ethanol-ester oil spray cooling.
Similarly, the cutting temperature, surface integrity, and tool
wear are investigated in the milling of Ti-6Al-4V.
2.1 Analytical modeling of heat transfer
The experimental system is composed of five main parts,
including fluid reservoir, nozzle, workpiece material, heater,
and data acquisition. The fluid is circulated from the
reservoir, through a pipe into the nozzle. The thermal
conductivity of the workpiece sample k=6.71W/mK and the
distance between thermocouples inserted in the workpiece
is x=12mm. The workpiece surface is heated and then fluid
sprayed on the workpiece heated surface. The heat transfer
with time is calculated to highlight the heat transfer under a
mixture of ethanol-oil (Fig. 2). The flow rate was 20ml/min
was kept constant throughout the experiments. A solid
cone-type nozzle (diameter=2mm) is used to spray on the
workpiece surface. The nozzle is fixed 20mm far from the
workpiece top surface. Two K-type thermocouples were
inserted at the bottom of the workpiece to measure the heat
transfer.

Fig. 2: Experimental setup of measuring heat transfer
coefficient
To find the heat transfer coefficient, a relation is defined in
Equ.1 showing the heat transfer per unit time “𝑸” that can
be determined on the workpiece surface and defined as
(Wang et al., 2010):
𝑑𝑇
(1)
𝑄 = 𝐶𝑝 𝑚
𝑑𝑡
Where 𝐶𝑝 and ‘m’ are the specific heat and mass of the
𝑑𝑇

workpiece use in these experiments. While ‘ ’ is the rate
𝑑𝑡
of temperature drop per unit time. In Equ.2
𝑚 = 𝐴𝛿𝜌
(2)

Fig. 1: Important characteristics of proposing new
coolant/lubricant
Therefore, considering the superior cooling/lubrication
capability of ethanol, ester oil, and hybrid ethanol-ester oil
MQL spray, it could be proposed as a new cutting fluid as a
mature MQL technology in clean manufacturing. The key
objectives of this manuscript are following:
To analyze the tribological characteristics and heat transfer
capability of spraying ethanol, ester oil, and hybrid ethanolester oil air-oil mist on a static heated plate of Ti-6Al-4V in
terms of convective heat transfer coefficient. To organize
the milling of Ti-6Al-4V using hybrid coolants/lubricants on
the machinability performance of cooling/lubrication in
terms of cutting temperature, forces, surface integrity, and
tool wear.

The plate mass can be replaced in terms of thermal
characteristics such as density "𝜌", surface area "𝐴", and
"𝛿" is the thickness of the workpiece (Equ.3). So, by
replacing the mass "𝑚" in Equ.5, it could be a new formula:
dT
(3)
Q = 𝐶𝑝 𝐴𝛿𝜌
dt
𝑄
Replacing the heat transfer rate into heat flux density 𝑞 =
𝐴

; Formula could be rewritten in terms of heat flux:
dT
(4)
𝑞 = −𝜌𝐶𝑝 𝛿
dt
Where, 𝜌 is the density of workpiece plate (4.4×103kg/m3),
specific heat "𝐶𝑣 " of 600J/kgK, and thickness of the plate 𝛿
𝑑𝑇
is 4mm respectively. For the cooling rate,
could be
𝑑𝑡
obtained by differential quotient rule according to the
temperature measured. Therefore, heat transfer coefficient
“h” could be obtained:

2 EXPERIMENTAL SETUP AND DETAILS
In this experimental endeavor, tribological properties are
investigated using tribometer, heat transfer properties are
investigated by heating a static Ti-6Al-4V plate under
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ℎ=

𝑞
(𝑇𝑠 −𝑇𝑓 )

(5)

Surface temperature was also determined using the
difference in temperature "∆𝑇" readings between two
thermocouples, and ∆𝑥 is the known distance between
thermocouples. The workpiece surface temperature 𝑇𝑠 can
be described by (Wang et al., 2010):
𝑞∆𝑥𝑡ℎ𝑒𝑟𝑚−𝑠𝑢𝑟𝑓
(6)
𝑇𝑠 = 𝑇𝑚𝑒𝑎𝑛 −
𝑘
Here "𝑇𝑚𝑒𝑎𝑛 " is the mean temperature of two
thermocouples, and "∆𝑥𝑡ℎ𝑒𝑟𝑚−𝑠𝑢𝑟𝑓 " is the distance between
the thermocouples and the workpiece surface.
2.2 Pin and disc chemical composition:
Fig. 3 shows the chemical composition of coated carbide
(WC-6Co) pin and Ti-6Al-4V disc material. Fig. 3a shows
the tungsten carbide (WC) substrate material and cobalt
(Co) as binding material. The microscopic analysis depicted
some large WC grains surrounded by Co as filler material.
Fig. 3b chemical composition of Ti-6Al-4V disc surface
containing a large proportion of ‘Al’ as α-stabilizer (black)
and ‘V’ is typical β-stabilizer that are correlated to hardening
and oxidation resistance, respectively.

Fig. 4: Experimental setup consisting of pin-on-disc
tribometer, BRUKER, and SEM
2.3 Machining setup and procedure:
For milling experiments, a heat-treated Ti-6Al-4V plate is
used of 100mm long, 70mm width, and 20mm thickness.
The work material possesses ultimate tensile strength of
1003MPa, yield strength of 927MPa, an elongation of 15%,
respectively. The milling insert used in this study is coated
carbide ZDGT150416R-K85 Walter Inc. Germany. The
milling insert holder diameter is 25mm, with 2cutting edges,
clearance angle of 15o, edge radius of 1.6mm. The endmilling of heat-treated Ti-6Al-4V was carried out using a
DMU-60 eVo linear DMG MORI five-axis milling center. The
maximum spindle speed of 20,000rpm, and drive power of
25kW. The cutting speed was varied between
100~300m/min, and feed per tooth of 0.08~0.12mm/z,
depth of cut ap = 0.5mm, and width of cut ae = 3mm,
respectively. Three different coolants/lubricants, such as
ethanol, ester oil, and hybrid ethanol-ester oil were used as
cutting fluids via the MQL system. It was supplied through
an MQL nozzle of 2mm, with an air supply of 7bar and fluid
consumption of 250ml/h. The oil and compressed air were
mixed in the mixing chamber and exited on the toolworkpiece interface in the form of mist. To measure the
cutting temperature, a semi-natural thermocouple was used
in cutting. This thermocouple fixing arrangement involves a
constantan wire and mica-foil. The constantan wire of
0.04mm thick and 0.5mm width insulated by two mica-foils
was fixed between two Ti-6Al-4V blocks to measure the
cutting temperature (Fig. 5). The clamp was used to hold
and tight the two pieces of workpiece material. The
workpiece far end was considered as a cold end (connected
copper wire end), while the other end connected with a
constantan wire fixed at the cutting zone to gain an instant
cutting temperature signal in terms of voltage. The thermal
electromotive force was produced, collected through
National Instrument (NI) data acquisition displayed through
LabVIEW. The voltages were collected at a frequency of
1kHz. After finishing three passes, the roughness of the
side surface was measured using Mahr MarSurf M 300C
(Mahr GmbH, Göttingen, Germany), a mobile roughness
measuring instrument. The instrument used a 2µm contact
stylus to find the arithmetical mean height Ra (µm) of the
milled surface according to ISO-11562 standard. Gaussian
Profile Filter was used to getting the roughness values for
sampling length of 4 mm. The Ra was then obtained by
taking the average of the randomly chosen three measuring
points. The surface topography was observed using the

Fig.3: Chemical composition and energy dispersive
spectroscopy (EDS) of pin and disc
Fig. 4 shows a pin-on-disc tribometer (Anton-Paar
tribometer) compliant with ASTM G-99. In this setup, a
coated carbide ball (WC-6Co) of 8mm diameter is rotated
on a Ti-6Al-4V plate (length L=41mm, width W=36mm,
thickness δ= 5mm). The precise radius of the circle is
10mm, the applied load of 5N rotated for 60min, and the
cutting speed of 100rpm. For data acquisition, friction
coefficient and friction force are determined for rotating pin
on disc for a linear distance of 375.174m under ethanol,
ester oil, and hybrid ethanol-ester oil cooling conditions.
Energy-dispersive X-ray spectroscopy (EDS) was used to
identify the chemical elements of pin material on the disc
trace. An emission scanning electron microscope (S-4800
II FESEM) was employed to carry out the microscopic
analysis of pin and disc trace surfaces under cooling
conditions.
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decrease in heat flux from 80.5kW/m2 to 15kW/m2 within the
first 100 seconds. Moreover, from 100 seconds to onward,
a slow decrease in the heat flux was observed till
600seconds, and it remained steady until the end. Similarly,
ester oil spray showed an exponential decrease in heat flux
among the lubricant/coolants mentioned above. However,
heat flux reduction was lower under ester oil than ethanol
and ethanol-oil concentrations. It is pertinent to mention that
ethanol-oil (1:0.25), (1:0.5), and (1:1) show a similar trend
of decreasing the heat flux with time. The maximum heat
was observed under ethanol-oil (1:0.25) of 75kW/m2
followed by ethanol of 70kW/m2, 66kW/m2 under ethanol-oil
(1:0.5), 65kW/m2 under ethanol-oil (1:1) and ester oil of
46kW/m2, respectively. From this, it could be observed that
a maximum heat flux in ethanol is associated with
decreasing of temperature capability of the Ti-6Al-4V plate.
A spray cooling rapidly decreased the temperature and
created a temperature difference leading to high heat flux.

BRUKER profilometer. The tool wear was observed using
scanning electron microscopy (Field Emission S4800).

Fig. 5: Schematic view of MQL system

3 RESULTS AND DISCUSSION
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Fig. 7: Heat flux under the spray of ambient temperature
hybrid lubri-coolants
Heat transfer coefficient : Fig. 8 illustrates the heat transfer
coefficient (h) under the spray of hybrid lubri-coolant of
ambient temperature MQL. In the first 100 seconds, a rapid
increase of (h) was found under all hybrid lubri-coolants.
Later, it decreases linearly with the further increase in spray
time. In the first 50 seconds, a rapid increase of ‘h’ was
found under all hybrid lubri-coolants. The maximum heat
transfer coefficient (h) of 2962W/m2C under ethanol-oil
(1:0.25), followed by 2900W/m2C under ethanol,
2950W/m2C for ethanol-oil (1:0.5), and 2900W/m2C under
ethanol-oil (1:1), respectively. Furthermore, a minimum
heat transfer coefficient was observed for the ester-oil of
2750W/m2C. A gradual decrease in the heat transfer
coefficient was observed with time. A mixture of air-liquid
two-phase fluid impinges on the surface that efficiently
dissipates the heat. However, the relatively long stay of
ester oil chain molecules on the workpiece surface
prevented newly coming cold molecules on the surface.
Therefore, the heat dissipation efficiency of pure ester oil
was relatively lower than ethanol or hybrid ethanol-ester oil,
respectively.
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This section provides detailed experimental results
regarding the cutting temperature, the surface roughness
Ra (µm), the surface topography of the machined surface,
and tool flank wear.
3.1 Heat transfer characteristics
Surface temperature: Fig. 6 shows the local temperature
variation under the spray of 260ml/h through the nozzle of
2mm diameter. The ethanol, ester oil, ethanol-ester oil
(1:0.25) (1:0.5), and (1:1) are sprayed on a static plate
surface. The nozzle was fixed near the workpiece surface
(50mm) and coolant temperature at the nozzle exit
temperature was measured (coolant temperature). The
nozzle exit temperature by spraying ambient temperature
lubricants/coolants was 10.5oC. The temperature
measurements were taken for 11minutes through
thermocouples. The workpiece surface was heated by the
heater providing a constant voltage of 240V and a
corresponding current of 17.5A. As the temperature
approaches 200oC, the nozzle spray was turned on to spray
on the surface temperature.

100 150 200 250 300 350 400 450 500 550 600

Time t (s)

Fig. 6: Surface temperature under the spray of ambient
temperature hybrid lubri-coolants
A rapid decrease of the workpiece surface temperature
approaches below room temperature under all coolants.
The lowest surface temperature was slightly lower than
12oC under ethanol, while the minimum of 15oC of
temperature under ester oil. From 120seconds to 640
seconds, it remained about constant with a slight decrease
in temperature until the end. It could be said that under all
cooling conditions, the lowest temperature was achieved
under ethanol and the highest surface temperature under
ester oil.
Heat Flux : Fig. 7 suggested the heat flux ‘q’ evolution of
spray injection for a relatively long time used to describe
short pulse outcome in terms of heat transfer per unit area.
At constant flow conditions, ethanol showed a sudden

heat transfer coefficient h (W/m2C)

7000
Ethanol
Ester Oil
Ethanol-Oil (1:0.25)
Ethanol-Oil (1:0.5)
Ethanol-Oil (1:1)

6300
5600
4900

3000
2500
2000
1500
1000

4200

500

3500

520

560

580

600

Time, t (s)

2800
2100
1400
700
0

50 100 150 200 250 300 350 400 450 500 550 600

Time t (s)

High Speed Machining | 2021 | Conference Proceedings of HSM2021
4

540

Fig. 8: Heat transfer coefficient under the spray of ambient
temperature hybrid lubri-coolants
3.2 Tribological characteristics
Friction coefficient: Fig. 9 highlights the variation in
tribological characteristics by rotating the pin on the Ti-6Al4V disc surface (at 100rpm for 1h under 5N of the applied
load) under ethanol, ester oil, and hybrid ethanol-ester oil
(1:0.25), (1:0.5), and (1:1) at room temperatures. For all
experiments, the mean friction coefficient was considered
for each experiment. The mean friction coefficient under dry
conditions was the highest µavg=0.335 among all
cooling/lubrication conditions. Besides, the mean friction
coefficient for ethanol was µavg=0.301 followed by
µavg=0.277 under ethanol- ester oil (1:0.25), µavg=0.253
under ethanol-ester oil (1:0.5), µavg=0.243 for the ester oil,
and minimum of µavg=0.234 under ethanol-ester oil (1:1),
respectively. Initially, ethanol-oil (1:1) provided a much
lower friction coefficient than ester oil. Later it was almost
equal to the ester oil. In comparison with dry conditions, the
friction coefficient was 10.15%, and 17.32% lower under
ethanol, and ethanol-oil (1:0.25), respectively. Moreover,
the friction coefficient under ethanol-ester oil (1:0.5),
ethanol-ester oil (1:1), ester oil was 24.48%, 30.15%,
27.47% lower than dry conditions. The minimum friction
coefficient was determined under ethanol-oil (1:1). As ester
oil remains stable under high temperature/pressure
applications providing enough lubrication.
0.48

Dry Conditions
Ethanol:Oil(1:0.25)

