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Abstract: Recently, there is growing interest in optimisation of finishing process thanks to the
technologies to follow online the wear of cutting tools. In the present paper, one of the cheapest
and simplest non-contact methodologies is described in detail and investigated with robustness
evaluation. To simulate the finishing operation of a die, in this study, two cavities were designed in
AISI H13 steel. Different inserts corresponding to PVD-(Ti,Al)N coated cemented carbide tool were
tested. The described methodology is easy to be applied in manufacturing cutting machining with
the opportunity to be implemented on machining processes to follow reasonably wear process of
cutting tools.
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1. Introduction

In any mass manufacturing process the constant quality production is crucial. The respect of
functionality of machined surfaces is a fundamental restriction for manufacturers.

During the last 20 years a great effort has been done in selection of functional parameters for
tribological application as sliding, breaking, and adhesion, or optical such as brightness, etc. [1].
However, there are no simple relationships between these functional parameters and manufacturing
process [2]. The metrology of surface morphology of produced surface is generally done in frame of
post-production control process essentially for simplicity and economic reasons. Different techniques
are currently used [3]. If the acquisition strategy requires the knowledge of transfer function of
metrological device, there are similarly needs of software algorithms for data treatments. The most of
existing data treatments software for surface morphology analysis are offering automatic parameters
calculations [4]. Apart of that few restrictions, the post-machining roughness control cannot be
sufficient in order to prevent nonconformity in production and therefore a great number of defective
pieces. Therefore zero-defect production becomes the dream. Optimisation of mass production requires
not only the perfect master of high precision machine tool kinematics [5–7] but also strict knowledge of
tools definition and its wear kinetics [8–11]. A detailed critical bibliography is described deeply in [12].

Morphology of machined surfaces contains a great number of information concerning the process
conditions as tools, work-piece kinematics, and also its evolution during machining process. Therefore
wear of cutting edges can be stated as can be easily observed from the power spectral density function
(PSD) in Figure 1.
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Figure 1. Power spectral density (PSD) function offers the possibility of quantitative identification of
certain motifs, the periodicity, and their orientation from 3D analysis.

Spectral analysis enables us to determine the periodicity and orientation of certain motifs that
exist in addition to roughness, by showing the frequencies (or wavelengths) found in the spectrum.
This spectrum is obtained using the Fourier transform. The vertical axis displays the morphology
amplitude to a power of 2. The horizontal axis is graduated in wavelengths. The values related to the
peaks in Figure 1, analysed in a specimen of this work, show the dominant wavelengths indicating
morphological compounds reflecting wear process and machine impact on manufacturing process.
Along the same lines, the team of Krolczyk uses PSD to characterize turning regarding applied cooling
methods and they state that PSD in analysed surfaces is a method of quantitative comparison surface
quality by means of harmonic components [13].

One of the factors most influential on work piece surface morphology is the wear of the cutting
tool. Research in the area of prediction and monitoring of tool wear is very extensive. Shiraishi et al.
classify wear measurement technologies into two types: direct and indirect methods [14]. On one hand,
direct methods are based on cutting edge geometry changes by using sensors such as optical, electrical
or radioactive [15]. Its application is simple and reliable high due to the seizing of geometry in real time,
but its automation is difficult under unfavourable environmental conditions because of refrigerant
use or chip formation. On the other hand, indirect methods use the effects caused by tool wear. They
are based on calibration procedures. This involves process parameters measurement that correlate
with wear (cutting force, vibration, sound, acoustic emission, temperature, energy consumption, or
surface roughness) [16]. They are easy-to-apply methods, but their reliability is limited regarding
direct methods [17].

A reliable tool condition monitoring system should enable optimal tool lifecycle utilization.
As Botsaris and Tsanakas argue, indirect methods seem more effective at controlling progressive failures,
i.e., for wear prediction, whereas direct methods are generally used for diagnosing unpredictable
failures, such as tool breakage [18].

This research focuses on finding methods of monitoring and measuring tool wear in machining
processes. Wear analysis is approached from an optical point of view and this analysis is linked to the
surface quality of parts, measuring the topography of the surfaces both in the workpiece and in the
cutting tool edge. For the present article, milling process of a die offering various contact mechanics
situations of cutting edge and work-piece with complex kinematics is discussed.

The first optical methods were principally used offline by adapted microscopes to allow digital
processing of cutting edge tool. The improvement of productivity during production in the industry
demands to introduce these methods in the real-time inspection of the tool and its geometric parameters.
Therefore, subsequent studies focused on online monitoring systems of the tool wear [19]; most of
them are related the influence of tool wear in surface quality as the machined surface is a replica of the
cutting edge state [20].
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Under this premise the present research analyses topography of the parts and the cutting edge tool
in order to correlate them with the state of the tool. This relationship would allow knowledge of the
moment to change tool so as to obtain a specific surface quality, thereby optimising the manufacturing
process as well as its cost. In this work an original direct optimal methodology is introduced and
linked to an indirect methodology based on the analysis of machined surfaces’ morphology.

