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A B S T R A C T

Tool wear is one of the most challenging issues in manufacturing. In cutting processes, tool-life testing pro
cedures are defined by ISO standards. These standards give the guidelines to perform tool-life testing in terms of 
workpiece material, tool geometry, tool material, cutting fluid, tool wear assessment, and tool-life evaluation. 
For determining the useful tool-life, the standards recommend running several tool-life tests at constant cutting 
speed till reaching a specified value of tool wear, as defined by the selected tool-life criterion. But, in industrial 
applications, the approach is different. The same tool is often used to make different geometrical features on the 
same component using different process parameters, depending on the desired geometry and surface quality. 
Therefore, it is possible to state that the tool accumulates wear over the working time under different cutting 
conditions. In other words, the tool is subjected to cumulative tool wear. This paper aims to deepen the 
knowledge about cumulative tool wear, which means the tool wear generated by a combination of different 
process parameters. An innovative experimental procedure is proposed to determine the useful tool-life when 
machining a part with the same tool at different process parameters. Cumulative tool flank wear tests were 
performed on AISI 1045 samples by changing the cutting speed, keeping the other cutting parameters constant. 
The experimental cumulative flank wear evolution was compared with the theoretical one. Four different 
machining cycles were tested to simulate different industrial cases. The comparison revealed a good agreement 
between the prediction and the experimental data.

1. Introduction

Tool wear in metal cutting is a complex phenomenon with a pre
eminent role in the industry’s tool management policies. An accurate 
estimation and maximization of the tool-life is essential to improve both 
the efficiency and sustainability of machining operations [1]. At the 
same time, the geometrical evolution of the tool due to wear impacts 
part dimensional accuracy, surface integrity issues, and the overall 
quality of the machined parts [2,3]. Monitoring tool wear is a chal
lenging and time-consuming task, regulated by some technical stan
dards. The reference International Standards are ISO 3685: 1993 [4] for 
single-point turning tools, ISO 8688-1: 1989 [5] for face milling, and ISO 
8688-2: 1989 [6] for end-milling.

They all suggest monitoring the progress of the wear during 
machining, by periodically interrupting the test to perform some direct 
measurements of some geometrical features of the tool which are 

affected by wear. Tool flank wear width (VB) and the geometry of the 
crater wear on the tool rake surface (position and depth) are the pa
rameters commonly used to evaluate tool wear evolution for cemented 
carbide cutting tools [7–9]. The tool-life procedure reported in the ISO 
standards is based on tests performed at constant cutting conditions 
during the entire duration of the test. In particular, Constant Cutting 
Speed (CCS) tests must be executed to measure the evolution of tool 
wear parameters in function of the time. The outputs of the CCS tests are 
tool wear versus time plots (Fig. 1). The shape of these plots is charac
terised by three different zones. At the beginning of the process, when 
the tool is new, the wear rate (dW

dt in Fig. 1) is high but it rapidly decreases 
(zone I, called running-in or break-in period), and it reaches a constant 
value during the steady wear zone (zone II) [10]. At the end of the 
tool-life (the zone III, called accelerated wear zone), the wear rate in
creases, determining a rapid deterioration of the cutting tool [11]. Then, 
the useful tool-life is calculated as the time at which the tool-life 
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parameter reaches a defined limit value defined by the tool wear crite
rion. Several tests can be performed by changing the process conditions 
in order to evaluate the impact of the parameters on wear. Cutting speed 
has a considerable effect on the tool wear rate.

Analytical or numerical tool wear models require the instantaneous 
tool wear rate (dW

dt in Fig. 1) to accurate predict the tool wear evolution in 
function of the time and tool-life [12]. Consequently, the 
time-dependent effect of wear on tool geometry should be considered to 
investigate the impact of process parameters on tool-life. One of the 
most interesting and low-investigated factors is the non-linear effect of 
the cutting speed on tool wear. The use of non-constant cutting speed is 
common in industrial applications. For example, considering the in
dustrial case of a fast connection system shown in Fig. 2, the cylindrical 
surfaces highlighted with red and blue shaded areas are manufactured 
using the same tool. The feed and the depth of cut used to generate these 
features should be constant. Their values are set considering the 
allowance and the final roughness required by the designer. On the other 
hand, the CNC machine tools used to produce large batch sizes are 
usually programmed to work at constant rotational spindle speed to 
avoid the generation of vibrations due to the change of the spindle 
speed. Due to the differences between the diameters (D1 and D2 in 
Fig. 2) of the surfaces to be manufactured, the cutting speed will be 
different.