0.44

Coefficient of friction, 

0.40

µ

0.36

avg

µ

= 0.253

Ethanol
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Ethanol:Oil(1:0.5)

avg

coefficient under different cooling/lubrication. The minimum
friction force under ester oil and ethanol-oil (1:1) could be
associated with enough lubrication and maintaining the
viscosity of ester oil under loading and temperature
conditions. It could be associated with the excellent lubricity
under sustainable characteristics of ester-based ethanol. A
comparison of friction force under hybrid lubri-cooling with
dry conditions showed that 29% low friction forces under
ethanol, 39.5% lower under ester oil, 36% under ethanol-oil
(1:0.25), 37% under ethanol-oil (1:0.5), and 41% under
ethanol-oil (1:0.25), respectively.
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Fig. 9: Friction force under dry, ethanol, ester oil, and
ethanol-ester oil condition
3.3 Cutting temperature
MQL is anticipated to provide some desideratum effects by
reducing the tool-chip interface cutting temperature. The
simple and authentic method of thermocouple fixed
between two workpieces employed in the milling process by
coated carbide milling insert under ethanol, ester oil, and
hybrid ethanol-ester oil MQL conditions. The variation in
cutting temperature under different cutting speeds Vc (100
~ 300 m/min) and feed per tooth fz (0.08 ~ 0.12mm/z) are
plotted in Fig 10. Fig 10a depicts the variation in cutting
temperature under different levels of cutting speed under
ethanol, ester oil, and hybrid ethanol-ester oil cooling
conditions. A minimal cutting temperature was achieved at
all levels of cutting speed with a hybrid lubri-cooling
environment i.e., ethanol-ester oil. Under hybrid ethanolester oil and a low level of cutting speed (100m/min), the
cutting temperature was 9.8%, 0.8%, and 2.2% over dry,
ethanol, and ester oil cooling condition. While at a high level
of cutting speed (300m/min), hybrid ethanol-ester oil
reduced 11%, 3%, and 1.9% of cutting temperature than
dry, ethanol, and ester oil cooling conditions. As noticed,
hybrid lubri-cooling exhibits a better coolant and lubrication
strategy compared to dry, ethanol, and ester oil cooling
condition. In addition, based on these results, it can be said
that hybrid ethanol-ester oil is more successful than ethanol
or ester oil in controlling high cutting temperatures due to
the synergistic effect of cooling and lubrication. This is
mainly because the ethanol-ester oil having the synergistic
effect of cooling and lubrication dissipated frictional and
plastic deformation heat generation from the cutting zone.
Also, (Jamil et al., 2021) stated that the excellent
performance of the hybrid lubri-cooling may also result from
the creation of a liquid-gas buffer between tool-chip
interfaces, that absorbs heat and evaporates rapidly,
providing a cooling and lubricating effect. Therefore, the
high lubri-coolant effect improved the capability of heat
release and the conditions of the contact surfaces resulted
in less temperature rise. The increase in cutting speed
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Fig. 9: Friction coefficient under dry, ethanol, ester oil, and
ethanol-ester oil condition
The spray of ester oil generated a strong thin tribo-film
between the pin-disc interface and on the disc surface by
sustaining the newly generated surface with the generation
of a strong thin film on either hot or cold surface in either
phase made them suitable to use under loading conditions.
The formation of tribology film on the workpiece surface can
be associated with the dipole nature of oxygen
electronegativity. This negatively charged oxygen binds
with the positively charged disc surface to provide
lubrication.
Friction Force: Fig. 10 illustrates the friction force under
different cutting fluids for a fixed sliding length. A
comparison was made by determining the friction force of
sliding pin on disc under a constant load of 5N submerged
in ethanol, ester oil, ethanol-oil (1:0.25), ethanol-oil (1:0.5),
and ethanol-oil (1:1), respectively. The mean friction forces
for the mentioned fluids at room temperature were
compared with dry conditions. The mean friction force
under dry condition was Favg=2N, followed by 1.42N for
ethanol, 1.21N for the ester oil, 1.37N for ethanol-oil
(1:0.25), 1.28N for ethanol-oil (1:0.5), and 1.14N for
ethanol-oil (1:1), respectively. It is pertinent to mention that
friction force followed almost similar trends as friction
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increases the cutting temperature. Besides, the highest
cutting temperature was measured under dry cutting, while
the minimum under hybrid ethanol-ester oil cooling
condition. Fig. 10b depicts the increase of cutting
temperature under increasing feed per tooth. However, the
cutting temperature is more sensitive to cutting speed than
feed per tooth. A significant reduction in temperature under
hybrid lubri-coolant can be associated with cooling and
lubrication that reduces the plastic and frictional heat
generation. The polar nature of ethanol and ester oil
prevented microparticles adhesion and made a tribo-film on
the tool-workpiece and prevent rubbing or frictional heat
generation.

Fig. 11: Surface roughness under different lubri-cooling
3.5 Surface topography
The surface topography of the machined surface has a key
role in the product life cycle. It has been mentioned that
surface topography increases product life. In the end-milling
experiments, a deep surface topography characterization is
carried out. From Fig. 12, it is observed that increasing
cutting speed decreases the peak-to-valley height while the
increasing depth of cut increases the peak-to-valley height.
Under same cutting conditions (Vc = 300m/min, fz =
0.10mm/z, ap = 3mm, and ae = 0.5mm), the effect of
cooling conditions depicts a substantial reduction of peakto-valley height under hybrid ethanol-ester oil compared to
dry, ethanol, and ester oil cooling conditions. This may be
due to hybrid ethanol-ester oil that offered cooling due to
ethanol, and ester oil having a natural affinity towards the
surface. The ester oil also modified the friction by absorbing
into the surface and arranging the long-chain molecules on
the surface forming a lubricating film (Wakabayashi et al.,
2003). Another reason is also less tool flank wear and sideflow material by the tool motion reduced the peak-to-valley
heights, results in favorable surface topography. So, hybrid
ethanol-ester oil can improve the product life cycle
compared to other machining conditions.

Fig. 10: Cutting temperature under different lubri-coolants
3.4 Surface roughness
Surface roughness is a technical parameter to determine
the machined surface characteristics of the mechanical
part. Fig. 11a shows the average surface roughness
Ra(µm) against variation of cutting speed 100~300 m/min,
and feed per tooth of 0.08~0.12mm/z under ethanol, ester
oil, and hybrid ethanol-ester oil cooling condition. The
surface roughness decreases with the increase of cutting
speed under all cooling environments. This effect can be
attributed to the reduction of built-up edge (BUE) formation
results in the reduction of surface roughness. Also, the
increasing cutting speed elevates the cutting temperature
results in reducing built-up edges and improving the surface
quality. At a low cutting speed of 100m/min, the obtained
average surface roughness was 0.278, 0.237, 0.212, 0.184
µm, respectively in dry, ethanol, ester oil, and ethanol-ester
oil cooling condition. At this condition, hybrid ethanol-ester
oil cooling reduced the surface roughness by 33.8%,
22.4%, and 13.2% respectively over dry, ethanol, and ester
oil cooling conditions. The surface roughness at a high
cutting speed of 300m/min was 0.194, 0.187, 0.168,
0.147µm respectively for dry, ethanol, ester oil, and hybrid
ethanol-ester oil condition. At this stage, hybrid ethanolester oil reduced 24.2%, 21.4%, and 12.5%, respectively
over dry, ethanol, and ester oil cooling condition. Fig. 11b
depicts the increase of surface roughness with the increase
of feed per tooth from 0.08mm/z to 0.12mm/z, under the
cooling conditions. At a low level of feed per tooth, hybrid
ethanol-ester oil reduced 30.5%, 22%, and 17% over dry,
ethanol, and ester oil cooling conditions. Similarly, at a high
level of feed per tooth, hybrid ethanol-ester oil reduced
34.3%, 25.6%, and 18.9% over dry, ethanol, and ester oil
cooling conditions. At all cutting speeds, hybrid ethanolester oil substantially reduced the surface roughness
among all cooling environments. This is because of the
synergistic effect of cooling and lubrication of hybrid lubricooling that reduced the heat generation, feed marks on the
machine surface results in superior surface quality.

(a) Dry condition

(b) Ethanol

(c) Ester oil

Fig. 12: Machined surface topography under (a) dry, (b)
ethanol, (c) ester oil, (d) Ethanol-ester oil
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3.6 Tool Wear
Tool wear occurs due to chemical, mechanical and thermal
interaction between tool-workpiece. There are some basic
wear mechanisms (i) abrasion wear due to thermomechanical, (ii) adhesion due to welding and built-up edge
(BUE), (iii) fatigue, (iv) diffusion due to atomic transition at
high temperature, (v) oxidation, (vi) plastic deformation
(Altin et al., 2007). These wear mechanisms can be seen in
one or more forms depending on the machining conditions
and tool-workpiece pair. As cutting speed and feed per
tooth increase, an increasing trend in tool flank wear was
observed under all cooling environments. This can be
associated with the increased tool-chip contact length at
higher levels of cutting speed and feed per tooth causes an
increase of friction in the tool-workpiece interface. The
friction elevates temperature hence making the more flank
wear. Fig. 9 depicts the tool flank wear under constant
cutting condition (Vc = 300m/min, fz = 0.10mm/z, ap =
3mm, and ae = 0.5mm, L = 4m), for dry, ethanol, ester oil
and hybrid ethanol-ester oil cooling conditions. Under dry
conditions, edge fracture groove, attrition, and notch wear
were observed on the flank face. The application of a
coolant at cutting reduces friction among tool-workpiece
interfaces as well as evacuating the heat from the cutting
zone. In addition, the heat-carrying capacity and enriched
tribological mechanisms of the spray fluids obtained by
combining lubricant (ester oil) into a base coolant (ethanol)
offer the desired contribution to the cutting process. Under
ethanol conditions, plastic deformation and attrition were
observed. However, the catastrophic wear of flank edge
under ethanol was less than dry condition. The use of
ethanol resulted in the adsorption of OH groups from
ethanol to carbon surfaces of the cutting tool that helps to
prevent adhesion of small particles on the cutting
tool(Krishnamurthy et al., 2017). Flank wear analysis under
ester oil depicted fracture groove, diffusion, and adhered
chipping was observed. However, the damage on the tool
flank face was much less than dry, ester oil, and ethanol
cooling conditions.

The cooling capacity of ethanol, ester oil, and hybrid
ethanol-ester oil is studied in terms of heat transfer
coefficient by spraying coolant/lubricant on the static plate.
The lubrication capability of ethanol, ester oil, hybrid
ethanol-ester oil has been studied using a pin-on-disc
tribometer. The machinability performance measures of
these biodegradable hybrid lubri-coolants are investigated
in terms of cutting temperature, surface roughness, surface
topography, and tool wear, accordingly. The results of this
study are summarized below:
• A comparison with dry conditions, 29% less friction force
under ethanol, 39.5% lower under ester oil, 36% under
ethanol-oil (1:0.25), 37% under ethanol-oil (1:0.5), and 41%
under ethanol-oil (1:0.25), respectively.
• At a high level of cutting speed (300m/min), hybrid
ethanol-ester oil reduced 11%, 3%, and 1.9% of cutting
temperature than dry, ethanol, and ester oil cooling
conditions.
• The surface roughness at a high cutting speed of
300m/min was 0.194, 0.187, 0.168, 0.147µm respectively
for dry, ethanol, ester oil, and hybrid ethanol-ester oil
condition. At this stage, hybrid ethanol-ester oil reduced
24.2%, 21.4%, and 12.5%, respectively over dry, ethanol,
and ester oil cooling condition.
• Under ethanol conditions, plastic deformation and attrition
were observed on the tool flank edge. However, the
catastrophic wear of flank edge under ethanol was less than
dry condition. The use of ethanol resulted in the adsorption
of OH groups from ethanol to carbon surfaces of the cutting
tool that helps to prevent adhesion of small particles on the
cutting tool. Flank wear analysis under ester oil depicted
fracture groove, diffusion, and adhered chipping was
observed. However, the damage on the tool flank face was
much less than dry, ester oil, and ethanol cooling
conditions.
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Abstract
Duplex 2205 stainless steel is one of the difficult-to-cut materials, currently used in marine industries. In
this work, the combined effect of ultrasonic vibration and helical milling of the duplex 2205 was
investigated using 2k factorial design of experiments. The effects of cutting feed, axial depth of cut, cooling
regime, and ultrasonic vibrations on the cutting forces, torque, and burr height were presented. Ultrasonic
vibrations were found to have a significant effect on decreasing the resultant forces and the milling torque.
Also using the flood (wet) cooling regime provided a significant reduction in milling forces and torque while
the burr heights at entry and exit were significantly reduced by increasing the cutting feed and the axial
depth of cut, respectively.
Keywords:
Ultrasonic; Duplex Stainless Steels; Surface Roughness; Burr Height
and 2507. For both materials, flute damage (wear cavity on
the flutes) was observed near the tip of drill tools. The main
wear mechanisms were adhesion and abrasion types.
Adhesion was triggered by the BUE formation. Recently,
duplex 2205 gained many interests in research to improve
its machinability using different tool coatings [Sonawane
2020], [Krolczyk 2014], [Zhu 2019], and [Martinho 2019],
and different cooling techniques [Ghatge 2018],
[Dhananchezian 2018].
Ultrasonic assisted machining is a material removal
process in which ultrasonic vibration is superimposed in
one or more directions. It was found by J. Pujana et al.
[Pujana 2009] who concluded that the ultrasonic vibrations
decreased the feed force by 10-20% during drilling than
conventional drilling while the cutting temperature
increased. Agostino Maurotto et al. [ Maurotto 2013] found
that the reduction in the cutting forces made it possible to
increase the material removal rate by a factor of more than
3. This reduction was due to the interrupted nature of the
process [Tawakoli 2009] which improves the aerodynamic
lubrication [Razfar 2011] and changes the friction from
semi-static to dynamic [Zarchi 2012].
The ultrasonic assistance also improved the surface
integrity. In this regard, Ainhoa Celaya et al. [Celaya 2010]
studied the effect of ultrasonic-assisted turning (UAT) of
mild steel 1045 on surface roughness at different vibration
directions. They found that UAT caused improvement by
40% and 6% when the vibrations applied in the cutting

1 INTRODUCTION
Duplex
stainless
steels
have
ferritic/austenitic
microstructure and contain 21–29% Cr and 2.5–6.5% Ni.
This mixed nature gives them better stress corrosion
cracking resistance and higher strength (almost twice) than
austenitic stainless steels. Duplex stainless steels are
widely used in water treatment plants, food and
papermaking
industries,
petrochemical,
cellulose,
transport, sea water processing, pollution control
equipment, and nuclear plants around the world.
[Gowthaman 2020]. The most commercial grade is the
2205 duplex stainless steel which has been used in marine
industries for more than three decades. Its strength is 2-3
times the commercial 304L and 316L grades [Jebaraj 2017]
which makes it possible to reduce the weight of the parts
and get an economic benefit. However, duplex stainless
steels are difficult-to-cut due to its high annealing
conditions, chip hammering, and high cutting temperatures
which cause plastic deformation and severe crater tool
wear [Youssef 2015]. J. Nomani et al. [Nomani 2013]
compared the machinability of duplex 2205, super duplex
2507, and 316 austenitic stainless steels. Both duplex
alloys 2507 and 2205 experienced a higher tendency to
built-up edge (BUE) compared to that of austenite 316L.
The highest cutting forces and surface roughness are
generated during machining duplex 2507 then duplex 2205
and, lastly, the austenitic 316L. J. Nomani et al. [Nomani
2015] studied the tool wear during drilling of duplex 2205
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dry and wet conditions using 2k factorial design of
experiment to specify the effect of each factor on cutting
forces, torque, and burr height.

speed and feed directions, respectively. Alfredo Suárez et
al. [ Suárez 2016] compared ultrasonic assisted face milling
with conventional milling of Ni- Alloy 718. Accordingly,
ultrasonic assisted milling produced surfaces with higher
hardness and longer fatigue life than conventional milling
while the surface roughness and tool wear were higher. The
reduction in the cutting forces made it suitable for medical
applications as bone drilling. According to K. Alam et al.
[Alam 2011] ultrasonic assisted bone drilling reduced the
cutting force and the torque which would reduce the bone
damage. Recently, this technique gained higher attraction
in research due to the improvements in the machinability of
different difficult-to-cut materials in terms of cutting forces
[Liu 2020] [Rabiey 2020], [Ni 2020], surface roughness
[Chen 2020], [Song 2018], [Baraheni 2019] cooling
efficiency [Ni 2020], [Baraheni 2019], [Ni 2019], and tool
wear [Ni 2019]. Yingjian Tian et al. [Tian 2020] studied the
effect of ultrasonic vibrations in the ultrasonic-assisted
drilling (UAD) on the chip morphology and surface
roughness of 304 austenitic stainless steel. They found that
lower surface roughness was experimentally obtained by
UAD than by conventional drilling (CD). Kai Ma et al. [Ma
2020] experimented the effect of ultrasonic-assisted honing
(UAH) on the surface quality of 304 austenitic stainless
steel. They concluded that UAH can improve the process
performance at a small-time and amplitude and high cutting
speeds over conventional honing (CH). Yingshuai Xu et al.
[Xu 2016] compared ultrasonic assisted turning (UAT) and
conventional turning (CT), and found that UAT can result in
lower cutting forces, and better surface roughness when
selecting the proper machining conditions. Shallower
machining marks were obtained and the BUE was reduced
compared to CT Yingshuai Xu et al. [Xu 2019] studied the
effect of UAT on chip morphology of 304 austenitic stainless
steel. They found that the chip distortion was reduced
compared to CT, chip curling radius was increased resulting
in loose coils and the chip was effectively broken to small
pieces compared to CT. Tej Patel et al [Patel 2020]
compared UAT with CT of 420 martensitic stainless steel.
They concluded that UAT achieved a reduction in surface
roughness parameters, and the surface obtained was better
compared to CT at lower spindle speeds. M. M. Abootorabi
Zarchi et al. [Zarchi 2013] studied ultrasonic-assisted side
milling of 420 stainless steels. Results showed that the
cutting forces were lower than the conventional milling.
Meanwhile, drilling is considered a difficult machining
process due to poor chip evacuation, high heat generation,
and high BUE formation especially when drilling difficult-tocut materials. One of the solutions for these problems is the
helical milling (HM) in which an end mill of small diameter
follows a helical path to drill a hole of larger diameter. This
improves the chip flow and heat dissipation over
conventional drilling. By combining the effect of HM and
ultrasonic vibrations, ultrasonic vibration assisted helical
milling (UVHM) can be used to improve the machinability of
difficult-to-cut materials. Guang Chen et al. [Chen 2020]
found that UVHM produced lower surface roughness than
HM and most cases, UVHM produced less diametral error
than HM. UVHM improved the hardness of the surface and
subsurface layer. Similar results were obtained by Mariam
Nabil Ali and Hassan El-Hofy [Ali 2019], moreover, the axial
forces and surface roughness were reduced compared to
HM without vibration.
From the literature review, few research was conducted in
ultrasonic vibration assisted machining of stainless steels,
and to the best of my knowledge, no research work covered
the effect of ultrasonic vibration assisted helical milling of
duplex stainless steels. In this work, HM and UVHM were
conducted at different cutting feed and axial depth of cut in