1.1. Economics Motivations

In a competitive sector such as the automotive industry, forging processes are widely used for
the manufacture of automotive components working under load, such as parts for gearboxes, chassis,
engines or transmissions. Forging represents the preferable option to obtain parts with complex
geometry with appropriate mechanical properties and high productivity. Manufacturing of forging
dies is quite expensive because of the high structural and usage demands, such as impact strength,
mechanical wear and high temperature resistances. They are usually made of tool or high alloy steel.

Two thirds of total manufacturing costs are due to machining and polishing operations and are
influenced by several factors; among them, the cutting tool is one of the elements that contribute to the
cost of the final products [21]. Furthermore, dies quality depends largely on the state of wear of the
cutting tool, therefore the importance of optimizing cutting tools wear during machining.

1.2. Scientific Motivations

Dies machined surface generally has a complex shape. These free forms are commonly machined
by ball end nose cutting tools as the cutter readily adapts well to the curvatures [22]. However, the tip
of these tools has a negative effect on performance machining, due to the zero value of cutting speed at
this point [23,24].

During the cutting process the tool suffers mechanical stress, high temperatures and the corrosive
effect of the refrigerant in case of use. The combination of these factors determines the tool life, either
due to the progressive wear that occurs in areas of contact tool–chip or workpiece–tool or by the
sudden fracture of the tool. Mechanical or thermal failures may occur due to improper use of cutting
parameters or malfunction of the machine. When this breakdown occurs immediately the tool is
useless. Unlike the sudden fracture, progressive wear is inevitable but can be controlled and predicted.

There are several types of tool wear caused by different mechanisms, the most common being
abrasion, adhesion or oxidation [25]. The different types of tool wear are localized mainly to two areas
as showed in Figure 2, flank and rake face [26]. To measure the wear, some parameters have to be
established, as flank wear (VB), depth of crater wear (KT), length of crater wear (KM) or retraction of
the cutting edge (KS) [27,28].
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Figure 2. Principal locations and types of wear.

The principal aim of this paper is the presentation of simple, fast and inexpensive methodology for
the wear kinetics monitoring of cutting edges in complex kinematics situations. Milling cutting process
has been selected, where inserts have well-defined cutting edges and the kinematic is more complex



Materials 2020, 13, 215 4 of 17

than simple turning. For abrasive high added value finishing process (honing, lapping, polishing, belt
finishing, etc.), the tools description is more complex and ambiguous than for cutting tools.

For the present article, milling process offering various contact mechanics situations of cutting
edge and work-piece with complex kinematics is discussed. The multifaceted dies manufacturing
imposes that complex kinematics and demands the high surfaces morphology requests. For these
reasons, the specific geometry is designed and the effect of wear on cutting edge can be observed. Cf
infra chapter 3.

2. Experimental Strategy

The experimental design in present study is focused in die manufacture sector, and primarily
applied at the finishing process of die cavities machining where very hard materials are machined.
The main objective is to analyse the wear kinetic of cutting tools and how this wear rebound over the
morphology of the machined surfaces. To accomplish these objectives, an experimental procedure,
illustrated in Figure 3, was defined, where tool wear was measured and the topography of the machined
surfaces was analysed to obtain the relationship between these parameters.
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2.1. Workpiece Material and Geometry

One of the most widely materials used in the manufacture of forging dies is the AISI H13. It is
a hot work tool steel, particularly a Cr–Mo–V alloyed steel (Table 1), and is characterized by good
ductility, toughness, wear resistance, hardenability and machinability.

Table 1. Typical chemical analysis (%) of machined material.

C Si Mn Cr Mo V

0.39 1 0.4 5.2 1.4 0.9

The material machined in this investigation undergo a heat treatment process of vacuum quenching
and tempering. The heat treatment increases the hardness of the steel from 21 to 47 HRC (Table 2).
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Table 2. Rheological properties of machined material.

