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Abstract Nowadays, hard turning is one of the most
important processes for both industry and researchers to
substitute traditional grinding operations. The present study
shows an experimental investigation on the turning of AISI
H13 steel with ceramic tools: conventional and wiper.
Wiper geometry has as main objective obtained a smoother
surface after the cutting process. Turning tests were per-
formed to evaluate the evolution of the surface roughness
and tool wear; and the influence of the flank wear on the
surface roughness. A slightly better performance of wiper
tools was observed for the flank wear, while no clear trend
was observed when analysing the surface roughness. In
most of the cases, wiper tools provided better surface
roughness than conventional tools but not for all the cases.
In addition, the difference in the obtained results varied
widely depending on the machining length. Finally, no
clear relation was found between the flank wear and the
surface roughness.

Keywords AISI H13 steel - Ceramic tools - Flank wear -
Surface roughness - Wiper

Technical Editor: Marcio Bacci da Silva.

< D. Carou
diecapor@gmail.com

Department of Mechanical Engineering, University
of Aveiro, Campus Santiago, 3810-193 Aveiro, Portugal

Regional Technological Institute, University of West
Bohemia, 301 00 Pilsen, Czech Republic

1 Introduction

Traditionally, finishing operations on hard materials have
been made using abrasive methods such as grinding, but
the improvement of the machine centres and cutting tools is
facilitating the use of machining processes characterised by
defined cutting edge geometry [1]. In this sense, turning is
a widespread machining process in industry [2] that is used
for finish operations of hard materials as an alternative to
grinding or as a complementary operation [3, 4].

Although there are different criteria to define hard turn-
ing operations, most frequently, they involve the cutting of
materials with hardness between 58 and 68 HRC [3]. The
advantages of the process include the reduction of cost per
product, good surface finish, high productivity and reduc-
tion of setup times [5]. The hardness of the workpiece plays
an important role in the machining process. For instance, it
is possible to identify a strong relation between the hard-
ness of the workpiece and the machining force that reaches
the higher values as the hardness is increased over 50 HRC
[6].

The role of the cutting tools in hard turning is an impor-
tant one. Several types of tool materials have been tested by
the research community. Among them, attention is given to
non-metallic cutting tool materials, such as ceramics, cubic
boron nitride (CBN) and diamond ceramics [7]. The use of
ceramic tools was studied by Davim and Figueira [8] in the
hard turning of cold work steel (D2). Authors identified that
the tool wear was highly influenced by the cutting speed.

The importance of the surface roughness reached in the
machining processes is widely recognised and, usually, it
is used as an index of the product quality [9]. In this sense,
parameters such as the average surface roughness (Ra)
and surface height (Rz) are widely used in industries to
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characterise mechanical surfaces [10]. Surface roughness
is important for functional and mechanical reasons, thus
rough surfaces generally wear more quickly than improved
surfaces [11].

Besides the materials used for the tools, tool geometry
is also critical in machining. Tool geometry in hard turn-
ing was analysed by several researchers as, among oth-
ers, Thiele et al. [12], Ozel et al. [13] and Singh and Rao
[14]. In particular, tool geometry is a design parameter
widely used for improving the attained surface quality.
For instance, tool manufacturers have developed different
alternatives to conventional tools such as the wiper technol-
ogy. This technology consists on multi-radii tool nose that
let achieve excellent surface roughness, even for high feed
rates [15]. Wiper technology was developed by Sandvik
Coromant and the first wiper edge was introduced in 1997.
The technology is based on the use of multiple radiuses
to smooth the generated surface instead of using a single
radius as in the case of the conventional tools [16].

According to the manufacturer of wiper tools [16],
Sandvik Coromant, with this technology, it is possible to
obtain surface roughness values that outperform the ones
obtained with conventional tools. For instance, surface
roughness is half of the one obtained with conventional
tools with tool nose radius of 0.4 mm in the turning of low
alloy steel. The results are even better when increasing
the tool nose radius. Benefits of the use of wiper technol-
ogy were reported by authors such as Grzesik and Wanat
[17] (AISI 5140, 60 &+ 1 HRC), Correia and Davim [15]
(AISI 1045, 207 HB), Gaitonde et al. [18] (AISI D2, 59-61
HRC), Davim and Figueira [8] (AISI D2), and Elbah et al.
[19] (AIST 4140, 60 HRC).