2 EXPERIMENTAL WORK.
2.1 Experimental setup
CNC 5-Axis Ultrasonic Machining Centre (DMG MORI
Ultrasonic 20 linear) was used to conduct the experiments.
As illustrated in Figure 1, the workpiece was fixed using a
special fixture on Piezoelectric Kistler quartz 4-components
dynamometer 9272 which was connected to multichannel
charge amplifier 5070A and data acquisition system for
measuring the force components Fx, Fy, Fz and the torque
Mz. The measured data was transferred from A/D system to
the software Dynoware Type 2825A. The measuring ranges
were 1000N for the forces and 1000 Nm for the torque. The
machined workpiece was 2205 duplex stainless steel with
thickness 10 mm. Through holes of 6 mm diameter were
drilled using 4 mm diameter end mill. Table 1 shows the
chemical composition and the mechanical properties of the
standard duplex 2205.TiAlN coated carbide endmills 4SUE040-120-660 from HANSONG with coating hardness 45
HRC and 4 flutes were used for all experiments which were
recommended for machining Titanium and stainless steels.
To minimize the effect of tool wear, each tool was used to
drill 4 holes. Figure 2 shows the specifications of the
endmills. The measurements of the cutting forces were
performed using Kistler dynamometer 7292 shown in the
setup in Figure 1. For each experiment the cutting forces
were measured at the interval from hole depth 1.5 mm to
depth 8.5 mm. Burr height at hole entry and exit was
measured using 3D Laser Scanning Confocal Microscope
KEYENCE VK-X 100 illustrated in Figure 1. Four points
were measured at the hole periphery and the average value
was taken as an input for the analysis.

Fig. 1: (a) The workpiece fixed on the dynamometer, (b)
The amplifier and data acquisition system and (c)
Measuring burr height using laser microscope.
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Tab. 1: Chemical composition of and Mechanical properties of duplex 2205 [Fritz 2020].
Element

C

Wt%

0.03

Mn

Ni

2

5

P

S

Cr

Mo

N

0.03

0.02

21-22

2.7-3.0

0.08-0.2

Tensile strength

Yield strength

Elongation

Brinell hardness

Rockwell hardness

620 MPa

450 MPa

25%

293 HB

31 HRC

Fig.2: TiAlN coated Hansong 4SUE-040-120-660 endmill
specifications
2.2 Experimental design and cutting parameters.
In helical milling, the tool follows a helical path to cut the
hole. Figure 3 illustrates the process parameters. The feed
speed at the tool center point (Vf) can be decomposed to
cutting feed speed (Vft) and axial feed speed (Vfa), they can
be calculated from equations 1-3 :

𝑉𝑓𝑡 = 𝑓𝑧𝑡 𝑧 𝑛

𝐷ℎ

(1)

𝐷𝑏

𝑉𝑓𝑎 = 𝑓𝑧𝑎 𝑧 𝑛

(2)

2
𝑉𝑓 = √𝑉𝑓𝑡2 + 𝑉𝑓𝑎

(3)

Fig. 3: Illustration of different process parameters

Where (fza) is the axial feed per tooth, (fzt) is the tangential
feed per tooth, z is the number of the cutting edges, n is the
spindle speed, Dh is the helical path diameter, and Db is the
hole diameter. The axial depth of cut ap* is the depth that
the tool reaches after one helical revolution and it can be
calculated by the equation 4

𝑎𝑝 = tan(𝛼) 𝜋 𝐷ℎ

(4)

Where α is the helix angle, calculated from equation 5.
𝑉𝑓𝑎

𝛼 = tan−1 (

𝑉𝑓𝑡

)

(5)
Fig. 4: Cutting force signals [ Vft = 150 mm/min, ap* = 0.2
mm, Ultrasonic vibration on, Dry].

The spindle speed was kept constant at 5000 rpm, two
levels of cutting feed speed (Vft) 150 and 300 m/min, and
axial depth of cut (ap*) of 0.1 and 0.2 mm were tested under
wet and dry conditions and with ultrasonic (UVHM) and
without ultrasonic assistance (HM). The vibration frequency
was around 23900 Hz and the amplitude was 6 µm. The
cutting fluid was OEST COLOMETA PA 25 T with
concentration 10% and pressure 2.3 bar. A 2k full factorial
design was used with each factor which resulted into 16
different experiments. Three replications were performed at
each condition so, the total number of the experiments was
48. Table 2 shows the levels for the different factors.
Tab. 2: Experimental design.
Factors

High

Low

A (Cutting feed speed) mm/min
B (Axial depth of cut) mm
C (Cooling regime)
D (Ultrasonic vibrations)

300
0.2
Wet
On

150
0.1
Dry
Off

Fig. 5: Cutting force components on (a) workpiece
coordinate system; (b) tool coordinate system.
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Fig. 7: Mean and standard error for Fa at all conditions.
Tab. 3: P-value and percentage contribution of
the significant factors for Fa.
Factor

P-value

Contribution, %

C
AC
BC

0.000
0.021
0.034

92.7%
2.51%
2.08%

high reduction in the axial force, Moreover, a high decrease
was clear in Fa for both interactions AC and BC even at high
cutting feed A and axial depth of cut B, which indicates that
using the wet regime reduces the effect of increasing the
cutting feed and the axial depth of cut on the axial force Fa
which results in an economic benefit by decreasing the
machining time and increasing the process productivity.
Although being insignificant, ultrasonic vibrations increased
Fa slightly as shown in Figure 7 as the vibrations are
superimposed on the axial direction. Also in dry cutting
regime, increasing the cutting feed cause reduction in Fa for
both HM and UVHM which may be related to the increase
of the cutting temperature which reduces the material
hardness and cause a consequent decrease in the axial
force.

Fig. 6: Factorial plots for the axial force Fa.

3 RESULTS AND DISCUSSION
Machining torque
The machining torque is a measure of the cutting power,
from Equation (6) Ft can be calculated and from Ft the
cutting power can be obtained from equation (8).

3.1 Cutting Forces
The measured force components by the dynamometer
were Fx, Fy, Fz, and the torque around z axis Mz. as shown
in Figure 4. In helical milling the machining forces can be
decomposed into three components as illustrated in Figure
5: The axial force Fa which is equivalent to the component
Fz, The Tangential force Ft, can be calculated from the
torque Mz by Equation
(6),
𝐷𝑡

𝐹𝑡 = 𝑀𝑧 /( )
2

𝑁𝑐 =

(𝑘𝑤)

(8)

Thus, evaluating the effect of the different factors on the
torque reflects its impact on the machining power.
According to Figure 8, the significant factors are the axial
depth of cut B, ultrasonic vibrations D, and the cooling
regime C. The axial depth of cut was found to have the main
effect on increasing the torque Mz as shown in Table 4 with
a percentage contribution 39.22 %.
Undeformed chip geometry in helical milling was explained
by B. Denkena et al. [Denkena 2008], as a result of the
combination of peripheral milling and drilling operations
which result into a discontinuous chip on the radial cutting
edges and a continuous chip on the axial cutting edges.
On the radial cutting edges, the axial depth of cut changes
with the tool rotation angle to the maximum depth of cut ap*
and the same for the undeformed chip thickness h tan which
changes with the tool rotation angle with a maximum value
equal to the tangential feed per tooth fzt, resulting into
discontinuous chips.
The axial cutting edges removes chip continuously with a
fixed undeformed chip thickness ha equals to the axial feed
per tooth fza and width equal to Dt/2 as illustrated in Figure
9. Thus, increasing the axial depth of cut causes increasing

(6)

while Dt is the tool diameter, and the resultant component
Fr which is the resultant of the two radial forces Fx, and Fy
from Equation (7).

𝐹𝑟 = √𝐹𝑥2 + 𝐹𝑦2

𝐹𝑡 ×𝑉
60000

(7)

Axial Force
Figure 6 shows the factorial plots for the different factors
and interactions and Table 3 illustrates the P-value and the
percentage contributions of the significant factors. Cooling
regime C was the only significant one level parameter
followed by the two-level interactions between the cooling
conditions and the cutting feed AC, and cooling condition
and axial depth of cut BC. As illustrated in Table 3, C was
the dominate factor affecting the axial force with percentage
contribution 92.7%. Using the wet cooling regime causes a
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chip area on the radial cutting edges which, in turn,
increases the power required for the material removal
process. Ultrasonic vibration (D) was the second significant
factor, UVHM reduce the torque compared to HM. So,
UVHM reduces the machining power significantly which
decreases the machining cost. Using the wet cooling
regime reduced the torque significantly. Figure 10 shows
the means and the standard errors at all tested conditions,
a minimum value of Mz was 69.5 Nm at ap* = 0.1 mm, Vft =
300 mm/min, UVHM and wet condition. This reflects the
beneficial effects of both ultrasonic vibrations and the wet
(flood) cooling regime on the machining power. It was also
noted from Figure 9 that the values of UVHM in dry regime
are near to that of HM in wet regime and it was significantly
lower at ap* = 0.1 mm. So, by selecting the proper
parameters, dry cutting can be used for milling duplex 2205
stainless steel.

Tab. 4: P-value and percentage contribution of the
significant factors for Mz.
Factor

P-value

Contribution, %

B

0.000

39.22%

D

0.003

27.41%

C

0.012

18.04%

Fig. 8: Factorial plots for the significant factors for the
machining torque Mz.

Fig. 11: Factorial plots for the significant factors of the
resultant force Fr.
Fig. 9: Undeformed chip geometry Illustration
Tab. 5: P-value and percentage contribution of the
significant factors for Fr
Factor

P-value

Precentage
contribution

C

0.000

31.65%

D

0.000

25.27%

B

0.000

20.91%

A

0.000

10.02%

BD

0.006

4.42%

ABD

0.029

2.72%

Fig. 10: Mean and standard deviation for Mz at all conditions
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Fig. 13: Factorial Plots for the significant factors of burr
height at entry.

Fig. 12: Mean and standard error for Fr at all conditions.
Resultant force Fr
The resultant forces affect, directly, the tool deflection
which, in turn, results in dimensional and geometrical errors
of the machined holes. The significant one-level interaction
factors were the cooling regime C, ultrasonic vibration D,
axial depth of cut B and the cutting feed A, respectively as
shown in Figure 11 and Table 5. Using the wet cooling
regime improves the chip flushing outside the hole and
lowers the cutting temperature which reduces the resultant
force Fr. Additionally, the ultrasonic vibrations reduce the
resultant forces, significantly, as the separation between
the tool and the workpiece enhances the chip evacuation.
Moreover, UVHM produces Fr values in dry regime near the
values of HM in wet regime which raise more economic and
environmental advantage of UVHM over HM. Increasing the
axial depth of cut B or the cutting feed A cause an increase
in the resultant force as the chip area increased. The twolevel interaction BD was also significant, from Figure 11, the
trend was increasing the resultant force as both factors
increase. However, Fr was much lower in UVHM even when
the axial depth of cut increases. The three-level interaction
ABD was significant, although it is difficult to represent this
interaction graphically, Figure 12 illustrates some
information about this interaction, at UVHM (D high) or HM
(D low), the resultant force increasing with increases both
A and B, However, Fr is lower in UVHM compared to HM for
all of the measured values.

Fig. 14: Means and standard error for burr height at entry.
Burr Height at Exit
The only significant parameter was the axial depth of cut ap*
(48.6%) as illustrated in Figure 15, it was found that
increasing ap* causes a decrease in the burr height. This
because the reduction in the machining time which reduce
the time for the material to deform. According to Figure 16,
exit burrs are lower in dry cutting than in wet especially in
UVHM and low Vft where the maximum value of the burr
height was 118.24 µm at ap* = 0.1 mm, Vft = 150 mm/min.
The decrease of burr height in dry cutting can be related to
the localized heating associated that limit the metal flow in
the direction of feed with consequent reduction in burr
height. On the other hand, the ultrasonic vibration is
expected to cause a reduction of cutting temperature due
the separation occurring between the tool and workpiece.
Under such conditions, the burr height is increased by the
metal flow ahead of the cutting tool. The cutting feed Vft also
reduces the burr height at exit, but its effect was
insignificant. Also, ultrasonic vibrations produce higher
burrs at exit than in HM in most cases.
From Figure 14 and Figure 16, UVHM produces higher
burrs compared to HM. In helical milling, both the bottom
and the side cutting edges are involved in the cutting
process. The axial ultrasonic vibrations cause separation at
the bottom cutting edges while the side cutting edges are
still in contact with the hole wall. This axial up and down
pushing may enhance the material flow near the hole
edges.

3.2 Burr Height
Burr Height at entry
According to Figure 13, the only significant parameter is the
cutting feed A (29.9%), it was found that increasing the
cutting feed have a significant effect on decreasing the burr
height at hole entry. Although being insignificant, ultrasonic
vibration was found to increase the average burr height.
However, the interaction between the cutting feed and
ultrasonic vibrations (AD) shows that increasing both the
cutting feed and the ultrasonic vibrations cause a decrease
in the average burr height, this is also clear in Figure 14 as
at cutting feed 300 mm/min for all conditions UVHM gives
lower burr height than HM except at ap*=0.2 mm, and wet
condition. This behavior needs more investigations at
different tangential feeds and vibration parameters. What is
more interesting that at this condition UVHM achieves lower
burrs in dry cutting than in wet HM which gives UVHM an
advantage in clean manufacturing.
Generally, burrs formed due to the plastic flow of the
workpiece material, so, increasing any of the axial depth of
cut or the cutting feed or both cause a decrease in the total
machining time and then, decreasing the time needed for
the material to deform, However, the effect of the axial
depth of cut was insignificant.
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4 CONCLUSIONS
For Duplex stainless steel 2205, 2k full factorial design of
experiment was done to investigate the effect of the axial
pitch, tangential feed, cooling conditions, and ultrasonic
vibrations in helical milling operation on the cutting forces,
torque, and burr height.
1. Using the wet cooling regime is recommended as
it reduces the axial force, torque, and the radial
force components. However, it causes an increase
in burr height at exit.
2. UVHM reduces the machining torque and the
resultant force, while its effect on increasing the
axial force was insignificant. Also, it has
insignificant effect on increasing the burr height.
3. The effect of axial depth of cut on increasing all of
the force components was higher than the effect
of increasing tangential feed.
4. The cutting feed was the only significant factor on
decreasing the average burr height at entry while
the axial depth of cut was the only significant factor
on increasing the average burr height at the exit.
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Abstract
Rack and pinion feed drives are usually selected for large machine tools with long traveling distances as
the stiffness of the rack and pinion mechanism is not influenced by the axis stroke. In order to overcome
the existing backlash between the pinion and the rack, two pinions are usually used and an electronic
preload is generated by the CNC controller. The commissioned preload value not only influences the
acceleration capacity, but also the stiffness behavior of the feed drive as demonstrated in this paper. A
coupled master-slave controlled rack and pinion model is developed, where required parameters are
obtained by experimental characterization. Static stiffness measurements obtained on a large machine
tool with different electronic preload levels validate the proposed model.
Keywords:
Feed drives; Master-slave control; Rack and pinion

feed drive system should be installed in machines
combining long traveling distances and high loads.
The accuracy requirements of machine tools demand the
use of drives where the backlash has been reduced to the
largest possible extent. Even though the machine
powertrain system is designed to minimize the clearance,
the achievable precision and rigidity can be increased by
generating a preload. The value of the preload force is an
important property that greatly influences the quality of the
feed motion, dynamical operational behavior as well as the
expected service life and energy consumption. As
concluded by [Altintas et al. 2011], the direct drives
powered by linear motors have zero backlash; therefore, no
preload is required. However, ball-screw and rack and
pinion feed drive systems require a tensioning force to
suppress the existing clearance.