In these cases, the tool-life estimation cannot be done by applying the 
ISO standard 3685 [4], since the tools are submitted to different cutting 
speeds, generating cumulative tool wear effect induced by different 
cutting speeds. Several studies [13–17] investigated the effects of the 
cutting speed on tool wear, but most of them did not consider the effects 
of changing the cutting speed during machining operations performed 
with the same tool. A theoretical background about cumulative damage 
was outlined in 1945 by Miner [18] with the hypothesis to describe the 
fatigue phenomenon by employing linear models. Palmai [19] was the 

first to explore the effects of the variation of the cutting speed on tool 
wear evolution. he hypothesis of linearity was expressed by equation 
(1), valid for machining under different cutting speeds vi for intervals of 
time Δti. Ti is the tool-life pertaining to the constant cutting speed vi. 

∑N

i=1

Δti
Ti

≅ 1 (1) 

The theoretical discussion of the hypothesis was supported by the 
experimental validation reported in Ref. [20]. The tests consisted of 
longitudinal turning of rolled AISI 1045 steel and can be classified into 
two groups by considering their purpose. 

Group 1) tests made to calculate the tool-life Ti at two different 
cutting speeds (cutting vc1 < vc2), performing Constant Cutting Speed 
(CCS) tests according to ISO standards.
Group 2) tests made to quantify the effect of the non-linearity of wear 
phenomena on useful tool-life prediction, performing Variable Cut
ting Speed (VCS) tests. All the machining tests performed by Palmai 
started setting the highest cutting speed (vc2), then, according to the 
design of experiments, the cutting speed was decreased to vc1 until 
reaching the limit value of the tool-life criterion. Therefore, seven 
tests were performed by varying the instant of speed reduction. For 
each test, the hypothesis of linearity was verified by using equation 
(1). The values of summations ranged between 0.77 and 1.26. In 
Ref. [21] the same procedure was applied to an increased number of 
VCS tests performed with 3 changes of cutting speed for each test, 
achieving similar results. In both cases, an equivalent cutting speed 
vce was computed as the constant speed determining the same 
tool-life of a determined cutting speed cycle. The computation of vce 
was executed assuming a neglectable contribution of the non-linear 
effects, while the equivalent tool-life Te was computed with the 
Taylor formulation as a function of vce. The results showed a mean
ingful difference between the useful tool-life achieved during the 
experimental VCS tests (Δt1 + Δt2+ Δt3) and the predicted one (Te).

The main drawback of this approach is that his validity is based on 
the assumption of linear correlation between tool wear and cutting time. 
It is important to highlight that the useful tool-life is the result of tool 
wear evolution in all the three zones illustrated in Fig. 1. Wear versus 
time curve is not a straight line, but a monotonically non-decreasing 
function composed by three different curves.

Furthermore, research works [19–21] focused only on the useful 
tool-life, and the effect of non-linearity on the evolution of VB during 
time was not considered. As a consequence, the possibility of neglecting 
non-linearity effects in industrial application of tool wear monitoring 
remained uncertain.

Jemielniak et al. [22] investigated the cumulative tool wear by 
varying cutting speed and feed in turning plain carbon steel. The 
research pointed out that with uncoated cemented carbide tools the 
non-linear effect was negligible, while with TiC-TiN coated carbide tools 
the wear development depended on the actual sequence of process pa
rameters. The measurement of tool wear was performed just when the 
process parameters (i.e. cutting speed and feed) changed. As a conse
quence, the results are strongly affected by the high uncertainty due to 
the limited experimental data. A robust statistical approach is necessary, 
especially to fully analyse the zone III of the tool-life curve, when the 
increasing wear rate leads to a rapid development of the tool wear. Hung 
and Zhong [23] verified the validity of the linearity hypothesis about 
cumulative wear in longitudinal and face turning operations on metal 
matrix composites. Oija and Dixit [24] used artificial neural networks to 
study the influence of the cutting speed on tool-life in turning plain 
carbon steel. Based on the hypothesis of linearity of cumulative effects, 
they achieved a good prediction in most of the cases, although in some 
tests a considerable error of the model is observed. In order to limit the 
regenerative effects of chatter vibrations, Albertelli et al. [25] studied 

Fig. 1. Example of the evolution of tool wear in function of the time.

Fig. 2. Detail of a compressed air connector.
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how the continuous modulation of the spindle speed affects the tool 
wear, and how it negatively impacts the tool-life.

In general, the literature shows contradictory conclusions about the 
linearity of cumulative tool wear. Therefore, the study of cumulative 
tool wear required a robust statistical approach based on frequent and 
repeated evaluation of the wear to distinguish between the effects of 
non-linearity and the intrinsic variability of the damage phenomena. 
This paper aims to. 

1) Verify that the non-linear effects have a marginal impact on the 
evolution of tool wear in function of the time.

2) Establish an innovative procedure to determine the tool-life when 
using variable cutting speed.

The proposed procedure is applied to longitudinal turning of AISI 
1045 steel using coated carbide tools. In order to reduce the un
certainties related to the variability of unknown factors, the work ma
terial is characterised in terms of its microstructure and hardness. CCS 
tests were performed with three different cutting speeds by repeating 
each test three times to statistically describe the evolution of VB in 
function of the time. The paper describes in detail how the procedure 
allows to obtain the empirical curves of cumulative tool wear. Finally, 
VCS tests were performed using different combinations of cutting speed 
to validate the procedure. The comparison between predicted and 
experimental results highlights the actual impact of non-linear effects.

