
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Effect of progressive tool wear on the functional performance of micro milling process
of injection molding tool

Davoudinejad, Ali; Li, Dongya; Zhang, Yang; Tosello, Guido

Published in:
Procedia CIRP

Link to article, DOI:
10.1016/j.procir.2020.02.031

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Davoudinejad, A., Li, D., Zhang, Y., & Tosello, G. (2020). Effect of progressive tool wear on the functional
performance of micro milling process of injection molding tool. Procedia CIRP, 87, 159-163.
https://doi.org/10.1016/j.procir.2020.02.031

https://doi.org/10.1016/j.procir.2020.02.031
https://orbit.dtu.dk/en/publications/28445ae3-f5d8-4558-9f60-120b118fbf4b
https://doi.org/10.1016/j.procir.2020.02.031


ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Procedia CIRP 00 (2017) 000–000

  www.elsevier.com/locate/procedia 

2212-8271 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

28th CIRP Design Conference, May 2018, Nantes, France

A new methodology to analyze the functional and physical architecture of 
existing products for an assembly oriented product family identification 

Paul Stief *, Jean-Yves Dantan, Alain Etienne, Ali Siadat 
École Nationale Supérieure d’Arts et Métiers, Arts et Métiers ParisTech, LCFC EA 4495, 4 Rue Augustin Fresnel, Metz 57078, France 

* Corresponding author. Tel.: +33 3 87 37 54 30; E-mail address: paul.stief@ensam.eu

Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

In micro milling process, tool wear is one of the significant research area and tool behavior during machining is rather unpredictable. As tool 
wear progress, the cutting edge geometry change and leading to lower performance and failure of the machined surface integrity. This work 
investigate the influence of the progressive tool wear during micro end milling of a functional surface (micro ridges) on the injection molding 
tool with H13 tool steel material. In order to monitor the tool wear progress, five different TiAlN coated carbides micro end mills with 500 µm 
diameter were used to carry out the experiments in different cutting distances 64 cm to 320 cm. The chip formation, burr formation and surface 
quality in different tool wear conditions were evaluated. The burr form and size were affected by cutting edge wear and dissimilar results obtained 
at the end of cut. Moreover, the analysis of chip geometry in microscopic scale allows evaluating the chip morphology and cutting mechanisms 
in different tool wear conditions. The machined slots by the profile analysis and the surface quality of parts decreased as the tool wear growth. 
This work contribute to improved knowledge of cutting mechanisms with worn tools causing dissimilar material removal and surface integrity 
during machining process.  
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1. Introduction  

In micro milling process, tool wear is one of the significant 
research area and tool behavior during machining is rather 
unpredictable. As tool wear progresses, the cutting edge 
geometry changes leading to lower performance and failure of 
the machined surface integrity. In the process of manufacturing 
functional surfaces using micro-milling technology, tool wear 
has a direct impact on surface function. In many peer studies, 
tool wear is often associated with surface quality, burr 
formation, and chip formation.  

W. Li, et al [1] investigated the effect of tool wear on the 
surface integrity in the milling of Inconel 718. At different level 
of tool flank wear, the surface integrity by different processing 
parameters were evaluated. M.A. Davies, et al [2] reported the 
influence of tool wear and chip formation mechanics in finish 

hard turning by cubic boron nitride tools on the surface 
topography. S Filiz et al [3] investigated the micro-
machinability of copper 101 by studying the tool wear, cutting 
forces, surface roughness, and burr formation at different 
cutting condition to understand the wear mechanism of wear, 
and the relation to those characters. M. Rahman et al [4], C. 
Kim et al [5], and F. Ducobu et al [6][7] reported their work on 
the chip formation and tool wear during the micro machining of 
different materials. Moreover, A. Aramcharoen et al [8] and J. 
C. Miao et al [9] reported the mechanism of tool wear induced 
chip formation change due to the size effect and issues related 
to dynamics during micro milling. 