1 INTRODUCTION
Current machine tools are sophisticated mechatronic
systems, as reviewed by [Altintas et al. 2011]. The machine
tool feed drive system is used for positioning the machine
components carrying the tool and workpiece to the desired
location. Hence, the machine positioning accuracy and
dynamics will determine the quality of the produced part
and the manufacturing productivity. Machine tool
manufacturers typically implement one of three main kinds
of feed drive systems; ball-screw, linear motor or double
pinion and rack, according to each machine’s operational
requirements [Altintas et al. 2011, Pritschow 1998]. One of
the main aspects to consider while choosing the feed drive
system is the traveling distance of the axis, as it directly
affects the cost and performance of the driven machine.
The ball-screw drive is the most widespread system for
travel distances not exceeding 4-5 m [López de Lacalle et
al. 2009], as it achieves the required precise positioning at
a high efficiency to cost ratio. The second most industrially
implemented feed drive type is the direct drive or so-called
linear motor solution. The main characteristic of this system
is the lack of mechanical transmission elements, hence,
backlash or wear problems are eliminated. However, the
cost of this feed drive type is high and therefore, linear
motor applications are limited in which their advantages are
fully required. The third solution is the double pinion and
rack system, typically installed in long travel applications
exceeding 5 meters. By adding several racks together, very
long strokes can be realized without modifying the stiffness
of the system, which is independent of the traveled
distance. [Uriarte et al. 2013] reviewed the engineering
principles of the large machine tools, concluding that this

For ball-screw applications, the nut is usually preloaded to
remove any axial clearance generated between the
recirculating balls and the guiding slots of the screw. As a
result, the contact stiffness of the recirculating balls with
nut's thread is increased. The most popular solution is to
generate the preload by adjusting a spacer between two
nuts, where the thickness of the spacer determines the
generated preload force [Frey et al. 2010]. The existing
clearance can be also minimized by using recirculating balls
of a slightly larger diameter than the available space.
Despite its simplicity, this kind of preload is only valid when
the required preload is small, as the recirculating balls
undergo sliding at the contact points, which generates high
wear and tear. Excessive preload increases the wear and
heat generation, for that reason, the preload force is
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approximately limited to 12 % of the dynamic load capacity,
where the regular value is set around 6 – 8 % [López de
Lacalle et al. 2009]. [Verl et al. 2014] proposed a novel
design principle for ball screws, allowing a considerable
reduction of the preloading, improving the operating
characteristics. The direct identification of the ball screw
preload is generally complex and therefore not used in
practice. However, the preload level of an assembled ball
screw can be determined by measuring the drag torque at
100 rpm when no external loads are applied as described
by the standard [DIN ISO 3408-3]. [Verl et al. 2010] studied
the correlation between the feed velocity and the effective
preload through a preload sensing mechanism. They
concluded that the pretension value changes depending on
the velocity of the commanded feed motion. The variation
at lower speeds can be neglected but it has to be taken into
consideration for rapid motions. Following this idea, [Zhou
et al. 2016] conducted an analysis of the difference
between the estimated preload based on traditional
formulas and experimentally measured values. The
researchers design and build a preload-adjustable ball
screw mechanism to examine the relationship between
preload force and drag torque. They proposed and
compared the new modeling approach for three different
preload levels, obtaining a considerable prediction
improvement.

completely position and velocity controlled, whereas the
slave drive follows the velocity setpoint computed by the
master position control loop (Fig. 1.a). [Engelberth et al.
2015] summarized the different existing control structures
for inducing a preload in double pinion and rack feed drives.
Although a clearance-free system is desirable, the
increment of the preload level leads to a reduction of the
maximum achievable acceleration. [Heidenhain 2013]
provided a CNC option called Motion-dependent
Adaptation of Control parameters (MAC) which varies the
tensioning torque for increasing the achievable
acceleration. Later, [Verl et al. 2018] developed an
adaptative preloading control configuration to raise the
energy efficiency of the machine. Recently, [Franco et al.
2020] experimentally show the machine tool dynamics
variation for different preload values. In literature, there is
not a clear tuning rule for preload commissioning. [Zirn
2008] defined a range between 10 – 30 % of the motor rated
torque whereas regular industrial values are established at
20 - 25 % [Heidenhain 2013]. [Verl et al. 2018] concluded
that only 4 % level was enough to compensate the existing
clearance. This paper analyzes the effect of the defined
electronical preload level in the static stiffness behavior of
the double pinion and rack mechanism. A three degrees of
freedom model is developed to simulate the behavior of this
feed drive system, where the model parameters have been
partially extracted from a large heavy-duty machine tool
following
a
bottom-up
approach.
Experimental
measurements validate the developed feed drive model.

For the particular case of the double pinion and rack feed
drive model, the backlash is defined as the distance
measured along the pitch line that a gear needs to move
until it engages with another gear that is fixed or immovable.
As described in [Smith et al. 2003], gear backlash is needed
to provide running clearance, as well as to handle
manufacturing tolerances or reduce factors such as heat
generation, noise, unusual wear and possible overload that
can end up generating a failure of the drive.

2 FEED DRIVE MODEL DEFINITION
Fig. 1.a shows the double pinion and rack feed drive model
presented in this paper. The CNC generated trajectory
(𝑥ref ) is controlled by the proportional position control gain
(𝐾v ) which utilizes the driven load position usually acquired
by a linear encoder (𝑥load ). The velocity reference (𝑥̇ ref ) is
controlled by the master-slave control configuration where
each motor has a proportional-integral (𝑃𝐼) controller
(𝑃𝐼master and 𝑃𝐼slave ), which employs each motor rotational
velocity acquired by the rotary encoders already installed in
the back of the motors (𝜑̇ m and 𝜑̇ s ). The desired preload
level can be modified varying the parameter called torque
bias or tension torque (𝜏p ), which is defined by a percentage
of the motor rated torque. The torque equalization controller
(𝑃𝐼preload ) generates an additional speed setpoint for each
motor by considering the desired torque preload. This
control configuration allows the utilization of motors with
different powers, as it provides individual weighting factors
to adapt the torque distribution (𝐾Tm and 𝐾Ts ). If both motors
are identical, the load must be shared proportionally by
defining a value of 𝐾Tm = 𝐾Ts = 0.5. The generated torque
commands for master and slave are denoted as 𝜏m and 𝜏s ,
respectively. Additionally, external disturbance forces
(𝐹load ) can be directly applied to the load.

In literature, two different approaches have been proposed
to minimize the existing clearance by exerting a preload. On
one hand, mechanical solutions have been proposed to
tackle this existing clearance such as the utilization of split
pinions [Lloyd et al. 1978] or mechanical assemblies [Hale
et al. 1994]. Alternative approaches such as hydraulic
actuation have been also proposed [O’neill 1963]. However,
as concluded by [Prodan et al. 2016] this approach cannot
completely eliminate the existing play between the two
segments of the sliced gears. Similarly, industrial
commercial solutions are also available using a single
motor connected to a gearbox [Redex 2021]. Despite of its
cost-effectiveness, in these kinds of solutions, the existing
preload value cannot be changed or adapted without a
mechanical reconfiguration of the systems. On the other
hand, in large machine tool applications, where driven axis
or load can exceed the maximum capabilities of standard
servo motors, a parallelization of the drives increases the
input torque. In addition, the second drive can be used to
generate the pretension torque suppressing nonlinear
vibrations that can be originated by backlash in combination
with the axis feedback control [Zirn 2008]. Current industrial
trend is to use a double motor actuation where the preload
is managed electronically by the machine's CNC controller.
This approach helps simplifying the mechanical design of
the drive at the cost of increasing the controller complexity,
but nowadays industrial CNC manufacturers provide this
control solution.

The power transmission is characterized by low revolutions
and high torque, for that reason, additional gear steps are
required to fulfill the torque requirements. Planetary
gearboxes are usually installed as the continuous
engagement of multiple teeth increases the torsional
stiffness [Cooley et al. 2014]. As a result, each motor
equivalent inertia can be computed following Eq. 1, where
motor, gearbox and pinion inertias are jointly considered.
Note, that as a result of employing a gearbox, the reduction
factor (𝑖red ) must be considered while computing the
equivalent inertia.

To perform the electronical preload, the velocity control loop
differs from other feed drives mechanisms as it follows a
master-slave coupling structure. The master drive is
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𝐽eq

𝐽pinion
= (𝐽motor + 𝐽gearbox ) + 2
𝑖red

(𝑘p−r ) [Altintas et al. 2011] (Eq. 2, Fig. 2). In the proposed
model, each motor is coupled to the load by a connection
of spring element (i.e. 𝑘m ), which is an equivalent linear
stiffness of the previous components.

(1)

1
1
1
1
1
=
+
+
+
𝑘m 𝑘coupling 𝑘gearbox 𝑘shaft 𝑘p−r

(2)

Fig. 2: Equivalent stiffness model
The equivalent backlash in the power transmission path can
come from different sources as; motor-gearbox and pinionrack joint interfaces as well as a summation of existing
clearances within the gearbox. This mechanical nonlinear
behavior has been modeled by a dead zone approach
which simplifies the exact physical model [Moradi et al.
2012]. 𝐿z,m and 𝐿z,s are the existing equivalent backlash
values (master and slave respectively), between load and
motor positions (i.e. 𝑥load and 𝑥s ).
As a result of a commanded trajectory (𝑥ref ), a reference
torque (𝜏ref ) is generated to achieve the desired
displacement. For standstill case, 𝜏ref = 0 Nm, the net
torque (𝜏net ) which is the summation of each motor torque,
must be zero otherwise the machine will move (Eq. 3). As
a result of the electronic preload, each motor at standstill
case generates the desired preload torque level 𝜏p . Both
master and slave torques (𝜏m and 𝜏s ) have inverse polarity
within the −2𝜏p < 𝜏ref < 2𝜏p interval, hence both pinions
are in opposite flanks of the rack (Fig. 1.b zone ). A
reference torque outside this interval induces a flank
change of one of the pinions, which depends on the moving
direction. Therefore, both motor torques have same
polarity. Eq. 4 indicates the maximum net torque (𝜏net,max )
that can be obtained under preload conditions. This shows
that increasing the preload torque leads to a reduction in
the achievable acceleration.
𝜏net = 𝜏m + 𝜏s , where
𝜏m =

𝜏ref
+ 𝜏p
2

(3)

𝜏ref
𝜏s =
− 𝜏p
2
𝜏net,max = 2(𝜏m,max − 𝜏p )

Fig. 1: a) Proposed feed drive model; b) Electronic preload
for backlash suppression; c) Machine tool component
description.

(4)

The inertias of the model have been obtained from
suppliers catalogues (𝐽motor = 7500 e-6 kg/m2, 𝐽gearbox = 948
e-6 kg/m2 on the motor side, 𝑖red = 28) and the pinion inertia
has been neglected. The axis driven load inertia has been
obtained from the machine CAD drawing (𝑚load = 8500 kg).
Next section shows the identification of the equivalent joint
stiffness for each motor as well as the equivalent backlash.

Similarly, the stiffness of this feed drive mechanism is
dominated by the torsional stiffness of the motor coupling
(𝑘coupling ), installed gearbox (𝑘gearbox ), shaft (𝑘shaft ) as well
as the contact stiffness of the pinion and rack combination
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obtained displacements (𝑥load , 𝑥s and 𝑥m ) during the load
and unload stages. Load displacement is very close to the
commanded one, since the position loop is closed with this
signal. On contrary, it is not the same for the displacements
acquired from both motors. On one hand, analyzing first the
slave motor, at maximum load it can be seen how the
acquired displacement reaches an amplitude of
approximately of 400 µm, which matches with the simulated
result. On the other hand, the master motor displacement
is significantly higher than the other two signals. In addition,
there is an abrupt jump when the rack and pinion contacts
are changing from configuration  to  of Fig.1.b. The
force level needed to change the configuration depends on
the commanded preload level.

3 EXPERIMENTAL IDENTIFICATION
In order to characterize each motor independently, the
existing coupling between the master and slave should be
removed. A modification in the machine tool configuration
parameters has been implemented, which enables closing
both velocity and position loops with the desired motor
encoder while disabling the other motor. At the same time,
the linear scale still monitors the load position, and hence,
the load position can be used for further analysis.
3.1 Joint equivalent stiffness
In order to perform a static stiffness analysis, the machine
tool has been placed at the initial traveling distance. The
force 𝐹load has been generated by imposing a stepped
position trajectory through a CNC command while limiting
the displacement against the mechanical rigid bumper (Fig.
1.c). The load cell (Kistler 9212) has been placed between
the carriage and the bumper. The experimental
commanded maximum displacement has been chosen to
obtain a force level of around 10kN, which for this tested
machine is in approximately 300 µm (Fig. 3.a). The
displacements can be synchronously acquired by the
internal sensors through a dedicated software provided by
the CNC manufacturer (i.e. TNCscope from Heidenhain).
As a result of the applied 𝐹load , the generated deformation
between the motor rotary encoder (𝑥m,s ) and load
displacement acquired by the linear encoder (𝑥load ) can be
computed. With this, an equivalent linear stiffness can be
obtained which considers all the transmission components
within the force path (Eq. 2). As described above, the
identification must be done individually one motor at a time
breaking the master-slave coupling. Fig. 3.b shows the
fitted equivalent stiffness on top of experimental results
obtained from the test shown in Fig. 3.a, obtaining different
values for each motor 𝑘m = 81 N/µm for the master and
𝑘s = 100 N/µm for the slave.
3.2 Joint backlash
In order to identify the existing equivalent backlash, as in
previous identification step, the master-slave coupling must
be removed by operating each motor separately. In
addition, for this case no force load is exerted to the
machine and a back and forth movement of 1 mm is
commanded. Fig. 3.c shows the identified position
difference between each motor rotary encoder and load
displacement (𝑥m,s and 𝑥load ). Here, as previously defined,
the identified equivalent backlash is a summation of the
existing one within the transmission. The contribution
identification of each element is complex, but as a rule of
thumb, during gearbox design the value of the backlash can
be assumed to be 0.04 of the tooth module [Margielewicz
et al. 2019]. The identified equivalent backlash for the
master and slave motors are 314 and 363 µm respectively.
Using the experimentally identified stiffness and backlash,
the electronically preloaded rack and pinion feed drive
model shown in Fig. 1.a is validated in the next section.

4 MODEL VALIDATION

Fig. 3: Experimental identification of double pinion and
rack feed drive model parameters

At the same location where the identification has been
conducted, the machine control configuration is set to the
original master-slave coupling as described in Fig. 1.a. As
in the previous case, while the machine load movement is
constrained a CNC position command of 300 µm is
commanded achieving approximately 20 kN of 𝐹load . Fig. 4
summarizes the comparison between the experimental and
simulated results of a static stiffness test. Fig. 4.a shows the

This effect can be explained considering Fig. 4.b, where the
time domain torque value of each motor is shown
throughout the test. At a certain point, the amplitude of 𝐹load
is high enough to compensate the commanded preload
torque; therefore, the existing torque in one of the motors
becomes zero. This means that the electronic preload is
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lost at that moment. As indicated in Fig. 1.b, as the force
level continues to increase, the pinion rotates and meshes
with another flank of the rack (note that the transition
between interval  with  or  depends on the load
direction, hence the observed effect on the master motor
will happen in the slave motor if the load is applied in the
opposite direction). This pinion rotation coming from the
flank change is captured by the master motor rotary
encoder, hence, it suffers much higher displacement than
the slave encoder (Fig. 4.a). This can also be seen in the
polarity of the measured torques (Fig. 4.b).
Four different preload levels have been proposed to
analyze this effect (𝜏p = 4, 10, 20 and 25 %). As expected,
both experimental and simulated results indicate that the
preload losing point varies with respect to the commanded
preload level. Fig. 4.c shows the relative displacement of
the master motor for the four analyzed preload levels based
on the data shown in Fig.4.a. There is a significant variation
in the force level which generates the pinion contact loss
between 4% and the other three levels, going from 1100 N
up to 5300 N or 6600 N. In the same way, as load increases
and hence, the pinion tooth contacts again, the linear
behavior is recovered until the tested maximum force. A
reciprocity can be seen between unload and load stages.
Finally, it can be concluded that the relative displacement
between the loss and contact recovery points is determined
by the backlash value (Fig. 4.c). As a coupled system, the
slave motor is susceptible to this effect, since a change of
5 µm in the relative displacement is observed when losing
the preload (Fig. 4.d). This means that all the 𝐹load , which
should be partially shared, is transmitted only through the
slave motor, so the stiffness decreases, generating the over
displacement shown in Fig. 4.d.
4.1 Equivalent stiffness variation analysis
From the relative displacements shown in Fig. 4.c&d, the
equivalent stiffness variation is computed following Eq. 5
(only 𝑘m has been used in the equation but it is also valid
for the slave motor).