The proposed procedure can be easily applied in industrial envi
ronments, regardless the workpiece material, the tool material and ge
ometry, the lubrication, and the process parameters.

2. Procedure for estimating tool-life based on the cumulative 
tool wear concept

As already discussed in the introduction, often in industrial practice 
the estimation of the tool-life cannot be done just applying the ISO 
standard 3685, since the tools are alternatively subjected to different 

cutting speeds generating cumulative tool wear (see Fig. 2). It is in this 
context that a new procedure for a reliable evaluation of the tool-life 
when the cutting process is characterised by cumulative tool wear was 
developed. The proposed procedure merges the ISO 3685 standards 
guidelines, where tool-life tests are performed at constant cutting speed, 
and the industrial practice, where the same tool is used to manufacture 
different features on the same component using different cutting 
conditions.

Fig. 3 shows the flowchart of the proposed procedure, composed by 
four steps.

In the first step, tool-wear tests are performed according to ISO 3685 
standard guidelines to obtain wear data. Tool geometry, tool material, 
work material, and process parameters are the same as the analysed 
industrial machining process. In particular, cutting speeds are selected 
considering the working cycle of the industrial part. Each test must be 
repeated at least three times for statistical analysis.

Starting from the collected wear data, the tool-wear curve for each 
cutting speed is defined as the average of three tool-wear curves from 
tool-life tests (step 2).

These curves are essential to build the cumulative tool-wear curve 
(step 3). In fact, the empirical curve representing the cumulative wear of 
the tool is constructed by combining the standard tool-wear curves and 
taking into account the working cycle of the part.

Fig. 4 shows how the cumulative tool wear curve is built starting 
from standard tool-wear curves (Fig. 4a) obtained using three different 
cutting speeds and considering a working cycle of three phases (Fig. 4b). 

- Phase 1: to manufacture a first feature setting a low cutting speed 
(vc1) for an interval of time Δt1 = (t1 − t0), and a cumulative tool 
wear equal to ΔTW1 = TW1;

- Phase 2: to manufacture a second feature setting an intermediate 
cutting speed (vc2) for an interval of time Δt2 = (t2 − t1), and a cu
mulative tool wear equal to ΔTW2 = (TW2 − TW1);

Step1
Tool-life tests according to ISO 3685 

standard guidelines.

Step 2
Definition of standard tool-wear curves.

Step 3
Cumulative tool-wear curve building.

Step 4
Estimation of the useful tool-life for 

cumulative tool wear.
Fig. 3. New procedure for the estimation of the tool-life when cumulative tool 
wear is present.

Fig. 4. (a) Example of tool wear curves; (b) building of the empirical cumu
lative tool-wear curve.
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- Phase 3: to manufacture a third feature setting a high cutting speed 
(vc3) for an interval of time Δt3 = (t3 − t2), and a cumulative tool 
wear equal to ΔTW3 = (TW2 − TW3).

The empirical cumulative tool wear curve is built as follows. 

1. The first part of the curve (blue line in Fig. 4b) corresponds to the 
initial portion (between t0 and t1) of the standard tool wear curve 
related to vc1. The tool wear at the end of the first phase is TW1.

2. The second part of the curve (orange line in Fig. 4b) is drawn 
translating along the time axis the portion of the standard tool wear 
curve related to vc2 starting from TW1 and included in an interval 
time equal to Δt2. The tool wear at the end of this phase is TW2.

3. Similarly, the third part of the curve (red line in Fig. 4b) is drawn 
translating along the time axis the portion of the standard tool wear 
curve related to vc3 starting from TW2 and included in an interval 
time equal to Δt3.

The last step of the procedure (step 4) estimates the useful tool-life 
for cumulative tool wear. As shown in Fig. 5, according to the selected 
tool-life criterion, it is possible to estimate the useful tool-life for cu
mulative tool wear from the theoretical cumulative tool wear curve.

3. Experimental methods

Experimental turning tests were performed to validate the procedure 
described in the previous section. The tests consist of longitudinal 
turning performed on AISI1045 samples at constant feed and at variable 
cutting speed. According to the standard ISO 3685: 1993, at least three 
different cutting speeds shall be chosen, in order to ensure the tool-life at 
the highest speed is not less than 5 min.

Flank wear width (VB) was employed as tool-life criterion, and it was 
monitored by using a multifocal optical microscope. The chemical 
composition, hardness and microstructure were characterized in order 
to check the homogeneity of the workpiece material.