The selection of adequate tool geometry is useful to
attain good surface roughness but, besides, attention should
be also given to the selection of the machining parameters.
In turning, modelling and the prediction of cutting forces,
tool wear and surface quality are of high importance [20].
For that, it is important to understand the influence of the
machining parameters on the different outputs of the turn-
ing process. According to Horvath et al. [10], parameters
such as Ra and Rz in turning depend on machining param-
eters (cutting speed, feed rate, depth of cut), workpiece
material, tool material and tool geometry though the sta-
tistical parameters of surface roughness [skewness (Rsk)
and kurtosis (Rku)] are defined only by tool geometry. For
instance, Bouacha et al. [21] recognised the influence of
the cutting speed, depth of cut, feed rate and cutting time
on the tool wear, surface roughness, cutting forces and
removed material. Moreover, Gaitonde et al. [22] stated
that tool wear is highly sensitive to the cutting speed and
feed rate.

The relation between the attained surface roughness and
the wear of the tools is a topic of interest in machining.
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According to Grzesik and Zalisz [23], in the machining of
hard steel the wear of the conventional and wiper tools is
concentrated on both the tool corner and the active second-
ary cutting (trailing) edge. Grzesik [24] found that, when
turning 60 HRC 40H high tensile steel with both conven-
tional and wiper tools, the surface roughness is highly
dependent on the flank wear. However, this relation was
not confirmed by Guddat et al. [25]. In that study, authors
observed that the surface roughness obtained when turning
AISI 52100 steel with conventional tools diminished as the
cutting time (tool wear) was increased.

The importance of the surface quality has attracted the
attention of the research community to the use of wiper
technology. Especially important is the use of this tech-
nology in the machining of hard materials that are being
increasingly used by a wide range of industries. In particu-
lar, the advantages of the use of the new tool geometry on
the surface roughness have been reported. However, it is
considered that there is still a lack of studies dealing with
the implications of the tool wear on the surface roughness
when turning with wiper tools, particularly, in the turning
of hard materials.

In the present study, the flank wear of ceramic tools and
its influence on the surface quality in the turning of AISI
H13 steel are analysed. Particularly, the influence of the
tool geometry, use of wiper technology, by means of the
tool nose configuration is evaluated.

2 Experimental methods

2.1 Materials and equipment

Turning tests were performed using a CNC lathe ‘Kings-
bury MHP 50’ (18 kW spindle power and a maximum

Fig. 1 Experimental setup
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Table 1 Tool geometry of the inserts

Table 2 Experimental plan for analysing the flank wear

Property Value
Clearance angle 0°

Tool cutting edge angle 93°
Tool nose radius 0.8 mm
Rake angle (tool holder) —6°
Cutting edge inclination angle (tool holder) —6°

spindle speed of 4500 rpm). In Fig. 1, it is shown a detail of
the experimental setup. Type DCLNL 2020 K 12 (ISO) tool
holder and ceramic-based tools of CNGA 120408 T01020
ISO code: conventional (CC650) and wiper (CC650WG)
from Sandvik Coromant were used. CC650 grade is mixed
alumina-based ceramic (71 % Al,O3, 28 % TiC and 1 %
other) [26, 27]. The geometry of the tools is defined by
their main properties in Table 1.

Workpiece material used in the experiments was AISI
H13 steel in form of bars with a diameter between 35 and
45 mm and a useful length of 102 mm. The hardness of
the material was 54 HRC. The bars were fixed using the
three-jaw chuck and the tailstock of the lathe to diminish
the effect of the vibrations.

The equipment used to obtain the main results of the
process was the following:

e Flank wear. Microscope TM510 Mitutoyo and a Camera
Moticam 2 Motic (R). Images of the tools were treated
using the Software Images Plus 2.0 ML Motic (R).

e Surface roughness. Hommel Tester T1000 profilometer
connected to a PC using the RS-232 interface and the
Turbo-Datawin software.