In this paper, the surface function we studied is an 
anisotropic optical functionality [10]. This surface function is 
achieved by orthogonally textured micro ridges on the surface, 
which are processed by micro milling. The topography and the 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia CIRP 00 (2019) 000–000 

  
     www.elsevier.com/locate/procedia 

   

 

 

2212-8271 © 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 5th CIRP CSI 2020 

5th CIRP CSI 2020 

Effect of progressive tool wear on the functional performance of micro 
milling process of injection molding tool 

 Ali Davoudinejad*, Dongya Li, Yang Zhang, Guido Tosello 
Technical University of Denmark, Department of Mechanical Engineering, DK-2800 Kgs. Lyngby, Denmark 

 
* Corresponding author. Tel.: +45-254897; fax: +0-000-000-0000. E-mail address: alidav@mek.dtu.dk 

Abstract 

In micro milling process, tool wear is one of the significant research area and tool behavior during machining is rather unpredictable. As tool 
wear progress, the cutting edge geometry change and leading to lower performance and failure of the machined surface integrity. This work 
investigate the influence of the progressive tool wear during micro end milling of a functional surface (micro ridges) on the injection molding 
tool with H13 tool steel material. In order to monitor the tool wear progress, five different TiAlN coated carbides micro end mills with 500 µm 
diameter were used to carry out the experiments in different cutting distances 64 cm to 320 cm. The chip formation, burr formation and surface 
quality in different tool wear conditions were evaluated. The burr form and size were affected by cutting edge wear and dissimilar results obtained 
at the end of cut. Moreover, the analysis of chip geometry in microscopic scale allows evaluating the chip morphology and cutting mechanisms 
in different tool wear conditions. The machined slots by the profile analysis and the surface quality of parts decreased as the tool wear growth. 
This work contribute to improved knowledge of cutting mechanisms with worn tools causing dissimilar material removal and surface integrity 
during machining process.  
 
© 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 5th CIRP CSI 2020 

 Keywords: Micomachining: Tool wear: Surface generation 

 
1. Introduction  

In micro milling process, tool wear is one of the significant 
research area and tool behavior during machining is rather 
unpredictable. As tool wear progresses, the cutting edge 
geometry changes leading to lower performance and failure of 
the machined surface integrity. In the process of manufacturing 
functional surfaces using micro-milling technology, tool wear 
has a direct impact on surface function. In many peer studies, 
tool wear is often associated with surface quality, burr 
formation, and chip formation.  

W. Li, et al [1] investigated the effect of tool wear on the 
surface integrity in the milling of Inconel 718. At different level 
of tool flank wear, the surface integrity by different processing 
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machinability of copper 101 by studying the tool wear, cutting 
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roughness of the working surfaces on the micro ridges were 
focused to investigate the surface functionality influenced by 
the tool wear propagation. 

 
Nomenclature 

fz Feed per tooth 
ae Width of cut 
ap Axial depth of cut 
Sa Average surface roughness 
Sdq Root Mean Square Surface Slope 

2. Experimental setup 

A five-axis micro milling machine tool (MIKRON HSM 
400U LP) was used for the experiments. The work piece was a 
functional surface for injection moulding (IM) process 
composed of micro ridges on the surface of Nitride hardened 
tool steel (Orvar Supreme from Uddeholm®, 48~50 HRC) 
suitable for IM replication. To quantify the cutting distance of 
the tools, the “module” was used as the basic element/unit. One 
module was 0.8 x 0.8 mm2 including 16 micro ridges of 0.8 mm 
length.  

 

   

(a) Five-axis CNC machine  (b) Experimental setup  

 

(c) Micro milling strategy 

 

(d) Machined work piece and the micro ridges 

Fig. 1. Machining setup, micro milling strategy and a machined work piece. 

Fig. 1 shows the experimental setup, machining strategy, 
and machined work piece. The work piece was tilted by 5° 
during the machining, which made the “working surfaces” and 
the grooves perpendicular to the Z-axis of the CNC coordinate. 

The machining strategy for the tool movement approach and 
direction (Fig. 1 (c)) was selected based on the previous study 
in order to minimize the burr formation during the machining 
process [10][11].  Five fresh tools were used to machine 50, 
100, 150, 200 and 250 modules respectively. Each module was 
equivalent to a cutting distance of 12.8 mm. thus, each tool was 
used for cutting distance of 64 cm, 128 cm, 192 cm, 256 cm, 
and 320 cm, respectively. Prior the experiments the tools were 
checked and selected according to minimum deviation from 
nominal geometry. The specifications of the tools and the 
processing parameters are listed inTable 1. A down milling 
approach was used for machining the ridges.  

Table 1. Micro end mill specification and cutting parameters. 