3.1. Characterisation of the work material

The samples used in the experimental tests were obtained from the 
same batch of AISI 1045 hot rolled bars provided by Ascométal France 
Holding SAS. The chemical composition of the work material was 
quantified using the spectrometer Horiba Jobin Yvon JY3. Before 
measuring the chemical composition, the spectrometer was calibrated 
by means of the reference sample made of SS407 steel. Measurements 
were done on samples randomly collected from the material batch and 
they were repeated on two samples. Five measurements per sample were 
performed.

Brinell hardness (HB) tests were performed using a load of 187.5 Kg 
and a tungsten carbide spherical indenter with a diameter of 2.5 mm 

using an Instron Wolpert Tester. The same samples employed for the 
chemical composition analysis were utilized, as schematised in Fig. 6, to 
cut six specimens from each sample, for a total of twelve samples.

Since a non-uniformity of the material hardness could affect the re
sults of the tests, the homogeneity of the provided work material was 
checked measuring the hardness along the radial direction on two sur
faces: i.e., the surface that is orthogonal to the bar axis, and the surface 
that contains the bar axis. Nine measurements on each surface were 
done (see Fig. 6).

The same samples used for the hardness measurements were used for 
the metallographic analysis of the material. This analysis was 
performed. 

- to measure the grain size of the material.
- to check the homogeneity of the material microstructure from the 

external surface to the axis of the bar.
- to find the presence of any defects such as inclusions, and cracks.

Fig. 5. Estimation of the useful tool-life for cumulative tool wear.

Fig. 6. Pattern of the micro-hardness tests.

Fig. 7. Experimental setup (Sonim T9 at LaBoMaP of Cluny Arts et Métiers 
Institute of Technology).
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Each sample was incorporated in a conductive resin, and it was 
polished to a mirror-like finishing. Then, Nital (4 % HCl + 96 % Ethanol) 
was selected as etching agent, and applied on the sample surface for 5 s 
at room temperature. In this manner, the microstructure was revealed. 
The surfaces were finally observed with an Olympus BX51M optical 
microscope at different magnifications (2.5×; 5x; 20x; 50x) to observe 
this microstructure, such the grain morphology and the phases.

3.2. Machining tests

Longitudinal turning tests were performed on two different CNC 
lathes, namely a Sonim T9, available at LaBoMaP of the Cluny Campus 
of Art et Métiers Institute of Technology, equipped with a spindle of 30 
kW and a maximum rotational speed of 4000 RPM, and OCN-PPL 
Olimpus, available at the Technology and Manufacturing Systems Lab
oratory of the University of Brescia, equipped with a spindle of 7.5 kW 
and a maximum rotational speed of 6000 RPM. Both lathes use 840D 
Siemens CNC controller. The use of two different machine-tools 
permitted to verify if the lathe features (i.e., stiffness, jaw chuck, spin
dle, …) affect the tool wear. Fig. 7 shows the experimental setup.

The longitudinal turning operations were performed using Sandvik 
VBMT 160404 p.m.4325 insert (Fig. 8a) mounted on the Kennametal 
tool holder SVJBR 2020K16 (Fig. 8b). As shown in Fig. 8, the tool ge
ometry is characterised by a normal rake angle (γ) equal to 0◦, a normal 
clearance angle (α) equal to 5◦, and a tool cutting edge angles of the 
major cutting edge (κ) equal to 93◦.

The inserts are made of coated tungsten carbide with a triple CVD 
coating (TiCN-Al2O3-TiN). The actual cutting-edge radius was 
measured using the Mitaka PF-60 autofocus laser profilometer, obtain
ing a value equal to 0.040 ± 0.003 mm.

The workpieces were cylindrical bars with an initial diameter of 80 

mm and initial length of 120 mm. The bars were machined until a final 
diameter of 40 mm. Cutting forces were measured by a piezoelectric 
dynamometer from Kistler model 9121, characterised by a measuring 
accuracy of 0.01 N.

According to the first step of the procedure, tool-life tests were per
formed in agreement with ISO 3685 standard. Therefore, tool-life tests at 
constant cutting speed were conducted. Subsequently, four VCS tool-life 
tests were executed by varying the cutting speed during each test. To 
correctly replicate the production practice, the experimental tests were 
run setting a machining cycle which alternates short cuts of 5 s to long 
pause of 60 s. The cycle was repeated up to reach the instants defined for 
tool wear measurement.

Three different cutting speeds equal to vc = 300 m/min, vc = 350 m/ 
min, and vc = 400 m/min were selected to obtain the basic curves 
describing the wear behaviour for the investigated tool-material pair. 
Cutting speed values were chosen considering the cutting speed sug
gested by the tool manufacturer for AISI 1045 cutting and guaranteeing 
that the tool-life at the highest speed (i.e., vc = 400 m/min) was not less 
than 5 min. All the other process parameters were kept constant. The 
feed (f) was set equal to 0.1 mm/rev, the depth of cut (ap) equal to 1 mm, 
and standard cutting fluid composed by a mixture of 5 % of oil (Zubora 
65 M) and water was used. It was applied with a nozzle in the area of 
contact between the tool and the workpiece with a pressure of 0.8 bar 
and a fluid flow of 75 l/min. To verify the repeatability of the experi
ments and for statistical analysis, each test was carried out three times. 
The first repetition of each test was performed with lathe Sonim T9, 
while the second and third with lathe OCN-PPL Olimpus.