Hardness Tensile Strength
Rm

Yield Strength
Rp0.2

47 HRC 1420 MPa 1280 MPa

The dies of high added value can have some convoluted cavities and complex geometries that
tools have to follow during machining. After specific morphological studies in relation to dynamic
of contact in die–tool interface, specific geometries can be experimentally explored. Ball-end milling
tools are usually used in the machining of free-form surfaces in dies and the working tool diameter is
constantly changing and, consequently, cutting conditions also change. Some researchers have studied
the influence of surface inclination angle. Wojciechowski concluded that edge forces during ball end
milling of hardness steel are depended on tribological phenomena in the word piece-tool flank interface,
but the study for tool wear was carried out for a unique angle of 45◦ [29]. Miko conducts the study
between 0◦ and 90◦ of inclination to study the working diameter of a ball-end milling tool during the
machining, but the tool wear is not analysed [30]. In order to simulate the finishing operation of a die,
in this study two cavities were selected in AISI H13 material of dimensions 20 mm × 32 mm × 80 mm
as it is shown in Figure 4.
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× 80 mm as it is shown.

2.2. Tools and Machining Procedure

The cavities were designed in order to describe five machining directions that a tool can follow
during the machining of die cavities: vertical downward (VD), curve downward (CD), horizontal (H),
curve upward (CU) and vertical upward (VU), represented in Figure 5. This geometry enforce that the
length traced by the tool is the same in each direction with the defined machining strategy, having a
final length of 14 mm in the last finish pass in each direction of each cavity. The removal volume has
been calculated and corresponds to 2.78 × 104 mm3 per cycle. Each cycle corresponds to machining a
specimen with two cavities.

The strategy and tool path have been programmed using the CAM module of Catia V5®, following
a strategy Z-Offset Sweep Roughing with one way tool path style in the machining of the two cavities
in order to optimize the material in the experiments, with a machining tolerance, which allows a
maximum distance between the theoretical and computed tool path, of 0.1 mm.

With the aim of reducing the negative effect of the tip of ball end nose tools during the machining,
in this study, a flat end tool composed by two inserts of large nose radius was used for the finishing
operations. The large nose radius allows for following during the study the complex geometry
of cavities.
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Figure 5. Machining kinematics.

Milling experiments were performed in dry conditions with the machining parameters showed in
Table 3, similarly to the industrial process in the forging industry company CIE Galfor. The cutting
process has made in an Anayak Anak-Matic 7 milling centre that uses a Fanuc Numerical Controller.

Table 3. Machining parameters.

Machining Parameter Value

Tool path style Monodirectional
Machining tolerance 0.01 mm

Radial depth ap 3 mm
Axial depth ae 0.25 mm

Speed vc 120 m/min
Feed rate f 0.24 mm/rev

The tool has a diameter of 16 mm with two inserts. Figure 6 shows the two equivalent commercial
inserts selected, corresponding to ISO APKT 11T3, that have been used in order to verify the
methodology of measurements and also to draw conclusions about this methodology. Both inserts
correspond to PVD-(Ti,Al)N coated cemented carbide tool with P10 classification, the first one has a
nose radius of 3.1 mm (Rε3.1) and for the second one the nose radius is 3.0 mm (Rε3.0).Materials 2020, 13, x FOR PEER REVIEW 7 of 18 
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2.3. Experimental Approach

To set out a relationship between input (type of commercial insert and total removed volume)
and output (tool wear and surface morphology), in the current study two equivalent commercial
inserts with different tool nose radius (Rε3.1 and Rε3.0) have been used, and each of them remove
three levels of volume (one, three and five specimens). Following an One-Variable-At-a-Time (OVAT)
approach [31], six experimental trials were conducted as outlined in Table 4.

Table 4. Design of experiments.

Trial Tool Nose Radius of
Insert

Total Removed Volume
mm3 Machined Specimens

1 Rε3.1 2.78 × 104
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After the machining of each specimen, optical images of both inserts of the tool were obtained
with a digital microscope, as shown in Figure 7. Two images were obtained to check the flank wear
(VB) corresponding to axial and radial flanks images, whereas the rake face images were obtained
to measure retract of the cutting edge (KS). The images have been processed with In-Sight Explorer
software from Cognex®.Materials 2020, 13, x FOR PEER REVIEW 8 of 18 

 

 

Figure 7. Optical images obtained of the inserts and microscope positioning to take inserts pictures. 

At the end of each experimental trial, both, inserts and specimens, were analysed by the non-

contact optical profiling system Wyko NT110, taken measurement arrays of 0.9 mm × 1.2 mm and a 

stitching large area on each area. On the inserts three areas were analysed by interferometry, 

corresponding with the areas of maximum wear observed in each optical image taken by the digital 

microscope (Figure 8). In the case of specimens, the analysis was realised in each machining direction. 

Figure 9 shows the analysis realised in the surface machined in horizontal direction. 

 

Figure 8. Areas of 3D surface measurement on inserts. 