Micro end mill nominal geometry values 
Diameter 0.5 mm 
Material µ grain carbide 
Coating TiAlN 

Helix angle 25° 
Number of flutes 2 

Relief angle 8° 
Rake angle 0° 
Flute length 0.5 mm 

Cutting edge radius ~3 µm 
Milling parameters values 

Spindle speed 40000 rpm 
Tool tilting 5° 

Coolant air 
Feed rate 800 mm/min 

Feed per tooth (fz) 10 µm 
Width of cut (ae) 49.8 µm 

Axial depth of cut (ap ) 24.4 µm 
Cutting approach  Down milling  

3. Evaluation of surface and tool 

A confocal microscope (Olympus LEXT OLS4100) assisted 
by image processing software SPIP® was used to evaluate the 
geometry of the ridges and the surface roughness. Each module 
was inspected on the middle point of the top edge and on the 
module center in order to measure the burr formation and 
feature dimensions, respectively. A 20X magnification lens 
was used to acquire the surface machined by the last cut. The 
average profile of each measurement was obtained using 
SPIP® software. 

Fig. 2 explains the micro ridges and the top burr on the last 
cut in 3D view and the dimensional measurements on the cross 
section. The burr geometry in micro milling was defined in the 
previous works [12][13] and the top burr height characterized 
by peak point of the material left on the work piece surface as 
shown in the cross section Fig. 2 (b). Moreover, regarding the 
generated microchips in all the experiments, they were 
collected and observed by SEM for comparison with 
simulation results for future research. Both of the burr and chip 
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formation were used to reveal the effect of the tool wear on the 
surface topography. 

The tool geometry was inspected by SEM and compared to 
understand the propagation of tool wear in the machining. The 
reduction in the radius of the micro end mill was used to 
characterize the wear. The tool wear was correlated with the 
surface quality including the feature geometry, burr formation 
and chip formation.  
 

 

(a) Workpiece  

 

(b) Cross section 

Fig. 2. (a) The geometrical definition of the ridges and (b) cross section of 
selected profile with top burr formation (higher aspect ratio applied for better 

visibility of the ridges).  

4. Results and discussion 

4.1. Burr formation 

The experimental cross section of burr formations and the 
micro end mill used for the selected condition are presented in 
Fig. 3. In this section, top burr formation (the burrs generated 
in the top surface of the ridges, which reduced the surface 
functionality by covering the working surface) is considered. 
Tool wear affected the burr formation and dissimilar results 
obtained at the end of cut in the form and size of the burrs. It is 
clear that the burr formation was related to the tool wear 
growth. The burr height, tool wear and the cutting distance was 
plotted in Fig. 4 to understand the relationship quantitatively.  

The top burr height was less than 5 µm in the first 128 cm’s 
cutting, where the tooltips showed little wear of a reduction of 
10 µm in radius after cutting a distance of 128 cm. The tool 
wear of the first tool and the subsequent burr formation was 
shown in Fig. 3 (a). As machining progressed, tool wear 
increased, resulting in a change in the formation of burrs: burrs 
slowly increased in height (> 10 µm locally and ~ 8 µm in 
average). Then, as shown in Fig. 3 (b), the burrs exceeded 10 
µm in average generated by tool 4 with average wear of 33 µm 
in the radial direction after machining for 256 cm. 

    

(a) Tool 1, module number = 50, cutting distance = 64 cm 

 

(a) Tool 4, module number = 200, cutting distance = 256 cm 

Fig. 3. Micro end mills and cross section of burr formations in (a) 64 cm and 
(b) 256 cm cutting distance.  

Moreover, it can be seen from Fig. 4 that the tool wear and 
burr height have a positive correlation, but compared to 
ordinary micro-milling, this wear rate is too fast. This is due to 
the tilted sample in the machining of micro ridges. That made 
the two-flute tool kept cutting with the fragile tip of one of the 
blades, which exacerbated tool wear. As a result, the height of 
the burrs increased rapidly. 

 
Cutting distance (cm) 1.28 64 128 192 266 320 

Tool number 1 1 2 3 4 5 

Module 1 50 100 150 200 250 

ap [µm] 24.4 24.4 24.4 24.4 24.4 24.4 

ae [µm] 49.8 49.8 49.8 49.8 49.8 49.8 

fz [µm tooth/rev] 10 10 10 10 10 10 

Fig. 4. Experimental burr height in different cutting distance.  
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the tool wear propagation. 
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4.2. Chip formation 

The analysis of chip geometry in microscopic scale allows 
evaluating the chip morphology in different tool wear 
conditions. Fig. 5 shows the type of chips formed in the 
experiments with Tool 1 to 5 respectively.  