3.3. Tool wear monitoring

The tool flank wear was monitored using the digital multi-focus 

Fig. 8. (a) VBMT 160404 insert; (b) SVJBR 2020K16 tool holder.

Fig. 9. (a) Profile of the VBMT insert; (b) VB measuring zones.
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microscopes Keyence VHX-1000 (measuring accuracy 1.0 μm) and Hirox 
RH2000 (measuring accuracy 0.8 μm). As suggested by the guidelines of 
ISO Standard 3685, being regular the observed flank wear land, an 
average width of VB equal to 0.3 mm was selected as tool-life criterion. 
Therefore, the tool-life tests were until reach the selected threshold 
value of VB. As shown in Fig. 9a, the tool cutting edge is not straight. 
Tool manufacturer optimised the shape of this insert for steel cutting in 
order to improve the final quality of the manufactured surfaces (i.e., the 
surface integrity), chip breaking, and tool-life. For this reason, it was 
decided to measure the flank wear in three different zones of the flank 
surface: one close to the end of the tool nose radius (VBA); one along the 
inclined zone (VBB); one along the straight zone (VBC). Fig. 9b shows an 
example of flank wear measurement. The dotted line of Fig. 9b repre
sents the profile of the unworn tool. For each measurement of VB, the 
unworn tool profile was overlapped with the worn profile to measure the 
extension of flank wear land, according to ISO Standard 3685.

The wear measurements were performed at the end of a tool pass, 
without stopping the machining while the insert was in contact with the 
workpiece. Furthermore, the number of passes between two consecutive 
measurements was not constant: it was decreased during the constant 
wear rate period and increased again in the accelerated wear zone to 
ensure a higher discretization of the curve in the portion were wear rate 
changes.

4. Results and discussion

4.1. Work material characterization

Table 1 shows the chemical composition of the work material 
measured by the spectrometer Horiba Jobin Yvon JY3. It was verified 
that the chemical composition corresponds to a standard AISI 1045 steel.

The work material hardness ranges from a minimum value of 168 HB 
and a maximum value of 190 HB with an average value equal to 179 HB 
and a global standard deviation of 5.4 HB.

Fig. 10 shows the mean values, and the corresponding standard de
viation of the hardness measured along transversal and longitudinal 
sections as a function of the distance from the bar centre (diameter equal 
to 0). Observing Fig. 10, it is noticeable that, in general, the scattering of 

the hardness values along the bar section is low, and that, in particular, 
there is no evidence of any trend denoting a good homogeneity of the 
material hardness along the section. Only the hardness measured on the 
centre of the bar is slightly lower than the other hardness values. This 
behaviour can be explained considering the production cycle of the work 
material. The AISI 1045 bars provided by Ascométal France Holding SAS 
were manufactured by continuous casting and successive hot rolling mill 
process. The continuous casting process generates small cavities along 
the bar axis due to the material shrinkage during solidification.

Usually, these cavities are reduced in size or closed by hot rolling mill 
process, but a hardness reduction along the bar axis can be noticed. 
Additionally, during the cooling after the hot rolling mill process, the 
cooling rate of the bar core is lower than of the skin. Consequently, due 
to these phenomena a hardness reduction in the centre of the section is 
expected.

About the microstructure, the results of the analysis can be seen in 
Fig. 11. Samples 1, 2, and 3 show the microstructure on the longitudinal 
section; while samples 4, 5, and 6 show the microstructure of the 
transversal section (see Fig. 6). Sample 1 and 6, sample 2 and 5 and 
samples 3 and 4 were cut in symmetric positions around the centre of the 
bar because they are obtained at the same distance from the centre 
(averagely D = 13.3 mm for Sample 3 and 4, D = 40 mm for sample 2 
and 4, D = 66.6 mm for samples 1 and 6). Standard AISI 1045 micro
structure was observed. The work material microstructure is composed 
by equiaxed grains of ferrite (alfa-phase, white grains in Fig. 11), and 
grains of perlite, composed by lamellae of ferrite (white lamellae in 
Fig. 11), and cementite (black lamellae in Fig. 11).

By moving top-down in Fig. 11, it is possible to observe the changes 
in grain size in radial direction from the external part of bar (≈12.5 μm) 
to centre of the bar (≈24.3 μm). Observing the microstructures, it is also 
evident the effect of the rolling mill process on the material. Stretched 
grains in rolling direction (i.e., bar axis) are noticeable. Anyway, in 
order to avoid any type of effect of the grain dimension on the tool wear 
tests, it was decided to limit to 40 mm the minimum cutting diameter. 
This lower limit allows to set a maximum rotational speed of the spindle 
at 3183 RPM (D = 40 mm and cutting speed vc = 40 m/min), which is 
lower than the maximum speed of lathe Sonim T9.