𝑘m =

∆𝐹Load
0.5(𝐹Load (𝑡 + 1) − 𝐹Load (𝑡))
=
∆𝛿m
𝛿m (𝑡 + 1) − 𝛿m (𝑡)

(5)

It is supposed that 𝐹load is transmitted uniformly between
the two motors in full contact conditions. However, the
contact condition between the pinion and the rack (𝑘p−r )
when conducting the bottom-up characterization process
can modify the extracted equivalent linear stiffness values
(𝑘m and 𝑘𝑠 ). The [DIN ISO 6336] standard, provides
analytical equations to obtain the equivalent mesh stiffness
(𝑐γα ) while considering the influence of the teeth in mesh,
which depends on the single tooth pair contact (𝑐 ′ ) and the
contact ratio (𝜀𝛼 ) (Eq. 6). Eq. 7 shows the expression to
compute the single tooth pair stiffness according to the ISO
standard, which for the studied feed drive mechanism is 𝑐 ′
= 13.75 (N/mm)/µm. Similarly, the existing contact ratio is
𝜀𝛼 = 1.48, which means that 48 % of the time two pair of
teeth are in contact, which increases the equivalent mesh
stiffness (𝑐γα ).
𝑐γα = 𝑐 ′ (0.75𝜀𝛼 + 0.25)

(6)

′
𝑐 ′ = 𝑐th
CM CB CR CF cos 𝛽

(7)

Fig. 4: Proposed model validation
In order to provide some variability analysis created by the
contact ratio modification while the characterization test is
performed, two bounds have been established. The lower
bound considers that a single pair of teeth are in the mesh
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and the upper bound two pairs of teeth, 𝜀𝛼 = 1 and 2
respectively. By introducing these values into Eq. 6 and
multiplying it by the width of the tooth gear (40 mm), the
equivalent mesh stiffnesses are obtained and 𝑘p−r varies
from 550 to 962 N/µm. By adding these stiffness bounds
into the total extracted equivalent stiffness (Eq. 2) a
variation of 7.4 and 9.5 % for master and slave motors has
been obtained, which is shaded in Fig. 5.a&b. Fig. 5.a
shows the computed stiffness variation for the master motor
under 25 % preload levels (the other cases have been
discarded for visualization purposes). It can be seen how
by increasing the 𝐹load amplitude, the obtained stiffness
goes down to 0 N/µm, however, as the load increases it
converges to the identified value of 81 N/µm. During the
unload stage, the same trend as in loading conditions is
followed. The simulation results illustrated a similar
behavior as the experimental one. Analyzing the slave
motor behavior under 25 % of preload (Fig. 5.b), at low
disturbance forces the obtained stiffness is in the range of
100 N/µm. Then, due to the contact loss of the master
motor, the stiffness decreases by half, as the entire force
load is supported only by the slave motor. Next, when the
contact is recovered, high stiffness transient zone is faced
as a result of the low relative displacement. However, the
equivalent stiffness slowly converges to the expected initial
value of around 100 N/µm.
Additionally, the experimental distribution of the torque is
not proportionally shared, even though the same elements
are employed in master and slave motors (Fig. 4.b). This
fact can cause prediction deviations of the preload loss
force amplitude since it starts at the moment when one of
the motor torque becomes zero. Similarly, the experimental
equivalent backlash might not suit perfectly the employed
dead zone model. However, the experimental results are
very well captured by the proposed rack and pinion feed
drive system model.
4.2 Static stiffness analysis at the machine ram
The identified effect not only appears by exerting the force
at the column, but also if the load is applied close to the
cutting point (i.e. machine ram). Note that the maximum
load force amplitude has been decreased to 10 kN to avoid
any element breakage. Fig. 6 shows different experimental
measurements of relative displacements. For the master
and slave motors the relative displacement is calculated
between their respective motor encoder and the linear
encoder. For the ram measurement, the relative
displacement is between the linear encoder and the ram
displacement acquired with an inductive sensor. The ram
tip stiffness is relatively linear with the force level and is not
affected by the rack and pinion preload value. As a result of
closing the position loop with the linear encoder, the
backlash effect is limited and only appears at the feed drive
level. However, the axis clearance modifies the linearity of
the feed drive mechanism and might generate an increment
of the tracking or following errors. Further work will address
this effect and its implication in the workpiece quality.
Additionally, considering the commissioned preload level in
conjunction with the linear-rotary conversion factor (𝐾𝑡𝑟),
the expected load force, in which the preload is lost, can be
identified. Within the identified bounds, the existence of
preload (granted linearity) is ensured. A similar pattern is
followed for the three analyzed cases, where the main
modification comes at the preload losing point, which
acquires values from ±1050 N to ±5300 N.

Fig. 5: a) Master; b) Slave motor static stiffness variations

Fig. 6: Experimental ram, master and slave motors static
stiffness response
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5 CONCLUSIONS
This paper has analyzed the influence of the commanded
preload amplitude on the static stiffness of a rack and pinion
feed drive system. When applying a static disturbance force
it has been found that the pinion flank contact transition is
not fast enough to be neglected. As a result, the
commissioned preload level not only affects the
acceleration capacity of the driven machine, but also the
equivalent stiffness linear behavior of the feed drive system.
The proposed model provides significant insights about this
feed drive mechanism as it is able to accurately predict the
observed experimental trends. Conducted tests conclude
that increasing the preload level through the electronic
preload does not vary the master or slave equivalent
stiffness values. For large heavy-duty machine tools, where
the acceleration capabilities of the drive might not be the
limitation, the preload level can be tuned to handle the high
load forces generated during the cutting process ensuring
a preloaded system which ensures linearity. Future
experiments will target the coupling of a Finite Element
model of the complete machine tool to the feed drive model.
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Nomenclature
MAC

of

𝑥ref

Motion-dependent
Adaptation
Parameters
CNC position command

Control

𝐾v

Position proportional control gain

(m/min)/mm

𝑥load

Load actual position

𝑥̇ ref

CNC velocity command

mm/s

𝑃𝐼

Proportional-integral controller

Nm/(rad/s)

mm
mm

𝑃𝐼master Master motor proportional-integral controller
Nm/(rad/s)
𝑃𝐼slave Slave motor proportional-integral controller
Nm/(rad/s)
𝜑̇ m
Master motor actual velocity
rad/s
𝜑̇ s

Slave motor actual velocity

𝜏p

Torque bias or tension torque

𝐼nom

Motor nominal current

A

𝐾t

Motor torque constant

Nm/A

rad/s
Nm

𝑃𝐼preload Torque
equalization
proportional-integral
controller (rad/s) /Nm
𝐾Tm
Master motor individual weighting factor
𝐾Ts

Slave motor individual weighting factor

-

𝜏m

Master motor actual torque

Nm

𝜏s

Slave motor actual torque

Nm

𝐹load

𝑖red

External disturbance force applied in driven load
N
Motor, gearbox and pinion joint equivalent inertia
kg/m2
Gearbox reduction factor

𝑘motor

Motor torsional stiffness Nm/rad

𝐽eq

𝑘gearbox Gearbox torsional stiffness Nm/rad
𝑘shaft

Shaft torsional stiffness Nm/rad

𝑘p−r

Pinion and rack contact linear stiffness N/µm

𝑘m

Master motor equivalent linear stiffness

𝑘s

𝜏ref

Slave
motor
equivalent
linear
stiffness
N/µm
Equivalent backlash of the master power
transmission µm
Equivalent backlash of the master power
transmission µm
Torque reference
Nm

𝜏net

Summation of each motor torque

𝐿z,m
𝐿z,s

𝜏net,max Maximum achievable net torque
𝐽motor

Motor equivalent inertia

N/µm

Nm
Nm
kg/m2

𝐽gearbox Gearbox equivalent inertia on motor side
kg/m2
𝑚load

Driven load mass

kg
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Abstract
Turbomachinery components commonly present low stiffness with thin-walled sections and axisymmetric
shape. In casing low-angles, tapered sections are also common on the surfaces. Additionally, flanges are
used to joint turbine or compressor stages. These flanges are milled in a wave-like shape due to the
weight reduction and assembly requirements.
Waves are produced by milling, in a peripheral way, using carbide tools. When the alloy material is milled,
the flange rings weaken and a general relaxation occurs. Thus, a polygonal pattern appears. Distortion
effects generated in the isogrid are also found out. Only another perfect ring makes the part stiff again.
Keywords:
Machining distortions; Casings; Thin-walled; Low-stiffness; Roundness; Harmonics
materials. New shapes and geometries are being
developed to optimize the weight/precision ratio of the
components.
In the aeronautical industry, a high number of large parts
are manufactured from a single manufacturing bulk by
machining due to extreme operation conditions, leading to
a high buy-to-fly ratio. As the part of the material is
removed, relaxation of the remaining bulk causes gradual
distortions in the machined part due to original residual
stresses leading to larger deviations [Wei 2006]. The
residual stresses of the initial non-machined part affect the
manufacturing process results [Llanos2017]. Casting
blanks are closer to the net shape but have lower
mechanical properties than forged ones. In the manufacture
of critical combustion engine components, such as casings,
forged blanks are preferred due to their better mechanical
properties. However, forged blanks present higher levels of
residual stress, being a challenge to manufacture.
To reduce the deviations from the manufacturing side or
improve the part’s operational function, some regions can
be modified for distortion control, including features like
reinforcement ribs, rings, and honeycomb structures.
These, in addition to increasing the complexity of
manufacturing, are also influenced by residual stresses
arising from the manufacturing process.
During the manufacturing of large thin-walled parts several
operations can be used, from ordinary drilling, boring,
turning operation, and 3 up to 5-axis milling to mill-turn. The
complex design, structures, and requirements appeared in
the turbofan components together with high accuracy make
the process planning and prediction very complex.
Depending on the machining operation and the geometry of
the tools involved, different tool-part orientations result in
variations of the components of the cutting forces. This
phenomenon is amplified when thin walls are involved,
resulting in wider tolerance bands.

1 INTRODUCTION
Low pressure turbine casings are elements of revolution
whose rigidity depends on their axisymmetric shape.
However, to reduce the weight of these elements some of
the areas are usually lightened. This weakens the part so
that it loses its perfect symmetrical shape showing
polygonal patterns. The fact that they are mainly thin-walled
parts facilitates the propagation of said distortions
throughout the entire piece.
In order to carry out this study, an AISI XM 12 casing
manufactured by means of High Feed technology is
inspected. This casing has an overlapping flange with nine
waves, as well as an isogrid structure of 32 triangles, so the
influence of these geometries on the general roundness of
the casing is analyzed.
Composite materials and super alloys were the
protagonists of the major advances in the aeronautics
industry. Commercial aviation generated more than $2.7
trillion USD (year of 2018), with an estimated 110%
increase up to 2045 [Modarress 2020]. Weight reduction is
one of the most important aspects in the development of the
aeronautical sector together with the costs and the safety
of the components. Design optimization, material
development and material selection govern the latest
developments in the aeronautic industry, with the use of
high strength and low density materials. The fuel
consumption is reduced with the weight of the parts
together with an increase in the maximum take-off weight
(MTOW), highly demanded in commercial aviation.
The use of stiffer materials allows reducing the thickness of
the parts. One of the major problems involved in reducing
the thickness is the increase in the deviations due to high
forces on the manufacture of these materials that are hardto-cut, pushing the manufacturing processes to the limit.
Surface roughness, vibrational problems, and deviation are
just some of the problems magnified using hard-to-cut
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For this purpose, large machines are required which implies
that dynamics problems are increased magnifying the error
associated with the manufacture of thin-walled parts. The
roundness is an important aspect in revolution parts that
affect not only the performance of dynamic components but
also the assembly of static ones, which needs to be
minimized to avoid error propagation and system
performance reduction.
The advances in multi-tasking machines and CNC controls
improved the dynamics of the machines, making it possible
to manufacture small to large mechanical components with
complicated geometry [Nakamoto 2017]. Predicting and
measuring the deviations from the clamping configuration
can be simplified with the use of multitasking machines. In
thin-walled parts, the deviations by pre-tension during the
fixation can be critical. Using a single machine instead of
multiple machines, besides cost reduction and time
optimization, reduces the number of setups [Selvaraj 2006].
As technology advances, multitasking centers are able to
provide higher performance, increasing the capacity to
enabling the use of high-feed operations in the machining
of aeronautical components. This technique is based on
increasing the lead angle above 90º (turning), which
generates a thinner chip and allows the use of higher feed
rates. On the other hand, as the lead angle increases the
force vector shifts in a radial direction, which may result in
chatter and tool deflection. These distortions tend to spread
throughout the body when large cylindrical components
with thin walls and complex geometries are involved until
they reach a stiff ring (see Fig. 3).
These vibrations can cause significant part defects and
must be reduced as much as possible, especially in aeroengine components where high accuracies are required.
Even with the use of dampers and proper clamping system
design, only the free and forced vibrations can be avoided
[Caixu 2019]. Although models have been developed, the
prediction of self-excited vibrations is complicated [Paris
2004]. This periodic deflection of the tool causes waves
along the surface perimeter that may spread even far from
their source.
As well as those periodic deformations other sources of
error can also be found. Tool wear, thermal expansion, and
elastic deformations are some of the most common ones.
High-speed operations increase the contact surface
between the cutting edge and the workpiece, which aids
heat dissipation. Some works regarding the tool deviation
already shown to be capable of predict and reduce the form
error and geometrical deviations during machining
operations [Ma 2016] [Dow 2004] [Soori 2016] [Habibi
2019]. Ascione et al. (2010) studied the deviations during
the manufacture of a free-form aeronautical part using
CMM, linking the deviations with the process parameters.
Kawasaki and Tsuji, (2019) evaluated the profile of a large
gear wheel (mean diameter of 912 mm) manufactured by 5axis milling and obtained in the tooth surface a maximum
deviation close to 0,03 mm, value enough to not influence
the process due to the size of the part.

Simulation methods are used to optimize the part and the
machining process of thin-walled parts, avoiding a trial-error
approach. Modifications in the layout and design of the
support system can be used to improve the manufacturing
process of thin-walled components. Layout and fixing
systems are an important source of error in large-scale
components. However, due to the high number of features
presented in the part and the thickness variation with the
material removed, prediction requires a complex simulation
[D’Alvise 2015]. Wang et al. (2007) proposed a parametric
FEA algorithm considering the fixture and the cutting forces
to achieve tolerances on the manufacture of thin-walled
cylindrical components. Calabrese, Primo and Prete (2017)
used topology optimization to improve the fixture for
machining a thin-walled workpiece considering the cutting
forces and the stiffness variation of the part.
In the case where it is not possible to achieve tiny
tolerances with conventional fixation systems, an integral
manufacturing tool is required, increasing costs and steps
of the process involved. To avoid it, some researchers are
investigating adaptive manufacturing tools for cylindrical
components, evaluating materials, system, and optimum
clamp pressure [Chai 2021].
Taking this scenario into account, this work investigates the
geometrical deviations that came from the manufacture, in
real size, of an aeronautical component. The geometrical
defects from non-conventional operations applied in the
component, to cite, high feed turning, prime-turning, and 5axis machining were evaluated aiming to identify the source
of the geometrical deviations and the magnitude of the
roundness error in different sections of the part.
The aim of this work is to detect geometrical errors in a
casing as a consequence of the milling process of the
lightener exerts. To do it, a methodology based on the study
of the harmonics present in different circular sections of the
casing was developed. In this way, in addition to analyze
these errors, it is possible to deduce their origin, which will
facilitate their correction in the future.

2 METHODOLOGY
The casing was first forged and then machined in the VR2.4 (GMTK) multitasking machine tool capable of turning
and milling large components. To machine it, 3 different
fixturing tools were used for an optimal positioning of the
component (see Fig. 1).
The measurement was carried out in a Mitutoyo coordinate
measuring machine (CMM) model Crysta Apex S162012.This CMM had a REVO-1 head from Renishaw
allowing simultaneously measurement in 5 axes. RSP2
module was used for all measurements and a probe with a
carbon fiber stem and a stylus of silicon nitride with a sphere
of 2 mm in diameter. This machine has the following
maximum permissible error (1)
M𝑃𝐸 = 4,5 + 5,5 ×

𝐿
1000

(µ𝑚)
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(1)

Fig. 1: a) Turning of frustconical geometry and milling; b) Grooving; c) Turning and milling of the bottom part
Casing was measured using two distinct locations. The first
measurement set was performed as appeared in Fig.2
With the aim of obtaining the overall roundness of the
casing circles relating to 20 sections parallel to Datum A
were measured. To do it, continuous scanning probing
strategy was used so that maximum quantity of points was
gathered. Thus, harmonics could be analyzed in detail. In
Fig. 3, some analyzed sections are shown.