The chips formed when the cutting distance was at 64 cm 
were continuous, curled and smooth, which indicated the 
cutting process was stable and the cutting edge was still sharp. 
With the progress of the micro milling, the tool wear grew and 
the cutting condition deteriorated. As a result, the chip form 
changed from continuous belt to lamellar shape, which can be 
explained with the wrinkles of the chips obtained from the tool 
2, 3 and 4. The chips produced by the 5th tool with the cutting 

distance of 320 cm showed more frequent breaks and more 
disorder.  

The mechanism of the chip formation change was believed 
to the size effect caused by the tool wear [8]. The wear resulted 
in the increase of the cutting edge radius, which turned the rake 
angle from 0 to negative. The cutting phenomenal changed 
from shearing-dominating to ploughing dominating. The chip 
form naturally changed from continuous to segmented and then 
discontinuous. Meanwhile, the chip thickness increased from 
around 20 µm to over 70 µm as the decrease of the chip length. 
That is another indication of the change of the cutting status. 

Furthermore, the tool wear lowered the material removal as 
the engagement of the tool and the work piece was reduced.

 

 

Fig. 5. Chip formation experimental results with different worn micro end mill in the same cutting condition. 

4.3. Surface quality 

Surface quality is highly associated with the surface 
functionality in this work. Therefore, the surface quality was 
defined as the quality of the microstructures: the accuracy of 
dimensions and surface roughness of the micro working 
surfaces.   

Regarding the surface functionality, the surface roughness 
on the micro working surfaces influence the reflection for the 
surface functionality, i.e. contrast generation. Meanwhile, 
surface roughness could also reflect the cutting status and the 
tool wear. The surface roughness (Sa) was plotted versus the 
number of the machined module Fig. 6.  

 

Fig. 6. Surface roughness experimental results of different modules machined 
with different worn micro end mill in the same cutting condition. 
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machining higher roughness achieved however, in the next 
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modules after the 50th (cutting distance = 64 cm). The surface 
roughness decreased. A possible explanation is that sharp 
scratches were left on the surface at the beginning of 
machining, which increased the surface roughness, as shown in 
Fig. 7. After the tool reached a certain amount of wear, the 
height of these tool marks were smoothly reduced by the 
rounder cutting edge. At the same stage, the tool wear was not 
too harsh to affect the machining process, thus the lower 
roughness reached. Though, continue machining, the tool wear 
increased and resulted in poor surface quality. Another 
explanation was the work hardening induced by the tool wear. 
As cutting edge radius increased during the machining of the 
first 64 cm, the cutting process changed from shearing to 
locally ploughing. Thus, as expected, the tool wear growth 
decreased the surface quality.  

 

Fig. 7. Surface quality of module 1 (left) and module 50 (right) (higher aspect 
ratio applied for better visibility of the tool marks). 

Other elements of surface integrity, such as hardness, 
residual stress and microstructure, were not considered in the 
current part of the study. However, some other factors such as 
burr formation and the surface roughness were discussed. The 
main aim of this work was to maximize the surface 
functionality. In the future study on the tooling by micro 
milling, surface integrity will be explored in a wider range in 
order to associate it with the injection molding process.  

5. Conclusions 

This paper studies the effect of tool wear on the surface 
quality of functional surfaces machined by micro milling. The 
burr formation, surface roughness and chip morphology at 
different stages of the process were investigated and correlated 
with tool wear propagation. The presented work could be 
concluded as follows: 

The worn tool during the micro milling of micro ridges on 
the tool steel surface caused severe burr formation and reduced 
the quality of the functional surface. Tool wear at different 
stages was reflected by the burr formation and chip 
morphology. The mechanism of machining under different 
wear stages was understood. The machined surface was 
changed during the process based on the machining distance in 
different tool conditions.  