As shown in Fig. 12, the metallographic examination of sample 1 and 
6, where the bar was machined during the tests, highlighted the pres
ence of inclusions in the work material. These inclusions are uniformly 
distributed (as visible with magnification 5×), and their dimension is 
small ranging from 0.5 μm to 5 μm (as visible with magnification 50×), 
therefore their effect on the cutting test results can be neglected. In 
general, the material analysis showed a homogeneous material.

4.2. Validation of the procedure for useful tool-life estimation with 
cumulative tool wear

The procedure described in section 2 was applied and validated by 
experimental tests. In particular, firstly constant cutting speed tests with 
three different cutting speeds were performed to build the wear curves 
for AISI 1045. Once the wear curves were computed, they were used to 
define the theoretical cumulative tool wear curves and further tests were 
performed by changing the cutting speed accordingly.

4.2.1. Tool-life tests according to ISO 3685 standard
In this section, the results of constant cutting speed tool-life tests in 

agreement with ISO 3685 standard are described. As the standard sug
gests for sintered carbide tools, an average width of the flank wear land 
(VB) equal to 0.3 mm was selected as tool-life criterion. Fig. 13 shows 

Table 1 
Chemical composition of the work material measured by spectrometry.

C % Cr % Cu % Mn % Mo % Ni % P % S % Si % V % Fe %

0,479 0,153 0,078 0,720 0,027 0,051 0,004 0,034 0,037 0,002 Rest

Fig. 10. Brinell hardness along the diameter measured along longitudinal and 
transversal sections.
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Fig. 11. Work material microstructure in the longitudinal and transversal sections.
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the flank wear values measured during the first repetition of the test 
performed with a cutting speed of 400 m/min. At the end of the test, the 
extension of the width of the flank wear land in the central zone (VBB) is 
higher than the width of the flank wear land measured in the A (VBA) 

and C (VBC) zones.
Observing the tool wear evolution of the test performed with a cut

ting speed vc = 400 m/min (Fig. 14), it is possible to state that initially 
the extension of the flank wear width is regular and equal in the three 
considered zones. In fact, up to 10.3 min (Fig. 14c) of cut the values of 
VBA, VBB, and VBC are very close (see also graph of Fig. 13). Starting 
form 10.3 min, VBB increases faster than VBA and VBC. After 14.7 min 
(Fig. 14d) of cut, that corresponds to the end of the tool-life of this test, 
the difference between VBB, and VBA and VBC is evident. For all the tests, 
it was observed that VBB is the wear parameter that firstly reaches the 
limit of 0.3 mm. For this reason, VBB was selected as tool wear param
eter for building the tool wear versus time diagrams. The dominant wear 
mechanism during the tests was abrasion, but in the final phase of the 
tests also adhesive wear occurred (as visible in Fig. 14d). In the accel
erated wear zone, the cutting edge is widely rounded and the actual rake 
angles become negative, promoting built up edge phenomena.

Once the adhesion alters the geometrical features of the tools only at 
the end of the tool life, we consider this mechanism secondary as 
compared to abrasion. Fig. 15 shows the evolution of the wear on the 
tool rake face, for the first repetition of the test performed with a cutting 
speed vc = 400 m/min. Similarly, wear development was observed on all 
the other tests, regardless the cutting speed.

Fig. 12. Inclusions (black spot) observed in Sample 1 and Sample 6 at different magnifications.

Fig. 13. Comparison among flank wear measured in three different zones of the 
flank surface (vc = 400 m/min, first repetition).
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4.2.2. Definition of the standard tool-wear curves
The collected tool wear data were used to define the coefficients of 

fitting curves representing the standard tool-wear curves. A polynomial 
function of the third order was used as a fitting model.

Fig. 16 shows three dataset (Exp1, Exp2, and Exp3) of the tool-life 

tests generated using a cutting speed vc = 400 m/min, and the corre
sponding empirical model curve (red line in Fig. 16), the upper and 
lower bounds (dotted lines in Fig. 16). Upper and lower bounds were 
obtained respectively adding to and subtracting from the empirical 
model two times the deviation standard. The first repetition, performed 

Fig. 14. Tool wear evolution (vc = 400 m/min, first repetition) (a) 1.5 min; (b) 5.2 min; (c) 10.3 min; (d) 14.7 min.

Fig. 15. Tool wear evolution on the tool rake face (vc = 400 m/min, first repetition) (a) 1.5 min; (b) 5.2 min; (c) 10.3 min; (d) 14.7 min.
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on lathe Sonim T9, does not significantly changes as compared to the 
others, performed on lathe OCN-PPL Olimpus. Analogue observations 
are valid for the tests performed with the cutting speed vc = 300 m/min 
and vc = 350 m/min. The features of the lathe did not influence the wear 
on the tool, the data can be statistically analysed regardless the machine 
as consequence.