RADIAL 

FLANK 

AXIAL 

FLANK 

RAKE FACE 

RADIAL FLANK 

RAKE FACE 

AXIAL FLANK 

INSERT 1 

INSERT 2 

1 mm 

3 mm 

1 mm 

10 mm 

1 mm 

Explored area: 3.2 x 1.2 mm2 
Rake face 

Axial Flank 

Radial Flank 

Selected area: 0.9 x 1.2 mm2 

Figure 7. Optical images obtained of the inserts and microscope positioning to take inserts pictures.

At the end of each experimental trial, both, inserts and specimens, were analysed by the non-contact
optical profiling system Wyko NT110, taken measurement arrays of 0.9 mm × 1.2 mm and a stitching
large area on each area. On the inserts three areas were analysed by interferometry, corresponding with
the areas of maximum wear observed in each optical image taken by the digital microscope (Figure 8).
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In the case of specimens, the analysis was realised in each machining direction. Figure 9 shows the
analysis realised in the surface machined in horizontal direction.
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2.4. Wear Metrological Algorithm

The usual procedure of Digital Image Analysis can be divided into the following steps: image
acquisition, image processing, image analysis, recognition and interpretation [32]. In our study, optical
images acquired by digital microscope have been treated to get the values of tool wear following the
next steps (Figure 10).

• Filtering: Different filters proposed by Insight Explorer from Cognex® were studied to get better
results from the images. After the analysis, the results obtained did not improve the quality of
tool wear measurements and the final analysis was applied without filtering.

• Reference: To locate the insert on the image, the invariable items have to be founded. These items
are different in each kind of image (radial flank, axial flank and rake face).
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• Calibration: To convert pixel measurements performed on the image to their corresponding
values in the real world throughout some known values. Dimensions measured by a stereoscopic
microscope were used as reference for calibration.

• Measurement: The pixels of the wear region were obtained on the calibrated image throughout
the analysis along the tool border.
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In the axial flank image a faint wear was appreciated, so the axial flank wear was not measured.

2.5. Radial Flank Wear Measurement (VBradial)

To reference the images of radial flank, the lines B, RCE and RF were identified on the image as
can be observed in Figure 11, taking into account that wear is produced around the point V, and then
RCE and RF have to be identified in short lengths: RCE on the top of the insert and RF on the bottom.
These lines are a one-dimensional projection of the image region by summing pixel values on radial
line segments scanned in the positive y-direction relative to the region’s local coordinate system.

To calibrate the images, inserts were measured with a stereoscopic microscope, obtaining the
distance between the point V and the line B.

Once images were calibrated, the wear was measured along a distance on the border of the radial
flank instead of quantification the maximum wear VBmax on the insert [33].

Each image was treated as a grid of pixels. To perform wear measurement, pixels in a range along
the tool cutting edge were identified on the images from the new insert (reference image) to the worn
one, post machining insert after the last specimen of the cycle.
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Figure 11. (a) References to radial flank images. (b) Zone of tool wear measurement.

To measure wear in the perpendicular direction of the cutting edge, two reference lines were
created parallel to the edges of the tool, taking a reference line above the point V (RL1 parallel to RCE)
and another one for the bottom (RL2 parallel to RF), as can be seen in Figure 12.
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Figure 12. Pixels identification of the border on the tool cutting edge on radial flank images.

In this figure it can be seen as the images are swept with rectangular image regions every
1 pixel-offset in the Y-axis direction to locate the pixels on the cutting edge. This location was performed
to a pixels’ polarity with a minimum acceptable edge contrast of 2 in the grayscale histogram of the
scan region, and by selecting the single edge with the best score technique. For the new insert images
the polarity of the edge was established for white-to-black and for the worn insert images it was
black-to-white scanning from right to left.

The distance between each located pixel to the reference lines (RLi) were calculated and named as
Di (i = 0, 1, . . . , 5), where i represents the i-cycle of machining (number of specimens machined, being
i = 0 the new insert).

2.6. Retraction of the Cutting Edge Measurement (KS)

The reference in the rake face images is made by the diameter of the screw’s hole and the border
of the insert. The arc A and the line AF were identified, as showed in Figure 13a. In the same way as
radial flank images, the calibration was performed using the measurements taken with a stereoscopic
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microscope of the diameter of the screw’s hole and the insert width, obtaining then the distance
between this hole centre and the line AF.
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Figure 13. (a) References to rake face images. (b) Zone of tool wear measurement.

The wear was measured along the tool nose radius (Figure 13b), similarly to VBradial measurements,
comparing pixels of the worn insert’s images with the ones of the new insert’s images.

To measure wear in the perpendicular direction of the nose edge, pixels were found in the radial
direction from the centre of the nose radius, identified it in the image of the new insert. These images
were swept with rectangular image regions every 1 pixel-offset in the radius direction to locate the
pixels on the nose edge, as showed in Figure 14. The same polarity parameters as in the radial flank
images analysis were used, as was the best score technique to select the single edge.
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Figure 14. Pixels identification of the border on the tool nose edge on rake face images.