Software used for the CMM programming and roundness
analysis was MCOSMOS V4.3 while harmonics were
obtained by means of Discrete Fourier Transformation
(DFT) [Muralikrishnan 2008] programmed in Matlab.
Gaussian filter and a default roundness cutoff of 50 UPR
(undulation per revolution) were applied to evaluate
roundness [Görög 2011].
a)

b)

Fig. 2: Casing location on the CMM table for the first
measurements set.
Fig. 3: a) External sections measured in the casing;
External sections were scanned at 15 mm/s of scanning
b) internal sections measured in the casing.
speed gathering points every 2 mm while internal sections
In Table 1, distance from each measured section to Datum
were scanned at 30mm/s and 1 mm of step. External
A can be observed.
measurements were carried out at lower scanning speed to
avoid inaccuracies due to the centrifugal forces generated
by the movement of the probe as it moves.
Tab. 1: Distance in mm from Datum A to each section.
S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

4 mm

13 mm

17 mm

155 mm

160 mm

138 mm

242 mm

29 mm

85 mm

112 mm

S11

S12

S13

S14

S15

S16

S17

S18

S19

S20

164 mm

204 mm

10 mm

16 mm

97 mm

99 mm

125 mm

130 mm

146 mm

151 mm

defined. Both roundness and harmonics results are
provided for each section and deviation cause is discussed.
Using the work-holding 1, S0, S5 and S6 amongst others,
were turned. Afterwards, the casing was milled to contour
the upper flange (see Fig. 4). This geometry, apart from

3 RESULTS
Results are presented in two subsections regarding to the
deviation type so that the cause of their origin could be
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The amplitude of the 9th harmonic goes from 12.682 µm in
section S1 to 0.457 µm in section S9 showing.
Roundness measurement and harmonic analyses reveal
that other milled features of the casing also have influence
on these sections. For instance, the isogrid structure
influence can be found in the harmonics analysis of the S8,
S9 and S10 located in the inner part of this structure. This
isogrid structure has 32 triangles and causes a noticeable
effect on the 32nd harmonic of these sections (see Fig. 5).
Taking these results into account it could be concluded that
it is necessary to include both roundness and harmonics
analysis in casing evaluation to detect these form error
caused by the geometry itself.
Regarding the effect of turning process on the casing
geometry form errors, due to its lack of rigidity, 2nd harmonic
appears in section S1 with an amplitude of 25.802 µm,
which reveals an oval shape. The same harmonic appears
in sections S13 and S14 with an amplitude of 30.584 µm
and 29.612 µm, respectively.
Using the work-holding 3, inner geometries, where sections
S7, S8, S9, S10, S11, S12, S15, S16, S17, S18, S19, S20
are located, were turned. To do it, the fixturing system were
formed by 4 clamping and 4 flanges and wedges all of them
separated 90º each (see Fig. 1 c)). S15, S16, S17 and S18
show very similar results of roundness (25, 27, 25 and 21
µm, respectively) and a clear appearance of the 4 th
harmonic caused by the fixturing system (see Fig. 6). The
highest value was found in S10 with a value of 8.719 µm.
In sections S1 to S4 higher harmonics could also be
detected being multiple of 4 which could be related to the
4-yaw-chuck used in work-holding 1.

reducing the weight of the part, also allows the coupling of
pipes during assembly. Using the work-holding 2, sections
S7 to S20 were turned.
Roundness and harmonics results
The raw material used for the casing machining was
previously forged. It is known that forging introduces
compressive stresses on the parts due to the fiber material
orientation. In this case, casing was forged to obtain a ringshape preform in order to minimized further machining.
Consequently, radial compressive stresses were achieved.
Measurement results show the effect of the flange milling
on the roundness of the casing form errors. To evaluate
those errors, roundness and harmonics of S1 to S9 were
analyzed. In Fig. 4, an image of the casing with the workholding 1 and roundness polar graphs of different sections
can be observed. It can be clearly seen that the 9 th
harmonic is presented in these sections. Maximum form
deviations are found in the same position of the flanges
waves for all the inspected sections. This proves that the
cause of this form error is the milling of the flange. The
negative effect of the flange milling can be found up to more
than 150mm far from it.
If general harmonics analysis is carried out, replicas of the
9th harmonic can be found from section S1 to S4 up to 45 th
harmonic being the 50th harmonic the last reported one.

a)

b)

c)

d)

e)

f)

Fig. 4: a) Work-holding during the milling of the upper flange; b) Roundness graph of section S1 (0.087 µm);
c) Roundness graph of section S2 (0.083 µm); d) Roundness graph of section S3 (0.067 µm
e) Roundness graph of section S4 (0.093 µm); f) Roundness graph of section S9 (0.044 µm).
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Fig. 5: Harmonic analysis of section S1 to S20
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Dimensional results

a)

Tab. 2 shows the number of points gathered in each section
of both nominal and actual diameters. Section S7 was
defined by just 36 points because the continuous
measuring was impossible due to the presence of oblong
holes.
Tab. 2: Measurement data from sections S1 to S20.

b)

c)

d)

S1

S2

S3

S4

Points

885

887

909

909

Nom ø (mm)

563.252

563.633

576.776

577.252

Actual ø(mm)

563.213

563.646

576.795

577.285

S5

S6

S7

S8

Points

1023

1023

36

1741

Nom ø (mm)

650

650

552.762

558.095

Actual ø(mm)

649.913

649.908

552.773

558.124

S9

S10

S11

S12

Points

1746

1757

1764

1776

Nom ø (mm)

560.667

563,143

565.619

569.429

Actual ø(mm)

560.830

563.252

565.663

569.471

S13

S14

S15

S16

Points

1653

1653

1653

1653

Nom ø (mm)

530

530

538

538

Actual ø(mm)

530.102

530.100

537.654

537.661

S17

S18

S19

S20

Points

1734

1734

1742

1742

Nom ø (mm)

556.014

556.014

558.537

558.537

Actual ø(mm)

556.114

556.101

558.611

558.601

Regarding dimensional deviations, the maximum error was
found in section S19 having a dimensional relative error
lower than 0.02% which is again a highly acceptable value.
The repeatability of the measurement was also evaluated
by means of three repetitions and according to the
tolerance band using equation (2):
Fig. 6: a) Roundness graph of section S15; b) Roundness
graph of section S16; c) Roundness graph of section S17;
d) Roundness graph of section S18;

𝑅ep (%) =

|(Dactual −DNom )Rep1 ;(Dactual −DNom )Rep2 ;(Dactual −DNom )Rep3 |

MAX

Tol band

× 100

(2)

Tab. 3: Repeatability analysis of dimension measurement from sections S1 to section S20
S1
11%

S2
19%

S3
16%

S4
16%

S5
22%

S6
18%

S7
2%

S8
7%

S9
41%

S10
27%

S11

S12

S13

S14

S15

S16

S17

S18

S19

S20

11%

11%

25%

25%

93%

90%

25%

22%

18%

16%
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In Tab. 3 results of repeatability according to the tolerance
band are provided. Following aeronautical standards,
repeatability tests of sections S5, S9, S10 and from S13 to
S18 could not be accepted since they are higher than 20%

[Habibi 2019] Habibi, M., Tuysuz, O. and Altintas, Y.
Modification of tool orientation and position to compensate
tool and part deflections in five-axis ball end milling
operations. Journal of Manufacturing Science and
Engineering, Vol. 141, No. 3, pp 1-9 .
[Kawasaki 2019] Kawasaki, K. and Tsuji, I. Machining
method of large-sized cylindrical worm gears with Niemann
profiles using CNC machining center. The International
Journal of Advanced Manufacturing Technology. Vol. 104,
No. 9, pp 3717-3729.
[Llanos 2017] Llanos, I., Lanzagorta, J. L. and Beristain, A.
Part distortion modeling on aluminum slender structural
components for aeronautical industry. Procedia CIRP,
Vol. 58, pp 158-162.
[Ma 2016] Ma, W., He, G., Zhu, L. and Guo, L. Tool
deflection error compensation in five-axis ball-end milling of
sculptured surface. The International Journal of Advanced
Manufacturing Technology, Vol. 84 No. 5-8, pp 1421-1430.
[Modarress 2020] Modarress, B., Ansari, A. and Ansari, A.
Environmental Degradation and the Implementation of the
Circular Economy in Commercial Aviation. Sustainability:
The Journal of Record, Vol. 13, No. 4, pp 178-184.
[Muralikrishnan 2008] Muralikrishnan, B. and Raja, J.
Computational surface and roundness metrology. Springer
Science & Business Media. pp. 263 . ISBN 978-1-84800297-5.
[Nakamoto 2017] Nakamoto, K. and Takeuchi, Y. Recent
advances in multiaxis control and multitasking machining.
International Journal of Automation Technology, Vol. 11,
No. 2, pp 140-154.
[Paris 2004] Paris, H., Peigne, G. and Mayer, R. Surface
shape prediction in high speed milling. International Journal
of Machine Tools and Manufacture, Vol. 44, No. 15, pp
1567-1576.
[Selvaraj 2006] Selvaraj, P., Thirumal, E. and
Radhakrishnan, P. Multi-tasking machines: a new approach
to increase the productivity of aircraft components
manufacture. International journal of computer applications
in technology, Vol. 27, No. 1, pp 24-30.
[Soori 2016] Soori, Mohsen, Behrooz Arezoo, and Mohsen
Habibi. Tool Deflection Error of Three-Axis Computer
Numerical Control Milling Machines, Monitoring and
Minimizing by a Virtual Machining System. Journal of
Manufacturing Science and Engineering, Transactions of
the ASME, Vol. 138, No. 8, pp 1-11.
[Wang 2008] Wang, Y., Xie, J., Wang, Z. and Gindy, N. A
parametric FEA system for fixturing of thin-walled cylindrical
components. Journal of materials processing technology,
Vol. 205 No. 1-3, pp 338-346.
[Wei 2007] Wei, Y. and Wang, X. W. Computer simulation
and experimental study of machining deflection due to
original residual stress of aerospace thin-walled parts. The
international journal of advanced
manufacturing
technology, Vol. 33, No. 3-4, pp 260-265.

4 CONCLUSIONS
Casing are complex parts with turned and milled features.
In this work, the influence of the casing geometry and
fixturing systems related to forging and machining
processes was analyzed. To do it, harmonic analysis was
used to decompose measured profiles into individual
harmonic components so that independent error sources
could be identified. Fourier series were used for this
analysis.
Results show that the influence of milled parts on the form
deviations are noticeable due to relaxation of the
compressive residual stresses obtained by forging. These
inaccuracies should be solved by an optimum design of the
casing. The thinner the wall the higher the deviations
observed. Moreover, this form error can be observed further
than 150mm away from the milled part.
The influence of the casing rigidity was found on the 2nd
harmonic while the effect of the fixturing systems used for
each work-holding type was also reported.
As a result, these form deviations can be avoided, and
production quality can be improved.
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Abstract
Under the effect of the laser heat-affected-zone (HAZ), the microstructure of the machined surface in
laser-assisted machining (LAM) differs from the conventional machining (CM), which affects the surface
properties of components. Cellular automata (CA) method is considered to be a more effective way to
simulate the microstructure evolution process of materials, which is difficult in traditional finite element
cutting simulation. In this study, considering the significant effect of laser thermal effect on dynamic
recrystallization (DRX) of materials, the CA method is adopted to simulate the microstructure evolution
process of the machined surface during LAM titanium alloy. The microstructure and grain size of the
machined surface are predicted and the physical mechanism of microstructure evolution is also analyzed.
The results show that different processing parameters affect the degree of grain refinement of the
machined surface.
Keywords:
Laser-assisted machining; Cellular automata; Microstructure evolution; Titanium; Machined surface

boundaries. Duan [Duan 2018] simulated the dynamic
recrystallization in white layer in dry hard cutting by finite
element-cellular automaton method. It can be seen that CA
is an effective model to describe the whole process of DRX,
introducing physical essences of nucleation and growth
conditions, dislocation evolution and boundary migration
mechanism. However, there are few studies on
microstructure evolution in cutting process [Xu 2020, Xu
2021], especially DRX behaviour of machined surface
during LAM.
In this paper, a simulation study of the DRX process of
machined surface of Titanium by CM and LAM are
performed. First, a finite element simulation based on the
JMAK model is used to calculate the grain size and thermalmechanical loads of machined surface under CM and LAM.
Then, a CA method based on the dislocation evolution
model is used to simulate the grain refinement process.
Finally, the differences in grain evolution between LAM and
CM is analysed, and the relationship among different
cutting process, physical deformation parameters, and
grain sizes are analysed either.

1 INTRODUCTION
Recently, interest in laser-assisted machining (LAM) has
been increasing worldwide as a method to process difficultto-machine materials at low cutting force and high
efficiency. However, the thermal effect of laser will form a
certain range of heat-affected-zone (HAZ) on the surface of
the material, causing the difference between the
microstructure of machined surface of LAM and
conventional machining (CM), which affects the surface
properties components [Hedberg 2015]. Researchers have
done a lot of work on the microstructure evolution process
of machined surface during machining [Wang 2016, Arisoy
2015, Pan 2016]. Rotella [Rotella 2014] found that finite
element method (FEM) can accurately predict the grain size
and hardness of machined surface. However, FEM can only
calculate the average value of grain size and cannot show
the process of grain refinement. Several approaches such
as cellular automaton (CA) method, Monte Carlo (MC)
method and phase field method have been taken to predict
the microstructure evolution in some machining processes.
The CA method is an algorithm describing the discrete
spatial and/or temporal evolution in a complex physical
system by applying a local deterministic or probabilistic
transformation rule [Raabe 1998]. Goetz and Seetharaman
[Goetz 1998] simulated the nucleation and growth of DRX
by dislocation density change using CA for the first time and
successfully predicted the chain structure of grains along

2 FE-CA MODELING
2.1 FE model of LAM
In this study, FE simulation software (DEFORM-2D) is used
to calculate the CM and LAM simulation, as shown in Fig.
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1. It is based on the assumption of isotropic hardening of
the workpiece material, modeled as plastic and divided into

rate, and temperature [Kugler 2004]. The DRX model is
defined with Avrami equations as Eq. (2)-(4) where εp is the
peak strain, and Xdrex is the volume fraction of DRX
material, and a critical strain is defined as εc = 0.63εp. The
grain size after recrystallization is given as Eq. (3) where
a8, h8, n8, m8, c8 are the material constants. The average
grain size is calculated with a mixture rule as Eq. (4). The
initial average grain size is characterized as d0 = 20 µm.
Other equations and parameters of the model are taken
from Arisoy’s work [Arisoy 2015].
k

  − a10 p  d 
X drex = 1 − exp  − d 
 

  0.5  


(2)

ddrex = a8d08  n8  m8 exp (Qm8 / RT ) + c8

(3)

d = d0 (1 − X drex ) + ddrex X drex

(4)

h

Fig. 1 FE model of LAM
1635 elements. The cutting tool is defined as rigid and
divided into 700 elements. Workpiece and cutting tool are
allowed to exchange heat with the environment, and the
convection coefficient is selected at 20 W/(m 2K). The
sticking-sliding friction model is also implemented. Thermal
and mechanical material properties for tool and workpiece
are taken from Sima’s work [Sima 2010]. The LAM process
is a coupling process in which the laser moves
synchronously with the tool, and the most ideal simulation
process is a fully synchronous coupling simulation of the
laser heating process and the cutting process. Due to the
limitation of the current simulation software, it is difficult to
carry out the process. Therefore, the LAM simulation now
is carried out using a pre-defined temperature field method
[Elkhateeb 2019]. The phase transformation temperature of
titanium is about 860ºC. Therefore, in order to avoid the
phase transformation on machined surface, the predefined
temperature of FE model should not be too large. However,
if the temperature is too low, and the softening effect of the
material is not obvious. In this FE model, the pre-defined
temperature of the workpiece is set to 600ºC. It worth noting
that the temperature during laser heating is not uniform, but
the temperature gradient in a small range of the machined
surface can be ignored, so this set up is reasonable.
2.2 Material constitutive model and JMAK model

2.3 Theory model of DRX
The DRX of the machined surface includes grain nucleation
and growth, which is inseparable from the material
dislocation density evolution. This paper uses the KM
model, which is as Eq. (5) where k1 is a constant that
represents hardening; k2 is the softening parameter
representing recovery of dislocations; ρi,j is the dislocation
density of cell.

dpi , j
d





 Q 
n (  ,T ) = Cdynamic  m exp  − act 
 RT 

1/3

 20 

 3blM 2 
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where D = 1 − (T / Tm ) , p = (T / Tm )
d

(7)

After DRX nucleation, the grain growth is through the
migration of grain boundary atoms, and its driving force
comes from the reduction of storage energy (that is, the
dislocation density difference between the DRX grain and
the base material grain). The grain growth rate Vi is
proportional to the driving force per unit area fi , as shown
in Eq. (8):

m


 
 

(6)

When the dislocation density in grain boundary cell reaches
a critical value, it is nucleated according to the P = n  t  L2a
probability. The expression of critical dislocation density is
as Eq. (7) where t is time step; La is cell size;  is grain
boundary energy; b is Burgers vector; l is dislocation
average free energy; M is grain boundary migration energy;
 is dislocation tensor.