2.2 Methodology

The objective of the research is the evaluation of both sur-
face roughness and tool wear, and the influence of the tool
wear on the surface roughness. The expected surface rough-
ness for conventional tools can be easily predicted based
on the classical theoretical equations for surface rough-
ness based [28, 29] and, for wiper tools, based on the data
reported by Coromant [16]. Unfortunately, the evolution
of the tool wear cannot be easily predicted. In particular,
ceramics are very sensitive to microscopic flaws. Cracks
are often produced at the tool edge producing unpredictable
and catastrophic failure [30]. Grzesik and Zalisz [23] stated
that the tool wear in the machining of hard steel with con-
ventional and wiper tools is concentrated on the tool cor-
ner and the active secondary cutting (trailing) edge. Thus,
according to the ISO 3685 standard (1993), as tool wear
indicator the flank wear VB (mm) was chosen. The admis-
sible flank wear was measured at the corner radius [31].

Test Tool Feed rate Depth of cut  Cutting speed
(mm/rev) (mm) (m/min)

1 Conventional 0.05 0.2 240

2 Wiper 0.05 0.2 240

3 Conventional 0.05 0.2 80

4 Wiper 0.05 0.2 80

To select this indicator, it was considered that the depth of
cut (ap) (0.2 mm) is low when comparing to the tool nose
radius (¢,) (0.8 mm) taking as criteria t/ap > 1 [24]. As
criteria to evaluate the flank wear, it was fixed a minimum
machining time of 20 min before measuring the final flank
wear of the tool.

Based on all of the above, it is important to perform
exploratory tests to anticipate the response of the tools
in the turning of the workpieces and also to select ade-
quately the cutting conditions for the set of experiments.
One previous exploratory test was performed using the
following cutting conditions: feed rate (f) of 0.1 mm/rev,
a cutting speed (v) of 240 m/min and a depth of cut (ap)
of 0.2 mm. The test was performed with wiper tools and
the result obtained was 0.1881 mm (VB,) after cutting
20 machining lengths (/) of 102 mm (2040 mm). The total
machining time was around 10 min. Because of the low
flank wear obtained, it was decided to select a lower feed
rate for the set of experiments to allow the heating of the
tools during the cutting process and, thus, accelerate the
wear process.

Taking into account the results of the exploratory
test, the cutting conditions established to analyse the
flank wear and its influence on the surface roughness
were: cutting speed (80 and 240 m/min), depth of cut
(0.2 mm) and feed rate (0.05 mm/rev), and machining
length the same one of the workpieces (102 mm). The
experimental plan established to realise the investigation
includes four tests (Table 2). Because of the differences
in diameter of the workpieces the machined length is not
the same when using the same cutting speed. Thus, one
test includes the machining of several machining lengths
until the 20 min criterion is reached. It should be noted
that because of the use of workpieces with various diam-
eters, machining time and material removed after the
cutting of the first machining length are not the same for
all the workpieces. All of the tests were performed using
dry conditions.

The flank wear was measured after each of the tests for
the cutting speed of 80 m/min because the machining time
is around three times higher, depending on the diameter,
than the one of the cutting speed of 240 m/min. For the cut-
ting speed of 240 m/min, the flank wear was measured after
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all the tests from 1 to 9, and for the 12, 15, 18 and 21 tests,
taking into account that it is expected to get a great increase
in tool wear at the beginning of the cutting process.

Three surface roughness measures using the arithmeti-
cal average roughness (Ra) were taken after evaluating the
flank wear. These measures were taken over three differ-
ent generatrix separated 120° to diminish the effect of the
experimental errors.

3 Results and discussion
3.1 Flank wear and surface roughness

The flank wear results (VB,) are plotted in Fig. 2 versus
the machining length for both conventional and wiper tools
when turning at 80 and 240 m/min. In addition, the flank
wear is plotted versus the machining length and mate-
rial removed in Fig. 3. The values were obtained using the
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criteria established in the Methodology section and meas-
ured until the machining time reached the 20 min time
limit. During the tests, no catastrophic failure was detected
in any of the cases.