The radius in each pixel was calculated and named as Ri (I = 0, 1, . . . , 5), where i represents the
i-cycle of machining (number of specimens machined, being i = 0 the new insert).

3. Results and Discussion

3.1. Wear Kinetics of Radial Flank

The tool wear at each pixel was calculated as the difference between these distances:

VBradial = D0 − Di, (1)

where the distances D0 and Di correspond to distances measured in the reference insert and the worn
inserts, respectively, as shown in Figure 15. In this figure are also represented two overlapped images
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corresponding to the new insert (background image) and a worn insert, in this case the Rε3.1 insert
after five cycles of machining (overlapped image).
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Figure 15. Measured VBradial of insert 2 during trial 3 (removed volume 13.9 × 104 mm3) and two
overlapping images of radial flank: reference insert (background) and worn insert (first plane).

Following the procedure described before, 48 radial flank images corresponding to the
6 experimental trials were analysed. On each image a length of 160 pixels along the cutting edge
was studied.

The results of the analysis for insert number 1 during trial 3 are showed in Figure 16, where six
images were analysed (one of the new insert and five of the same insert after each cycle of machining,
with a total of five cycles).
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To smooth out punctual errors or fluctuations about pixel identification, a moving average with
interval 4 is applied. This correction allows obtaining the wear evolution along the cutting edge, as can
be observed in Figure 16. The difficulty of discrimination as well as surface morphology analysis offer
supplementary tasks and information on wear process.

3.2. Wear Kinetic of Rake Face

The retraction of the cutting edge at each pixel was calculated as the difference between
these distances

KS = R0 − Ri, (2)
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where the distances R0 and Ri correspond to radius measured in the reference insert and the worn
inserts, respectively, as shown in Figure 17. Two overlapped images corresponding to the new insert
(background image) and a worn insert (overlapped image) are shown in this Figure.
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Figure 17. Measured KS of insert 1 during trial 3 (removed volume 13.9·104 mm3) and two overlapping
images of rake face: reference insert (background) and worn insert (first plane).

Following the procedure described before, and similarly to the radial flank analysis, 48 rake
face images corresponding to the six experimental trials were analysed. On each image a length of
197 pixels along the cutting edge was studied.

The results of the analysis, applying a moving average with interval 4, for insert number 1 during
trial 3 are showed in Figure 18, where also six images were analysed (one of the new insert and five of
the same insert after each cycle of machining, with a total of five cycles).
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3.3. Discriminatory Analysis of Two Similar Inserts

In Figure 19, the evolution of the radial flank wear along the cutting edge for the two inserts as
much from Rε3.1 as from Rε3.0 can be observed. These representations were taken from experimental
trials 3 and 6, corresponding to machining hardened AISI H13 during five cycles with Rε3.1 and Rε3.0
tools, respectively.

In both experiments, the behaviour of VBradial with Rε3.1 and Rε3.0 is similar between inserts
1 and 2. The maximum value of VBradial for insert 1 is bigger than for insert 2, as much for Rε3.1 as
for Rε3.1. This representation allows us not only to compare the maximum value of both inserts in a
tool but also to compare the extension of the wear along the cutting edge. We can observe also the
evolution of radial flank wear along the cutting edge to the extent that material is removed.
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Figure 19. Evolution of the radial flank along the cutting edge on (a) Rε3.1 inserts and (b) Rε3.0 inserts.

Similar conclusions are drawn from the analysis of the evolution of retraction of the cutting edge,
showed in Figure 20.
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The maximum value of VBradial can be extracted for each insert from the previous figures.
On Figure 21, the evolution VBradial_max with the removed volume is represented.
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The initial VBradial_max is similar for both tools (Rε3.1 y Rε3.0), but the Rε3.1 tools wear quickly
than the Rε3.0 ones during the machining, as can be observed in the figure.

3.4. Discriminatory Detection of Catastrofic Wear

Besides the analysis of VBradial_max and the length of wear along the cutting edge, this methodology
of image analysis allows the detection of fractures or chip rests on the insert that could not be detected
if only the maximum wear is studied. An example is shown in Figure 22. Robustness of algorithms
involves the precision of contrast analysis.Materials 2020, 13, x FOR PEER REVIEW 16 of 18 

 

 

Figure 22. Fracture of insert 1 during trial 2 (removed volume 8.34 × 104 mm3) with Rᗴ3.1 tools. 