Future work should also be devoted to understanding the 
effect of tool wear on the dimensions of the surface 
microstructures by conducting micro milling tests. In terms of 
surface functionality, the relationship with tool wear is also 
worth being quantified in order to obtain better surface 
functions. 
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4.2. Chip formation 

The analysis of chip geometry in microscopic scale allows 
evaluating the chip morphology in different tool wear 
conditions. Fig. 5 shows the type of chips formed in the 
experiments with Tool 1 to 5 respectively.  

The chips formed when the cutting distance was at 64 cm 
were continuous, curled and smooth, which indicated the 
cutting process was stable and the cutting edge was still sharp. 
With the progress of the micro milling, the tool wear grew and 
the cutting condition deteriorated. As a result, the chip form 
changed from continuous belt to lamellar shape, which can be 
explained with the wrinkles of the chips obtained from the tool 
2, 3 and 4. The chips produced by the 5th tool with the cutting 

distance of 320 cm showed more frequent breaks and more 
disorder.  

The mechanism of the chip formation change was believed 
to the size effect caused by the tool wear [8]. The wear resulted 
in the increase of the cutting edge radius, which turned the rake 
angle from 0 to negative. The cutting phenomenal changed 
from shearing-dominating to ploughing dominating. The chip 
form naturally changed from continuous to segmented and then 
discontinuous. Meanwhile, the chip thickness increased from 
around 20 µm to over 70 µm as the decrease of the chip length. 
That is another indication of the change of the cutting status. 

Furthermore, the tool wear lowered the material removal as 
the engagement of the tool and the work piece was reduced.

 

 

Fig. 5. Chip formation experimental results with different worn micro end mill in the same cutting condition. 

4.3. Surface quality 

Surface quality is highly associated with the surface 
functionality in this work. Therefore, the surface quality was 
defined as the quality of the microstructures: the accuracy of 
dimensions and surface roughness of the micro working 
surfaces.   

Regarding the surface functionality, the surface roughness 
on the micro working surfaces influence the reflection for the 
surface functionality, i.e. contrast generation. Meanwhile, 
surface roughness could also reflect the cutting status and the 
tool wear. The surface roughness (Sa) was plotted versus the 
number of the machined module Fig. 6.  

 

Fig. 6. Surface roughness experimental results of different modules machined 
with different worn micro end mill in the same cutting condition. 

As shown in Fig. 6, machining in the beginning of the 
machining higher roughness achieved however, in the next 
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modules after the 50th (cutting distance = 64 cm). The surface 
roughness decreased. A possible explanation is that sharp 
scratches were left on the surface at the beginning of 
machining, which increased the surface roughness, as shown in 
Fig. 7. After the tool reached a certain amount of wear, the 
height of these tool marks were smoothly reduced by the 
rounder cutting edge. At the same stage, the tool wear was not 
too harsh to affect the machining process, thus the lower 
roughness reached. Though, continue machining, the tool wear 
increased and resulted in poor surface quality. Another 
explanation was the work hardening induced by the tool wear. 
As cutting edge radius increased during the machining of the 
first 64 cm, the cutting process changed from shearing to 
locally ploughing. Thus, as expected, the tool wear growth 
decreased the surface quality.  

 

Fig. 7. Surface quality of module 1 (left) and module 50 (right) (higher aspect 
ratio applied for better visibility of the tool marks). 

Other elements of surface integrity, such as hardness, 
residual stress and microstructure, were not considered in the 
current part of the study. However, some other factors such as 
burr formation and the surface roughness were discussed. The 
main aim of this work was to maximize the surface 
functionality. In the future study on the tooling by micro 
milling, surface integrity will be explored in a wider range in 
order to associate it with the injection molding process.  

5. Conclusions 

This paper studies the effect of tool wear on the surface 
quality of functional surfaces machined by micro milling. The 
burr formation, surface roughness and chip morphology at 
different stages of the process were investigated and correlated 
with tool wear propagation. The presented work could be 
concluded as follows: 

The worn tool during the micro milling of micro ridges on 
the tool steel surface caused severe burr formation and reduced 
the quality of the functional surface. Tool wear at different 
stages was reflected by the burr formation and chip 
morphology. The mechanism of machining under different 
wear stages was understood. The machined surface was 
changed during the process based on the machining distance in 
different tool conditions.  

Future work should also be devoted to understanding the 
effect of tool wear on the dimensions of the surface 
microstructures by conducting micro milling tests. In terms of 
surface functionality, the relationship with tool wear is also 
worth being quantified in order to obtain better surface 
functions. 
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