From Fig. 2, it is possible to see that flank wear increases
as the machining time is increased for all the cases ana-
lysed. This increase is higher when machining at 240 m/
min for both conventional and wiper tools, as expected
according to Taylor’s equations [32]. Thus, flank wear
when machining at 240 m/min reaches maximum values of
0.25 mm, while, when using the lower cutting speed, the
values are below 0.14 mm. In hard machining, the increase
of the cutting speed increases the temperature at the contact
zone and, thus, increases the tool wear [33]. The influence
of the cutting speed on the tool wear was identified as the
most important in the hard turning of AISI 4340 steel by
Suresh et al. [33]. The increase of the flank wear is asso-
ciated with an increase in the machining length and mate-
rial removed that can be observed in Fig. 3. When cutting
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Fig. 2 Flank wear (VB ) versus machining time: a v = 80 m/min and b v = 240 m/min
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Fig. 3 Flank wear (VB) versus: a machining length and b material removed
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Fig. 4 Flank wear (VB ) images: a conventional 80 m/min, b conventional 240 m/min, ¢ wiper 80 m/min, and d wiper 240 m/min

with the cutting speed of 240 m/min the machining length
increases from 816 to 1836 mm and from 714 to 2142 mm
for wiper and conventional tools, respectively. In the
case of the material removed, it increases from 17,612 to
48,393 mm? and from 16,585 to 53,095 mm? for wiper and
conventional tools, respectively. In the figure, it is possible
to identify how tools perform slightly better when machin-
ing with the highest cutting speed at the beginning of the
cutting process. But, at a later point in the cutting process,
the results obtained when using the lowest cutting speed
are close or even better than the ones obtained with the
highest cutting speed. However, the differences are reduced
and more experimental research is required to draw more
detailed conclusions.

The effect of the cutting speed on the flank wear after
20 min of cutting can be observed in Fig. 4. Thus, almost
the double of wear is observed in conventional tools when
using the highest cutting speed (Fig. 4a, b) and the same
results are obtained when using the wiper tools (Fig. 4c, d).
In Fig. 4, it is also included the value of flank wear to com-
pare adequately the performance of the tested tools.

When comparing the performance of the two types of
tools, it is possible to identify slightly better results for
the case of wiper tools though their results are close (the
improvement is below 6 %). These results are in accord-
ance with the ones provided by Grzesik [24] with a cut-
ting speed of 80 m/min but using higher feed rates (0.1 and
0.2 mm/rev). The effect of the use of wiper tools on tool life
is reviewed by Chinchanikar and Choudhury [34]. Authors
reported experimental investigations in which wiper tools
have been found to improve [35] and worsen [36] the tool
life against other conventional tool choices.

The surface roughness was measured after evaluating the
wear of the tool. Thus, the surface roughness (Ra) is plot-
ted in Fig. 5 versus the machining time. These figures allow
comparison of the evolution of the surface quality versus
the wear of the tool (dependent on the machining time).

The results obtained for surface roughness show a less
clear dependency on machining time as in the case of flank
wear, though in a random way. From Fig. 5, it is possible
to see how, in general, the trend for Ra is to increase in all
of the cases analysed but in the case of conventional tools
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Fig. 5 Surface roughness (R,) versus machining time: a v = 80 m/min and b v = 240 m/min

at 240 m/min the trend is to decrease. According to Rech
and Moisan [37], the parameter Ra is less sensitive to the
tool wear because of the material side flow, while other
parameters (R and R, ,,) are more sensitive. The tendency
observed for the conventional tool at 80 m/min is similar
to the one presented by Guddat et al. [25] for conventional
tools and, though less defined, for wiper tools.

Although the obtained values show high variability, it
is possible to identify a different performance of the con-
ventional tools for the cutting speeds tested. Thus, for the
lower cutting speed, Ra reached higher values. In the case
of wiper tools, the results are close, though an extremely
high peak appeared at 5.92 min, while the highest peak for
the conventional tool appeared at the end of the cutting.
The influence of the machining parameters on the surface
roughness has been analysed by several researchers. Feed
rate is in most of the cases confirmed as the most influential
factor and, in general, cutting speed is identified as a non-
influential factor as, for instance, reported by Aouici et al.
[38] in the hard turning of AISI H11 or Davim and Figueira
[8] in the hard turning of cold work tool steel (D2).

Regarding the performance of the two types of tools, it
is not possible to identify a general conclusion due to the
non-constant evolution of the surface roughness. In Fig. 6,
it is plotted the improvement I (%) of the wiper tools versus
the conventional tools for the different machining lengths.
To calculate the improvement of the wiper tools, Eq. 1 is
used:

Rawiper — Raconventional

(%) = x 100 (1)

Raconventional

From Fig. 6, it is possible to appreciate how the results
of the wiper tools outperform the ones of the conventional
tools but not in all the cases. In this sense, by the middle
of the cutting process conventional tools provided better
surface roughness results than wiper tools. Regarding the
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Fig. 6 Improvement (/) of surface roughness due to the use of wiper
tools

improvement in percentage, it varied notably up to 100 %
but, in the negative case, it even reached values higher than
100 %. Coromant [16] does not provide results for the tool
nose radius of 0.8 mm for the feed rate tested (0.05 mm/
rev). The obtained results do not agree with the one of
Elbah et al. [19] that identifies better results of wiper tools
in comparison with conventional tools, when machin-
ing with a feed rate of 0.08 mm/rev and a cutting speed of
160 m/min.