4. Conclusions and Perspectives 

As it has been demonstrated (cf supra Chapter 3), cheap and simple non-contact methodology 

is possible to be implemented on machining process to follow reasonably wear process of cutting 

tools. The experiments carried out in the measurement of the images have provided valid results for 

the definition of the state of the tool. The robustness of algorithm has been corroborated by checking 

the results with wear measurements of the inserts in Stereoscopic Zoom Microscope SMZ800. 

To measure tool wear by optical systems, measurement along the entire flank is more accurate 

than obtaining the maximum wear value. In addition, this measurement procedure allows to 

establish different areas of study of wear depending on process parameters such as the machining 

direction or the depth of cut. The use of the tool could be further optimized based on these parameters 

and the more worn areas. 

The methodology described in detail is robust and easy to be applied on manufacturing cutting 

machining. Wear kinetics can be established and self-tuning adaptive control can be envisaged. 

Author Contributions: Conceptualization, T.P. and A.P.; methodology, T.P. and A.P.; software, T.P., validation, 

T.P. and A.P.; formal analysis, T.P., A.P., and T.G.M.; investigation, T.P. and M.F.; writing—original draft 

preparation, T.P.; writing—review and editing, T.P., M.F. and T.G.M.; supervision, A.P. and T.G.M.; project 

administration, A.P.; funding acquisition, A.P. 

Funding: This research was funded by Centre for Industrial Technological Development (CDTI), grant number 

IDI-20150692, ECOVOSS—Desarrollo de nuevas soluciones de ecoestructuras multimaterial para vehículos 

seguros y sostenibles. 

Acknowledgments: The authors would like to acknowledge the support of the workshop foreman Alfonso 

Covela and would like to extend the gratitude to Adrián, Marcos and Cristian, students of industrial engineering. 

Special thanks are going to François Blateyron from DigitalSurf for his assistance in using MountainsMap soft. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Stout, K.J.; Blunt, L. Part I—Development of surface characterization. In Three Dimensional Surface 

Topography; Butterworth-Heinemann: Oxford, UK, 2000; pp. 1–18. 

2. Deltombe, R.; Kubiak, K.J.; Bigerelle, M. How to Select the Most Relevant 3D Roughness Parameters of a 

Surface. Scanning 2014, 36, 150–160, doi:10.1002/sca.21113. 

3. Mathia, T.G.; Pawlus, P.; Wieczorowski, M. Recent trends in surface metrology. Wear 2011, 271, 494–508, 

doi:10.1016/j.wear.2010.06.001. 

Figure 22. Fracture of insert 1 during trial 2 (removed volume 8.34 × 104 mm3) with Rε3.1 tools.

4. Conclusions and Perspectives

As it has been demonstrated (cf supra Chapter 3), cheap and simple non-contact methodology is
possible to be implemented on machining process to follow reasonably wear process of cutting tools.
The experiments carried out in the measurement of the images have provided valid results for the
definition of the state of the tool. The robustness of algorithm has been corroborated by checking the
results with wear measurements of the inserts in Stereoscopic Zoom Microscope SMZ800.
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To measure tool wear by optical systems, measurement along the entire flank is more accurate
than obtaining the maximum wear value. In addition, this measurement procedure allows to establish
different areas of study of wear depending on process parameters such as the machining direction or
the depth of cut. The use of the tool could be further optimized based on these parameters and the
more worn areas.

The methodology described in detail is robust and easy to be applied on manufacturing cutting
machining. Wear kinetics can be established and self-tuning adaptive control can be envisaged.

Author Contributions: Conceptualization, T.P. and A.P.; methodology, T.P. and A.P.; software, T.P., validation, T.P.
and A.P.; formal analysis, T.P., A.P., and T.G.M.; investigation, T.P. and M.F.; writing—original draft preparation,
T.P.; writing—review and editing, T.P., M.F. and T.G.M.; supervision, A.P. and T.G.M.; project administration, A.P.;
funding acquisition, A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Centre for Industrial Technological Development (CDTI), grant number
IDI-20150692, ECOVOSS—Desarrollo de nuevas soluciones de ecoestructuras multimaterial para vehículos seguros
y sostenibles.

Acknowledgments: The authors would like to acknowledge the support of the workshop foreman Alfonso Covela
and would like to extend the gratitude to Adrián, Marcos and Cristian, students of industrial engineering. Special
thanks are going to François Blateyron from DigitalSurf for his assistance in using MountainsMap soft.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Stout, K.J.; Blunt, L. Part I—Development of surface characterization. In Three Dimensional Surface Topography;
Butterworth-Heinemann: Oxford, UK, 2000; pp. 1–18.