1
  1 + C ln   1 −  T − Tr  
 =  A + B n 





 0    Tm − Tr  
 exp  a   








1
D + (1 − D )  tanh 
 ( + p )r





(5)

The DRX nucleation model used in this paper is as Eq. (6)
where Cdynamic is the dynamic property parameter of
material; m is the strain rate parameter, usually 1; Qact the
activation energy of material, 218kJ/mol; R the gas
constant, 8.314 J/(mol∙K).

In this work, a modified material constitutive model that
consider the effects of temperature and strain softening is
used. The model is given with Eq. (1) where flow stress ( 
) of the material is being represented in terms of strain (  ),
strain rate (  ), and temperature ( T ) and where  0 is the
reference strain rate, Tm is the melting temperature of the
material, and Tr is the room temperature. The JC material
parameters (A,B,C,n,m) and modification parameters
(a,b,d,r,s) are taken from Sima’s work [Sima 2010].



= k1 i , j + k2 i , j

(1)

Vi = Mfi
b

where M =

The JMAK model has been widely used to describe the
DRX process of material by considering the strain, strain

 Dob b
KT

exp( −

Qb
Fi
), fi =
RT
4 ri2

Fi = 4 r 2 ( m − d ) − 8 r 
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Fig. 2 The initial grain distribution of CA model
2.4 CA modeling
In this model, cell space of 120×120 and cells with border
length of 1μm×1μm are adopted. The CA model consists of
Cellular, cellular space, neighbor and transformation rules,
which is taken from Kugler’s work [Kugler 2004]. Fig. 2
shows the initial grain distribution obtained by a normal
grain growth algorithm, and the specific simulation
schematic is similar with Duan’s research [Duan 2018].

Fig. 3 Experiment setup schematic of the conventional
cutting
Fig. 5 shows the results of DRX grain refining at the point.
It can be seen that because of the laser heating, the DRX
behavior of chip during LAM is greatly different from that
during CM. During CM, the high temperature region of chip
area is mainly concentrated at the shear band area and the
tool-chip interface area, so the grain refining phenomenon
in the above two areas are more obvious; During LAM, the
temperature of chip area is higher than the critical DRX
temperature, so the chip area is extremely prone to DRX
softening, and the grain’s size and its distribution are
different from CM. Fig. 6 is a comparison ofthe FEM and the
CA results. Fig. 7 shows the process of DRX grain
refinement at the point of the LAM of the machined surface.
It shows that the use of CA simulation can realize the
visualization of microstructure evolution during cutting.

3 RESULTS AND DISCUSSION
The experiment setup schematic of cutting is shown in Fig.
3. Fig. 4 shows the simulation and experimental results of
the cutting force during conventional cutting at different
cutting speeds. From Fig. 4, it is obviously prove that the
FE model established in section 2 is correct. So the
thermal-mechanical loads on the machined surface, which
are obtained from simulation, are reliable as the initial
boundary in CA simulation. Tab. 1 shows the thermal
deformation parameters of the machined surface at a
certain point when the cutting speed is 250 m/min.

Fig. 8 shows the simulation results of the average grain size
of machined surfaces of CM and LAM at different cutting
speeds. From Fig. 8, the average grain size of machined
surface decreases with increasing cutting speed during CM.
It is because that as the cutting speed increases, the
temperature, strain and strain rate of the machined surface
increase either. From Eq. (4), when the temperature and
strain rate increase, the DRX nucleation rate increases, so
the grain refinement becomes more severe, and eventually
the average grain size decreases. However, the average
size of machined surface grains has no obvious change
with the increase of cutting speed during LAM, and its size
is about 7-8 μm. It is because that due to laser preheating
there there is no obvious difference in the temperature of
the machined surface during LAM. The DRX is caused by

Tab. 1:The thermal-mechanical loads of the machined
surface
Parameter

CM

LAM

Temperature (ºC)
Strain
Strain rate

455
1.34
48000

652
1.25
20000

Fig. 4 The simulation and experimental results of cutting force
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Fig. 8 The simulation results of the average grain size
sizes at different cutting speeds in CM and LAM are
compared. The simulation results show that different
processing parameters affect the degree of grain
refinement of machined surfaces. Compared with CM, the
chip is more prone to DRX and softening during LAM,
thereby improving the cutting performance of material. DRX
is closely related to the thermal-mechanical loads during
cutting process, and its grain size is affected by the effect
of temperature, strain, and strain rate synthetically. The
grain size has an important influence on the microhardness
of machined surfaces. Therefore, we will study the
relationship between the grain size and the processing
parameters in the future, and verify our simulation work
through experiments to improve the quality of machined
surfaces.

Fig. 5 The CA results of DRX: (a) CM; (b) LAM
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studied in our future work.

6 REFERENCES

4 CONCLUSIONS

[Hedberg 2015] Hedberg, G.K., Shin, Y.C. and Xu, L. Laserassisted milling of Ti-6Al-4V with the consideration of
surface integrity. The International Journal of Advanced
Manufacturing Technology, March 2015, Vol.79, pp 16451658.
[Wang 2016] Wang, Q.Q., et al. Evolutions of grain size and
micro-hardness during chip formation and machined
surface generation for Ti-6Al-4V in high-speed machining.
The International Journal of Advanced Manufacturing
Technology, July 2016, Vol.82, pp 1725-1736.
[Arisoy 2015] Arisoy, Y.M., Özel, T. Prediction of machining
induced microstructure in Ti–6Al–4V alloy using 3-D FEbased simulations: Effects of tool micro-geometry, coating
and cutting conditions. Journal of Materials Processing
Technology, June 2015, Vol.220, pp 1-26.
[Pan 2016] Pan, Z., et al. Prediction of machining-induced
phase transformation and grain growth of Ti-6Al-4V alloy.
The International Journal of Advanced Manufacturing
Technology, March 2016, Vol.87, pp 859-866.
[Rotella 2014] Rotella, G., Umbrello, D. Finite element
modeling of microstructural changes in dry and cryogenic
cutting of Ti6Al4V alloy. CIRP Annals - Manufacturing
Technology, 2014, Vol.63, pp 69-72.
[Raabe 1998] Raabe, D. Computational Materials Science:
The Simulation of Materials, Microstructures and
Properties. Wiley-VCH, June 1998. ISBN 3-527-29541-0.

In this study, a FE cutting simulation is performed based on
the JAMK model, the thermal-mechanical loads of
machined surface are extracted, and the DRX process
simulation based on the KM dislocation density evolution
model is performed using the CA method. The grain sizes
at different cutting speeds in CM and LAM are compared.
The simulation results show that different grain

Fig. 7 The process of DRX grain refinement

High Speed Machining | 2021 | Conference Proceedings of HSM2021
4

[Goetz 1998] Goetz, R.L., Seetharaman, V. Modeling
Dynamic Recrystallization Using Cellular Automata. Scripta
Materialia, January 1998, Vol.38, pp 405-413.
[Duan 2018] Duan, C., et al. Modeling of dynamic
recrystallization in white layer in dry hard cutting by finite
element-cellular automaton method. Journal of Mechanical
Science and Technology, September 2018, Vol.32, pp
4299-4312.
[Xu 2020] Xu, X., et al. Multiscale simulation of grain
refinement induced by dynamic recrystallization of Ti6Al4V
alloy during high speed machining. Journal of Materials
Processing Technology, December 2020, Vol.286, pp
116834. ISBN 0924-0136
[Xu 2021] Xu, B.B., et al. Serrated Chip Formation Induced
Periodic Distribution of Morphological and Physical
Characteristics in Machined Surface During High-Speed

Machining of Ti6Al4V. Journal of Manufacturing Science
and Engineering, April 2021, Vol.143, pp 101006. ISBN
1087-1357
[Sima 2010] Sima, M., ÖZel, T. Modified material
constitutive models for serrated chip formation simulations
and experimental validation in machining of titanium alloy
Ti–6Al–4V. International Journal of Machine Tools &
Manufacture, November 2010, Vol.50, pp 943-960.
[Elkhateeb 2019] Elkhateeb, M.G., Shin, Y.C. Investigation
of the Machining Behavior of Ti6Al4V/TiC Composites
During Conventional and Laser-Assisted Machining.
Journal of Manufacturing Science and Engineering, March
2019, Vol.141, pp 051001.
[Kugler 2004] Kugler, G., Turk, R. Modeling the dynamic
recrystallization under multi-stage hot deformation. Acta
Materialia, September 2004, Vol.52, pp 4659-4668.

High Speed Machining | 2021 | Conference Proceedings of HSM2021
5

Conference Proceedings | HSM 2021
16th International Conference on High Speed Machining
October 26-27, 2021, Darmstadt, Germany

HSM2021-B136
PARAMETRIC STUDY OF AN EMPIRICAL MATERIAL BEHAVIOR LAW IN
ORTHOGONAL CUTTING SIMULATIONS OF TI6AL4V ALLOY
1École

P. Limje1*, M. Calamaz1, D. Coupard1, M. Cherif1
Nationale Supérieure d'arts et Métiers, MPI/I2M, Bordeaux, France
*Corresponding author; e-mail: preshit.limje@ensam.eu

Abstract
Finite element modelling of the cutting process requires a material behavior law adapted to the severe
thermo-mechanical conditions, induced by the metal cutting process. The choice of the model and the
identification of the numerous parameters for a given machined material remains a key issue. This paper
focuses on a modified Johnson-Cook law (MJC). The parametric study of various constants of the MJC
law with respect to stress-strain curves and chip morphology at low cutting speed is considered. The
study first presents the influence of some parameters on numerical results and then compares it with
experimental tests conducted on Ti6Al4V alloy at low cutting speeds.
Keywords:
Finite element modelling; Orthogonal cutting; Segmented chip morphology; Ti6Al4V

According to [Hou 1997; Komanduri 1982], a failure starts
when critical shear strain is reached along the shear
surface due to thermoplastic instability in the primary shear
zone. This helps to form a narrow band (attributed as the
adiabatic shear band), giving rise to segmented chips. The
adiabatic shear band propagates from tooltip to free
surface, unlike crack propagation. [Molinari 2002] studied
the influence of cutting speed on the adiabatic shear band.
According to them, large shear strains appear within thin
bands causing a large local rise in temperature. This leads
to the formation of adiabatic shear band in the primary
shear zone and segmented chips later in the metal cutting
process.
During a metal cutting operation, both thermal and
mechanical phenomena act simultaneously, that’s why
metal cutting can be viewed as a thermo-mechanical
process. This brings the third theory into account, the
combination of both fracture-based mechanism and
thermal mechanism. According to [Baker 2002], the thermal
mechanism related to adiabatic shear band localization is
the main reason for the chip segmentation process, which
involves first material thermal softening and later, material
failure. [Komanduri 2002] suggests that in Ti6Al4V, the
thermo-plastic instability occurs above a cutting speed of
0.4 m/min and feed of 0.2 mm, which influences chip
segmentation.
Several researchers are using different modelling
approaches by developing constitutive models using the
finite element approach. [Melkote 2015] developed a
physical model based on the inverse Hall-Petch effect to
study segmented chip formation on commercially pure
titanium. Physics-based constitutive laws contain many

1 INTRODUCTION
Titanium alloy Ti6Al4V has a wide range of applications in
aeronautical industries due to its exceptional combinations
of mechanical and physical properties. This material
exhibits high specific strength (strength to weight ratio),
high temperature and corrosion resistance. This material
also exhibits a low thermal conductivity (∼6.7 W/m-K at 20
°C) and high hardness (∼350 HV), thus, classifying it under
the difficult-to-machine material category. During
machining, a segmented chip formation is commonly
observed in titanium alloy. Its low thermal conductivity is
one reason which gives rise to segmented chips as heat
accumulation occurs in the primary shear zone. This
causes, localized material softening and shear localization
[Komanduri 2002]. The segmentation phenomenon can
generate variation in cutting forces which can induce
vibrations during the machining process. This indirectly
affects the tool life, surface quality/integrity, and
dimensional accuracy of the machined part.
Several researchers have studied the segmented chip
formation mechanism in Ti6Al4V, and different theories are
proposed to model this phenomenon. As per different
theories, the segmented chip mechanism is based on the
a) initiation and propagation of a crack; b) formation of
adiabatic shear bands in the primary shear zone, and c)
combination of both phenomena. [Ueda 1982] suggested
that segmented chips are based on crack propagation
theory (a periodic fracture mechanism). When a free
surface begins to rise, the author says that a shear crack
initiates at this free surface and runs downward to the
tooltip. Then, the chip glides along the shear direction until
a next crack appears giving rise to another segment.
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constants “p” and “q” of the MJC law is proposed. These
two constants act on strain softening and therefore play a
key role in the chip segmentation. This is considered for
approximate chip morphology modelling at a low cutting
speed (around 30 m/min). At first, three different sets of JC
parameters are analyzed. Then for one of this set’s
configuration, values of p and q constants are chosen.
Later, their influence on stress-strain curves and chip
morphology is analyzed. The experimental tests for a low
cutting speed are carried out to compare the simulation
results for chip morphology and forces. The different
constitutive models based on 2D orthogonal configuration
are implemented for material flow stress in finite elementbased commercial software ForgeNXT.

material constants, which is the principal drawback. Hence,
their application for the modelling of machining processes
is still limited.
On the other hand, empirical constitutive models such as
the Johnson-Cook (JC) [Johnson 1983] model are widely
used in simulations because of their simplicity. While
studying the chip segmentation mechanism by using the
empirical modelling approach, few researchers consider
adiabatic shear band and crack propagation theory
simultaneously. In such a case, the modelling approach
takes a material damage law into account. On the contrary,
few researchers consider chip segmentation purely based
on adiabatic shear band theory. Therefore, in such
numerical models, they do not consider a material damage
law. Instead, such empirical models consider stress-strain
curves showing strain softening due to dynamic
recovery/recrystallization (DRX) of the material. Hence,
some modifications to the JC model are made according to
their need for the application.
[Zang 2018] investigated orthogonal cutting on Ti6Al4V by
using the JC model with damage parameters for cutting
speeds of 40, 80, 120, and 180 m/min and an uncut chip
thickness of 0.1 mm. Their investigation was validated for a
high cutting speed of 80 m/min and above. Nevertheless,
for low cutting speed of 40 m/min, their results show
aperiodic segmented chip experimentally and continuous
chip with simulations even after adding damage
parameters. [Calamaz 2008] modified JC model by adding
a strain-softening effect and they studied the ability of this
model to simulate segmented chip formation on Ti6Al4V
alloy. The damage model was not considered in their
studies. This model was validated for cutting speeds of 60,
and 180m/min for an uncut chip thickness of 0.1 mm.
[Palanisamy 2020] studied three constitutive models with a
damage law for simulations at a low cutting speed of
30m/min and uncut chip thickness of 0.06 mm. The results
show that continuous chips are obtained experimentally,
but it looks more of an aperiodic segmented chip. Also, their
simulations by JC-Tanh law [Calamaz 2008] allows them to
obtain slight segmented chip. And with JC and JC-Hou [Hou
2018] model they show continuous chips. Experimental
inspection carried out shows that chip morphology of
Ti6Al4V goes through a transition. Aperiodic segmented
chips to periodic segmented chips occur when the uncut
chip thickness (ranges from 20 to 200µm) and cutting speed
(ranges from 15 to 180m/min) increases. Experimental
evidence shows the occurrence of segmented chip at a low
cutting speed of 15 m/min and uncut chip thickness of 0.2
mm, in Ti6Al4V [Barry 2001]. Fig. 1 shows the difference
between aperiodic and periodic segmented chip.