Fig. 17 shows the fitting model curves, the upper and lower bounds 
of each tool-life test condition. All these curves showed the typical trend 
of wear curves as discussed in the introduction. The three wear zones are 
highlighted in the plots. As noticeable from these figures, all the plots do 
not start from the origin of the axis. This is due to the presence of a 
cutting edge radius equal to 0.04 mm on the unworn insert. The inter
national standard ISO 3685 indicates to use the cutting edge as reference 
for the measurements of the width of flank land. Since the actual cutting 
edge is rounded, the nominal edge was used as reference, instead of the 
beginning of the flank surface. The usage of this reference increases the 
accuracy of the measurements: the position of the beginning of the flank 
is not constant because it shifts due to wear. On the other hand, the 
position of the nominal cutting-edge is constant during the machining, 
guaranteeing a reliable reference for the measurements of the width of 
the land. Considering a tool-life criterion limit of 0.3 mm, from the tool 
wear versus time graphs of Fig. 17, it is possible to estimate a useful tool- 
life equal to 33.8 min for the 300 m/min constant cutting speed tests, 
equal to 24.3 min for the 350 m/min constant cutting speed tests, and 
equal to 15.2 min for the 400 m/min constant cutting speed tests. As 
expected, as the cutting speed increases, the tool-life decreases. The 
constants of the Taylor’s wear model are equal to C = 1085 and n =
0.362. They were computed by calculating the logarithm of cutting 
speed and tool life values. The data were interpolated with the best 
fitting linear relation (r2 = 0.98), and constant n was calculated as the 
opposite of the inverse of the slope. Once n was known, it was used to 
compute a value of C for each of the three couples of cutting speed and 
tool life. Finally, an average value of C = 1085 was computed. Observing 
the trend of the upper and lower bounds, it is possible to deduce that the 
scattering of the experimental data is very low, independently to the 
cutting speed in the wear zones I and II. Differently, the wear zone III 
shows high data scattering and low repeatability for all the cutting 
speeds. This behaviour is expected since when the tool wear reaches the 
wear zone III, the degradation becomes unstable.

Equation from 2 to 4 report the expression of the empirical models 
representing the tool wear in function of the time for vc = 300 m/min, vc 
= 350 m/min, and vc = 400 m/min, respectively. 

Fig. 16. Experimental tool wear data, fitting model, upper and lower bounds 
for test vc = 400 m/min.

Fig. 17. Fitting model, upper and lower bounds for: a) vc = 300 m/ min; b) 
vc = 350 m/min; c) vc = 400 m/min.

Table 2 
Cumulative tool wear tests data.

Test 
ID

Cutting 
speed (m/ 
min)

Interval 
time (min)

Starting 
value of VB 
(mm)

Final 
value of 
VB (mm)

Estimated 
useful tool-life 
(min)

A 400 6min 15s 0.000 0.190 21.25
300 10min 

15s
0.190 0.220

350 End of 
tool-life

0.220 >0.300

B 350 5min 0.000 0.150 19
400 10min 0.150 0.250
300 End of 

tool-life
0.250 >0.300

C 300 4min 15s 0.000 0.130 22.50
350 8min 45s 0.130 0.195
400 End of 

tool-life
0.195 0.300

D 400 4min 30s 0.000 0.175 31
350 11min 

30s
0.175 0.220

300 End of 
tool-life

0.220 >0.300
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VBB 300 =0, 00002346 • T3 − 0,00136704 • T2 + 0, 02710470 • T

+ 0, 04 (2) 

VBB 350 =0, 00006076 • T3 − 0,00237304 • T2 + 0, 03246927 • T

+ 0, 04 (3) 

VBB 400 =0, 00022124 • T3 − 0,00553757 • T2 + 0, 05025645 • T

+ 0, 04 (4) 

All the equations have the same constant term that corresponds to 
the cutting edge radius of the unworn insert.

4.2.3. Cumulative tool-wear curve building and estimation of the tool-life
Four VCS tool-life tests were designed varying the cutting speed 

during the same test, and the theoretical cumulative tool wear curves 
were built applying the procedure described in Section 2 to the tool wear 
curves reported in Section 4.3.2. In VCS tests, the depth of cut, feed, and 
metal cutting fluid were set as in the standard tool wear tests. Table 2
shows the sequences of cutting speed and the corresponding tool wear 
intervals. It reported also the theoretical useful tool-life of each cumu
lative tool wear sequence. Tool life was estimated using equations from 
2 to 4 and by considering a tool-life criterion of 0.3 mm.