2. Deltombe, R.; Kubiak, K.J.; Bigerelle, M. How to Select the Most Relevant 3D Roughness Parameters of a
Surface. Scanning 2014, 36, 150–160. [CrossRef]

3. Mathia, T.G.; Pawlus, P.; Wieczorowski, M. Recent trends in surface metrology. Wear 2011, 271, 494–508.
[CrossRef]

4. Blateyron, F. The areal feature parameters. In Characterisation of Areal Surface Texture; Springer: Berlin,
Germany, 2013; pp. 45–65.

5. Parenti, P.; Masato, D.; Sorgato, M.; Lucchetta, G.; Annoni, M. Surface footprint in molds micromilling and
effect on part demoldability in micro injection molding. J. Manuf. Process. 2017, 29, 160–174. [CrossRef]

6. Abhishek, K.; Datta, S.; Mahapatra, S.S. Optimization of MRR, Surface Roughness, and Maximum Tool-Tip
Temperature during Machining of CFRP Composites. Mater. Today Proc. 2017, 4, 2761–2770. [CrossRef]

7. Torims, T.; Logins, A.; Rosado, P.C.; Gutierrez, S.; Torres, R. The dependence of 3D surface roughness
parameters on high-speed milling technological parameters and machining strategy. In Proceedings of the
Asme International Mechanical Engineering Congress and Exposition 2014, Montreal, QC, Canada, 14–20
November 2014.

8. Saikumar, S.; Shunmugam, M.S. Investigations into high-speed rough and finish end-milling of hardened
EN24 steel for implementation of control strategies. Int. J. Adv. Manuf. Technol. 2012, 63, 391–406. [CrossRef]

9. Jaako, I.; Varis, J. Surface roughness in deep-hole drilling. In Proceedings of the 13th International Conference
on Mechanika 2008, Kaunas, Lithuania, 3–4 April 2008; pp. 174–179.

10. Liang, X.L.; Liu, Z.Q. Experimental investigations on effects of tool flank wear on surface integrity during
orthogonal dry cutting of Ti-6Al-4V. Int. J. Adv. Manuf. Technol. 2017, 93, 1617–1626. [CrossRef]

11. Ferreira, R.; Rehor, J.; Lauro, C.H.; Carou, D.; Davim, J.P. Analysis of the hard turning of AISI H13 steel with
ceramic tools based on tool geometry: Surface roughness, tool wear and their relation. J. Braz. Soc. Mech. Sci.
Eng. 2016, 38, 2413–2420. [CrossRef]

12. Prado, T. Análisis de Desgaste de Herramienta y Optimización de Proceso Mecanizado Mediante Visión
Computarizada y Consumo Eléctrico. Ph.D. Thesis, University of Vigo, Vigo, Spain, 2015.

13. Krolczyk, G.M.; Maruda, R.W.; Nieslony, P.; Wieczorowski, M. Surface morphology analysis of Duplex
Stainless Steel (DSS) in Clean Production using the Power Spectral Density. Measurement 2016, 94, 464–470.
[CrossRef]

http://dx.doi.org/10.1002/sca.21113
http://dx.doi.org/10.1016/j.wear.2010.06.001
http://dx.doi.org/10.1016/j.jmapro.2017.05.024
http://dx.doi.org/10.1016/j.matpr.2017.02.154
http://dx.doi.org/10.1007/s00170-012-3915-8
http://dx.doi.org/10.1007/s00170-017-0654-x
http://dx.doi.org/10.1007/s40430-016-0504-z
http://dx.doi.org/10.1016/j.measurement.2016.08.023


Materials 2020, 13, 215 17 of 17

14. Shiraishi, M. Scope of in-process measurement, monitoring and control techniques in machining
processes—Part 1: In-process techniques for tools. Precis. Eng. J. Am. Soc. Precis. Eng. 1988, 10,
179–189. [CrossRef]

15. Kurada, S.; Bradley, C. A review of machine vision sensors for tool condition monitoring. Comput. Ind. 1997,
34, 55–72. [CrossRef]

16. Twardowski, P.; Wiciak-Pikula, M. Prediction of Tool Wear Using Artificial Neural Networks during Turning
of Hardened Steel. Materials 2019, 12, 3091. [CrossRef] [PubMed]

17. Siddhpura, A.; Paurobally, R. A review of flank wear prediction methods for tool condition monitoring in a
turning process. Int. J. Adv. Manuf. Technol. 2013, 65, 371–393. [CrossRef]

18. Botsaris, P.N.; Tsanakas, J.A. State-of-the-art in methods applied to Tool Condition Monitoring (TCM) in
unmanned machining operations: A review. In Proceedings of the International Conference of COMADEM,
Prague, Czech Republic, 8–10 June 2008; pp. 73–87.