2 CONSTITUTIVE MODELS AND PARAMETERS
The empirical laws are based on macroscopic experimental
observations (stress-strain curves) to establish a
relationship between the different rheological variables.
These models have limited material constants and can be
easily implemented in FEM simulations [Lin 2011]. Two
different empirical models are considered in this study of
the Ti6Al4V material behavior during orthogonal cutting
simulations. Moreover, no damage model is considered in
this orthogonal cutting simulation study. This means that
the prime cause of segmented chip is assumed to be based
on the theory of adiabatic shear band.
2.1 Johnson-Cook Model (JC)
In the JC model, the flow stress is a function of strain, strain
rate, and temperature. The first bracket in the equation 1 is
the work hardening term which gives the influence of strain
on the flow stress. The strain-rate term defined in the
subsequent bracket describes the strain-rate sensitivity on
the flow stress. The last bracket is the temperature term
which describes the temperature dependency of the flow
stress. The Johnson-Cook material behavior model is given
by [Johnson 1983]:
σ = (A + Bεn ) (1 + C ln ε̇ ∗ ) (1 − (

T−Tr
Tm −Tr

𝑚

) )

(1)

ε̇ ∗

= ε̇ ∕ ε̇ 0 – Dimensionless strain rate
(2)
Where, A is the yield strength, B, the strain-hardening
modulus, n, the strain-hardening exponent, C, the strainrate hardening coefficient, m, the thermal softening
constant, Tr, the room temperature, Tm, the melting
temperature of the alloy, and ε̇ 0 , the reference strain-rate.
2.2 Johnson-Cook Modified TanH-2 Model (MJC)
This material behavior model was introduced by [Calamaz
2010]. In the MJC model, the modifications are based on
the hypothesis of dynamic recovery and/or dynamic
recrystallization of Ti6Al4V. According to the authors, these
phenomena do not occur at room temperature, but rather
around 0.3 times the melting temperature. The material
model is expressed as:
ε̇

T−Tr

ε̇ 0

Tm−Tr

σ = (A + B ∙ εn ) ∙ (1 + C ∙ ln ( )) ∙ (1 − (
(1 − D) ∙ tanh (

Fig. 1: Different TI6Al4V chip morphologies (a) aperiodic
chip at vc=60 m/min and f= 0.04 mm and (b) periodic
segmented chip at vc=120 m/min and f= 0.1 mm [Barry
2001].
In this paper, the simulation of machining of Ti6Al4V alloy
is studied by using the JC model and the modified JohnsonCook (MJC) model suggested by [Calamaz 2010].
According to [Calamaz 2010], the most difficult segmented
chip parameter to identify is chip segment valley, especially
for low cutting speed. Thus, the influence of the two

D= 1−{

p∙ε
1+p∙ε

1
ε+ε0

))

∙ tanh [(

m

) ) ∙ (D +
(3)

T−Tr
Trec −Tr

q

) ]}

(4)

In this model, the terminologies A, B, C, m, and n remain
the same as described for the JC Model. The additional
parameters added in this law are Trec, p, and q. Trec is the
recovery temperature defined as the dynamic
recrystallization/recovery temperature which is about
0.3*Tm. With this law, the material constant p helps to
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control the slope of the curve after maximum stress, and q
influences the temperature onset for strain softening.
2.3 Constitutive Model Parameters
Different sets of material parameters for the Johnson-Cook
model can be found in the literature. [Ducobu 2017] carried
out orthogonal machining simulations of Ti6Al4V alloy using
a vast number of JC material parameters. Their study
showed significant variations of simulation results
depending on the values of the JC model parameters. The
metallurgical state and fluctuations in chemical composition
of the material play an essential role in describing the
material behavior. The alloy thermal treatment along with
the complexity in the determination of the stress-strain
curves during mechanical tests [Brizard 2017] raises the
concern about the validity of the JC constants. In the
literature survey, the information regarding the metallurgical
state is quite often missed by most of the authors. Three
different sets of JC model parameters are considered as
described in Tab 1. The Set-I parameters [Calamaz 2008]
generate higher stress values while Set-II parameters
[Chen 2011] generates lower stress values. Similarly, SetIII [Seo 2005] exhibits moderate stress values. The
comparison of these three different sets of JC parameters
is illustrated in Fig. 2. for a given temperature and strain
rate.

(a)

(b)
Fig. 3: Stress-strain curves obtained for JC and MJC
models (a) at 25°C and (b) at 375°C.
Tab. 1: Parameters used in simulation study.

Fig. 2: Stress-strain curves obtained for JC model with
three different sets of parameters at 375 °C and strain-rate
1000 s-1.
Fig. 3. shows the comparison between JC and MJC model
for two different temperatures. At room temperature, the JC
and MJC models show the same curves without material
softening (Fig. 3.a). Fig. 3.b. illustrates the stress-strain
curves at 375 °C and noticeable differences can be
observed between the two models. With MJC model, the
material shows strain softening for temperatures higher
than Trec.
2.4 MJC Model Parametric Study
According to [Calamaz 2010], the valley length (Fig.9) of a
segmented chip obtained with simulations is not in
accordance with their experimental results. This chip
parameter is identified as the most difficult chip parameter
to be obtained at a low cutting speed of 33 m/min.
To improve the accuracy of simulated chip morphology, the
material constants p and q are considered. They have a
strong influence on strain softening in the stress-strain
curve. The parametric study of p and q for the MJC model
was performed on Set-III parameters as presented in Tab.
1. The Set-III parameters are considered because a good
correlation between predicted and measured cutting forces
was obtained (later in section 5.2). Fig. 4. shows the
influence of p and q on the stress-strain curves when p and
q vary from 0.1 to 20.

JC Model
Parameters

SET-I

SET-II

SET-III

A (MPa)
B (MPa)
C
m
n
Tm (°C)
Tr (°C)

870
990
0.011
1
0.25
1650
20

968
380
0.0197
0.577
0.421
1650
20

997.9
653
0.0198
0.7
0.45
1650
20

ε̇ 0
1
1
1
MJC Model Additional Parameters
Trec (°C)
326.27
𝜀0
0.7
0.7
0.7
p
0.6
0.6
0.6
q
5
5
5
Fig 4.a. shows that, as the value of p increases, a sharp
strain-softening effect can be observed on the stress-strain
curves. Moreover, as shown in Fig 4.a., above p values of
around 3, the strain softening effect remains quite similar.
However, q influences temperature term exponentially as
defined in equation 4. The influence of q on thermal
softening is dominant when the q value increases from 0.1
to 5 compared to that when q ranges from 5 to 20 Fig. 4.b.
The slope of stress-strain curves after maximum stress is
calculated for the variation of p and q and illustrated in Fig.
5. For higher values of p higher than 1, a negligible differe-
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(a)

(a)

(b)
Fig. 4 Influence of (a) p and (b) q variation on the stressstrain curves for MJC model (Set-III) at 350 °C and strainrate 1000 s-1.
-nce in slope values is observed (Fig. 5.a.). But for the lower
values p (from 0.1 to 1), a substantial drop in slope value
can be seen which changes the direction of the curve.
Similarly, the variation in q values against slopes values
plotted is shown in Fig. 5.b. The suitable values for p and q
can be considered just before the direction of graphs
changes for lower p and q values. Further, values of
constants will be suggested based on the segmented chip
morphology obtained by numerical simulations.

(b)
Fig. 5: Slope of stress-strain curve plotted against
constant’s variation (a) p variations (b) q variations.

3 NUMERICAL MODELLING
The geometry used for the 2D orthogonal cutting model is
represented in Fig. 6. The workpiece is meshed with
triangular elements. The movements of the part along the
X and Z-axis are blocked by using a supporter with a
bilateral contact condition. The physical properties of the
supporter are the same as those of the workpiece. The tool
is considered as a rigid body which moves in X-direction
and has a rake angle γ of 0°, a clearance angle, α of 7° and
a tool tip of radius 20µm. Coulomb’s limited Tresca law is
considered for the friction between the tool and the
workpiece. The thermophysical properties of the workpiece
and tool are illustrated in Tab. 2. The simulations were
performed with an uncut chip thickness of 0.2 mm and a
cutting speed of 30 m/min for the three sets mentioned in
Tab. 1.

Fig. 6: Geometry of the 2D orthogonal cutting numerical
model.
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Tab. 2: Thermal and mechanical properties.
Parameters

Ti6Al4V Workpiece

Tool

120000

-

0.3
4430

15000

-

0.3

-

0.6

E, Young’s
Modulus (MPa)
v, Poisson’s ratio
ρ, Density (kg/m3)
µ, Coulomb friction
Coefficient
̅ , Tresca limit
𝒎
cp, Specific heat
(J/kg.K)

T (°C)

20

205

315

425

540

650

760

870

980

cp

565

574

603

650

700

770

860

960

1060

λ, Thermal
conductivity
(W/m.K)

T
(°C)

20

205

315

425

540

650

750

850

950

λ

6.6

9.1

10.6

12.6

14.6

17.5

18.5

19.5

20.5

Instantaneous
Expansion (K-1)

T
(°C)

20

200

400

600

800

1000

9.40E06

9.60E06

9.90E06

1.02E05

1.05E05

1.07E05

h, Heat transfer
coefficient
(W/(m².K))
e, Thermal
effusivity
(W√s/(m2.K))

240

100

-

20000
(for workpiece supporter)

20000

4064
(for workpiece supporter)

18974

4 EXPERIMENTAL SETUP

5 RESULTS, COMPARISON, AND DISCUSSION

The experimental test was carried out on a specific bench,
illustrated in Fig. 7. The experimental tests were performed
on an equiaxed Ti6Al4V alloy (Fig. 8.). An uncut chip
thickness of 0.2 mm and a cutting speed of 30 m/min were
considered under a dry cutting environment. The chip
morphology, cutting and, feed forces were compared with
simulation results.

5.1 Chip Morphology
Machining the Ti6Al4V titanium alloy under 0.2 mm uncut
chip thickness and a cutting speed of 30 m/min generated
segmented chips experimentally, as shown in Fig. 9.b. The
parameters used to characterize this type of chip are peak,
valley, and segment width. The distance between width
corresponding two shear bands within a segmented chip is
termed as segment width. The measurement procedure of
these parameters is illustrated in Fig. 9 for both numerical
and experimental chips.

Fig. 7: Cutting configuration on workbench.

Fig. 9: Chip morphology measurements carried on a)
simulation and b) experimental chips (vc= 30 m/min; f= 0.2
mm; MJC; Set-III; p= 3 and q= 5).
Fig. 8: Micrograph of equiaxed Ti6AL4V microstructure.
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Fig. 10: Experimental and numerical chip morphologies obtained for different constitutive models and sets at v c= 30
m/min and f= 0.2 mm. (a)JC SET-I; (b) JC SET-II; (c) JC SET-III; (d)MJC SET-I; (e) MJC SET-II; (f) MJC SET-III; (i) MJC
SET-III (p= 0.6 and q= 20); (j) MJC SET-III (p= 3 and q= 5); and (k) Experimental.
At a cutting speed of 30 m/min and an uncut chip thickness
segment width. With the MJC law, the values of segment
of 0.2 mm, the different chip morphologies are obtained
width are approximately 50% lower than those obtained on
experimentally and numerically as illustrated in Fig. 10.
experimental chips.
Irrespective of the sets used for the JC model, a continuous
chip morphology is obtained (Fig. 10.a., b. and c.), which is
far different from what has been obtained experimentally.
Thus, the JC model does not provide simulation results in
accordance with experimental results.
The simulations made with MJC model for different sets of
JC parameters are presented in Fig. 10.d., e., and f. Though
segmentation formation is simulated, they do not co-relate
with the experimental chip. A curled nature of chip is
simulated. To a certain extent, a slight modification in chip
morphology could be observed with respect to change in
sets. Fig. 11. shows the comparison between peak and
valley values obtained for MJC constitutive models and
experimental chip. With the values obtained on the
experimental chip, an approximately 2:1 ratio can be seen
between the peak and valley values. With the MJC model,
the peak values show a good correlation with experiment
values, but the valley values are overestimated by
Fig. 11: Experimental and numerical chip morphologies
approximately 40% at this low cutting speed. This indicates
(peak and valley length) at vc = 30 m/min and f=0.2 mm.
that the chip segmentation is not well simulated with the
parameters p and q of the MJC model set at 0.6 and 5
The influence of p and q constants are considered for the
respectively. Therefore, the peak to valley ratio also does
MJC model for better estimation of chip morphology at a
not have a good estimation compared to the experimental
low cutting speed of 30 m/min. The effect on chip
one. However, the phenomena considered for the
morphology for q variation can be visualized in Fig. 10. i.
constitutive model generates a segmented chip
and 10. f. As the value of q was increased from 5 to 20 a
morphology, as in experimental case. This shows the that
slight decrease in valley length was observed. Further, on
the hypothesis considered for the model is well suited (refer
comparing Fig. 10. j. and f., as the value of p was increased
Fig. 10.d; e and f.).
from 0.6 to 3, the difference in the valley value became
more distinguished. With the value chosen as p= 3 and q=
The chip morphology with the MJC model, the ratio
5, a better estimation of chip morphology was obtained
between peak and valley is low. So it did affect the segment
when compared to the experimental one as illustrated in
width values. A low value often corresponds to a chip with
Fig. 13. and Fig. 14.
a valley to peak ratio close to unity, that is a chip with a
rather curled morphology instead of a really segmented
5.2 Forces
appearance (Fig. 10.e. and f.). Fig.12. illustrates the
The forces obtained numerically depends to a large extent
comparison between experimental and numerical chip
on the set of parameters used as presented in Tab. 1. With
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the Set-I, which shows the highest flow stress values, the

underestimated when compared to experimental thrust
forces.

Fig. 12: Experimental and numerical chip morphologies
(segment width) at vc= 30 m/min and f= 0.2 mm.
Fig. 15: Experimental and numerical forces at vc= 30
m/min and f= 0.2 mm.

Fig. 13: Experimental and numerical chip morphologies
(peak and valley length) for MJC model- parametric
influence at vc= 30 m/min and f=0.2 mm.

Fig. 16: Experimental and numerical forces for MJC
model- parametric influence at vc= 30 m/min and f= 0.2
mm.
The predicted results obtained by variation of constants p
and q in the MJC model are shown in Fig. 16. With p= 0.6
and q= 20, both cutting force and thrust force are
underestimated. While the model with constants p= 3 and
q= 5 predicts a better value of cutting force which fits well
with the range of experimentally obtained value. At the
same time, again the predicted thrust forces are showing
an underestimated value.

6 CONCLUSION / FUTURE WORK
This paper presents a comparison of two constitutive
empirical material models based on the Johnson-Cook law.
The influence of the law parameters is analyzed for three
different sets as proposed in the literature. The numerical
results are compared with experimental ones on orthogonal
cutting configuration for Ti6Al4V alloy.
The following conclusions can be made based on observed
results:

Fig. 14: Experimental and numerical chip morphologies
(Segment width) for MJC model- parametric influence at
vc= 30 m/min and f= 0.2 mm.
cutting (Fc) and thrust (Ft) forces obtained numerically also
vary accordingly. High, low, and moderate values in cutting
and thrust forces are thus observed concerning Set-I, SetII, and Set-III, respectively (Fig. 15.).
With MJC model, the cutting forces show a better
correlation with experimental cutting forces. Particularly,
cutting forces estimated by Set-III parameters are very well
in the range of experimental results. The overall trend of the
thrust forces predicted with numerical simulations with
different constitutive models and sets of parameters are

•

For a low machining condition (vc= 30 m/min and f= 0.2
mm), the numerical results obtained for both JC and
MJC models at the three different sets of JC
parameters do not correspond to the experimental
results in terms of chip morphology. With the JC model,
continuous chip prediction is obtained while, with the
MJC model, curled chip is obtained.
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•

•

•

•

•

strains, high strain rates and high",. Proceedings of the 7th
International Symposium on Ballistics, retrieved, 541–547.

With the JC model, the predicted cutting force is
overestimated for Set-I and Set-II parameters. While
with the MJC model, better predictions of cutting force
were observed.
The results predicted for thrust forces are
underestimated when compared to the experimental
one for all the considered constitutive models and JC
parameter sets.
The MJC model with variation in constants as p= 3 and
q= 5, provides a better estimation for chip morphology
and cutting forces at vc= 30 m/min and f= 0.2 mm. The
constant p has the major influence on segmentation as
compared to q.
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