Fig. 18 shows a comparison between the predicted tool wear using 
the four empirical cumulative tool-wear equations designed as described 

in Table 2 and the measured tool wear achieved during VCS tests. The 
empirical curves are represented with coloured lines (blue for 300 m/ 
min, orange for 350 m/min, red for 400 m/min), while the red dots 
visible in the graphs of Fig. 18 are the tool wear values measured during 
the experimental tests performed doing the sequences reported in 
Table 2. To consider the variability of the VB data, the upper and lower 
limit visible in Fig. 18 were added to the theoretical curves. They are 
represented by dotted lines (upper bound) and dash-dotted lines (lower 
bound). The validity of the cumulative procedure is ensured by the 
positioning of the red dots between the upper and lower limits of the 
analytical model, independently of the cutting speed sequence.

The agreement between the experimental results and the empirical 
curves is remarkable, confirming the validity of the proposed procedure. 
In particular, in the wear zones I and II there is a full matching between 
measured and predicted tool wear. A low discrepancy can be observed in 
the wear zone III, but as already discussed this behaviour is normal since 
in this zone the tool wear changes significantly, and the model is affected 
by high uncertainty (Fig. 18). The occurrence of adhesion wear in wear 
zone III increases the variability of the width of the flank land, since this 
phenomenon is less repeatable than abrasion wear.

4.3. Cutting force

The current section illustrates the resulted achieved in terms of 
forces and, in particular, how the force components depend on the wear. 

Fig. 18. Theoretical cumulative tool-wear curves and VCS experimental values; a) test A; b) test B; c) test C; d) test D.
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Fig. 19 shows the cutting (Fig. 19 (a)), the passive (Fig. 19 (b)), the feed 
(Fig. 19 (c)) force components versus the width of the flank land, 
measured during the first repetitions of each CCS test. Analogue results 
were achieved during the second and third repetitions of the tests, but 
data can not be easily represented because the cutting force measure
ments were done in correspondence of different flank land width. The 
cutting force component trend is related to the wear zone: when the tool 
is new, the cutting force is slightly lower than in the steady state phase. 
Subsequently, during the wear zone II the cutting force is constant. As 
expected, when the tool wear reaches the wear zone III, the cutting force 
values increase due to the high deterioration of the cutting tool due to 

the abrasive and adhesive wear. The passive force components resulted 
less influenced by the tool wear, while feeding force has a trend com
parable with the cutting speed. Furthermore, the increase of feeding 
force in wear zone III is higher than the increase of cutting force in the 
same instants.

As well known, the cutting force is mainly affected by depth of cut 
and feed. Cutting speed ranging in conventional parameter space has a 
minor impact on cutting force during machining of steels. The low dif
ference between cutting speeds is determined by the process, which 
cannot be performed achieving successful results with lower or higher 
speeds. The weak relation between forces and cutting speed is confirmed 
by the experimental data. In fact, as shown in Fig. 19, measured cutting 
forces are independent of the cutting speed, for the same value of VB.

These results are confirmed by Fig. 20, which reports the specific 
cutting force as a function of the cutting speed. This parameter was 
calculated normalising the mean cutting force over the uncut chip cross 
section. From Fig. 20, it is possible to state that the cutting speed range 
considered in the experimental tests is characterised by similar values of 
the specific cutting force. The comparability between specific cutting 
forces ensures that built up edge (BUE) phenomena did not occur, also at 
the minimum cutting speed. In fact, the presence of built up edge de
termines an increasement of the actual cutting edge radius, with a 
consequent reduction of the cutting edge sharpness and an increasement 
of specific cutting force. These observations support the validity of the 
procedure to test cumulative tool wear by varying cutting speed and by 
combining the empirical curves of VB to predict the actual evolution of 
wear and the tool-life.

5. Conclusions

In this paper a research study to develop a robust procedure to 
predict the tool-life of a tool employed with different cutting speeds (i.e., 
under cumulative tool wear effect) was developed. The methodology 
can be applied to industrial context, where the employment of different 
cutting speeds during machining operations frequently occurs. The 
proposed procedure goes beyond the limits of the international stan
dards and the methodologies found in literature [22–24], since the 
non-linear correlation between tool wear and cutting time is considered. 
Starting from tool wear curves obtained by standard tool-life tests at 
constant cutting speed, the empirical tool-life curve for a given 
machining cycle based on different cutting speed is built. This curve is 
then utilized to predict the tool-life under cumulative tool wear 
conditions.

To validate the proposed procedure, several machining cycles rep
resenting different cumulative tool wear conditions were designed and 
performed on AISI 1045. A proper characterization of the working ma
terial and the tools validated the results of the research, excluding that 
hardness and microstructure had influenced the outputs of this study. 
The repetitions of the tests and the statistically based approach allowed 
to highlight the effects of the variability of damage phenomena. For each 

Fig. 19. Force versus tool-wear, (a) cutting force component; (b) passive force 
component; (c) feed force component.

Fig. 20. Specific cutting pressure versus cutting speed.
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cycle the corresponding empirical tool wear curve was constructed. The 
comparison between experimental and predicted tool wear curves 
demonstrated the full validity of the proposed procedure.
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