19. Kerr, D.; Pengilley, J.; Garwood, R. Assessment and visualisation of machine tool wear using computer
vision. Int. J. Adv. Manuf. Technol. 2006, 28, 781–791. [CrossRef]

20. Kassim, A.A.; Mannan, M.A.; Mian, Z. Texture analysis methods for tool condition monitoring. Image Vision
Comput. 2007, 25, 1080–1090. [CrossRef]

21. Boujelbene, M.; Moisan, A.; Tounsi, N.; Brenier, B. Productivity enhancement in dies and molds manufacturing
by the use of C(1) continuous tool path. Int. J. Mach. Tools Manuf. 2004, 44, 101–107. [CrossRef]

22. Urbanski, J.P.; Koshy, P.; Dewes, R.C.; Aspinwall, D.K. High speed machining of moulds and dies for net
shape manufacture. Mater. Des. 2000, 21, 395–402. [CrossRef]

23. De Souza, A.F.; Diniz, A.E.; Rodrigues, A.R.; Coelho, R.T. Investigating the cutting phenomena in free-form
milling using a ball-end cutting tool for die and mold manufacturing. Int. J. Adv. Manuf. Technol. 2014, 71,
1565–1577. [CrossRef]

24. Li, H.; Feng, H.Y. Efficient five-axis machining of free-form surfaces with constant scallop height tool paths.
Int. J. Prod. Res. 2004, 42, 2403–2417. [CrossRef]

25. Bayer, R.G. Wear Analysis for Engineers; HNB: New York, NY, USA, 2002.
26. Groover, M.P.; de la Peña Gómez, C.M.; Sarmiento, M.Á.M. Fundamentos de Manufactura Moderna: Materiales,

Procesos y Sistemas; Pearson Educación: Bogotá, México, 1997.
27. ISO. ISO 8688-2:1989_Tool life testing in milling—Part 2: End milling. International Organization for Standardization;

ISO: Genève, Switzerland, 1989.
28. Pekelharing, A.J.; van Luttervelt, C.A.; Collége International pour les Recherches scientifique de Production

mèchanique Group. Terminology and Procedures for Turning Research; Group C du Collége International pour
les Recherches Scientifiques de Production Mècanique: Delft, The Netherlands, 1969.

29. Wojciechowski, S.; Maruda, R.W.; Nieslony, P.; Krolczyk, G.M. Investigation on the edge forces in ball end
milling of inclined surfaces. Int. J. Mech. Sci. 2016, 119, 360–369. [CrossRef]

30. Miko, B.; Zentay, P. A geometric approach of working tool diameter in 3-axis ball-end milling. Int. J. Adv.
Manuf. Technol. 2019, 104, 1497–1507. [CrossRef]

31. Antony, J. Design of Experiments for Engineers and Scientists; Elsevier: Oxford, UK, 2003.
32. Wojcik, A.; Koscielniak, P.; Mazur, M.; Mathia, T.G. Morphological discrimination of granular materials by

measurement of pixel intensity distribution (PID). Metrol. Meas. Syst. 2019, 26, 297–308. [CrossRef]
33. Pereira, A.; Martínez, J.; Prado, M.T.; Perez, J.A.; Mathia, T. Topographic wear monitoring of the interface

tool/workpiece in milling. Adv. Mater. Res. 2014, 966–967, 152–167.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0141-6359(88)90052-9
http://dx.doi.org/10.1016/S0166-3615(96)00075-9
http://dx.doi.org/10.3390/ma12193091
http://www.ncbi.nlm.nih.gov/pubmed/31546732
http://dx.doi.org/10.1007/s00170-012-4177-1
http://dx.doi.org/10.1007/s00170-004-2420-0
http://dx.doi.org/10.1016/j.imavis.2006.05.024
http://dx.doi.org/10.1016/j.ijmachtools.2003.08.005
http://dx.doi.org/10.1016/S0261-3069(99)00092-8
http://dx.doi.org/10.1007/s00170-013-5579-4
http://dx.doi.org/10.1080/00207540310001652905
http://dx.doi.org/10.1016/j.ijmecsci.2016.10.034
http://dx.doi.org/10.1007/s00170-019-03968-9
http://dx.doi.org/10.24425/mms.2019.128357
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Economics Motivations 
	Scientific Motivations 

	Experimental Strategy 
	Workpiece Material and Geometry 
	Tools and Machining Procedure 
	Experimental Approach 
	Wear Metrological Algorithm 
	Radial Flank Wear Measurement (VBradial) 
	Retraction of the Cutting Edge Measurement (KS) 

	Results and Discussion 
	Wear Kinetics of Radial Flank 
	Wear Kinetic of Rake Face 
	Discriminatory Analysis of Two Similar Inserts 
	Discriminatory Detection of Catastrofic Wear 

	Conclusions and Perspectives 
	References