3.2 Influence of the flank wear on the surface
roughness

Feed rate and tool nose radius are the main factors affect-
ing surface roughness according to theoretical equations.
In particular, Klocke et al. [39] stated that the macroscopic
tool geometry is the most determinant factor when feed
rate is higher than 0.1 mm/rev. However, when feed rate
is lower the size and shape of the cutting edge defects can
influence the surface roughness [39]. Further discussion
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about the effects of the use of low feed rates on the surface
roughness can be found in Carou et al. [40].

Taking into account that the feed rate used for the pre-
sent experiments was 0.05 mm/rev, it is considered inter-
esting to evaluate whether the evolution of the flank wear
has influence on the surface roughness or not. To assess the
influence of the flank wear on the surface roughness the
Pearson’s r coefficient is used. This coefficient is an indi-
cator for the strength of a linear association between two
random variables varying between —1 and 1, being O the
value of data analysed is not correlated. Pearson’s r can be
calculated using the two sample variances (Sxx and Syy)
and the sample covariance (Sxy). The equation to calculate
the coefficient is as follows [41]:

Sy

r= — )
S5 )

Using Eq. 2, it is possible to calculate the correlation
between the flank wear and surface roughness for each
of the cases analysed. The values modelled the relation
between the two variables that in a graphic way is the same
as the one presented in Fig. 5 (surface roughness versus
time). The results of Pearson’s r are shown in Table 3.

The calculated Pearson’s r shows how the results dif-
fer considerably depending on the cases taken into account.
There are no similarities between the results obtained for a
specific type of tool or at a specific cutting speed for each
of the tools. In addition, the Pearson’s r does not provide
information about the variability of the results that can be
observed in Fig. 5. This result agrees well with that presented
by Zhang and Liang [42] in the hard turning of AISI 1053
with low CBN tool inserts in which no relation was found.
In addition, Lima et al. [43] showed how there is no relation
between the surface roughness with the time (tool wear) in
the hard turning of AISI D2 steel at different cutting speeds.
However, for future research, it is recommended the use of
more detailed graphical analysis for evaluating the evolution
of the geometry of the tool nose with machining time.

4 Conclusions

The present study shows an experimental investigation of
the turning process of AISI H13 with ceramic tools. The
objectives of the study include the analysis of the flank
wear and surface roughness, and the influence of the tool
wear on the surface roughness. The main conclusions are
as follows:

e The flank wear was measured in the corner of the tool
using the indicator VB.. No catastrophic failure was
obtained during the tests. The flank wear was found to

Table 3 Pearson’s r for the flank wear and surface roughness vari-
ables

Tool Cutting speed (m/min) Pearson’s r
Conventional 80 —0.99
Conventional 240 0.78
Wiper 80 0.81
Wiper 240 0.08

be highly influenced by the cutting speed. A big increase
in tool wear was observed when turning at 240 m/min
tool.

e A small influence of the type of tools was found on the
flank wear. In this sense, a slightly higher flank wear
was observed when using conventional tools. However,
differences are low and limited to 6 %.

e Regarding the surface roughness, no clear trend was
observed depending on the tool wear for both con-
ventional and wiper tools, and also for the two cutting
speeds tested. The evolution of the surface roughness
tends to reach higher values when tool wear is higher
but some tools do not show this trend as, for instance,
the conventional tool when machining at 240 m/min.

e The influence of the tool wear on the surface roughness
was analysed with Pearson’s r correlation coefficient,
confirming that there was no clear trend for the obtained
values.

e Finally, the results of surface roughness obtained with
conventional and wiper tools were compared. In this
sense, it was observed that wiper tools let attained bet-
ter surface roughness results in most of the cases during
the cutting process but, in occasions, conventional tools
outperformed wiper tools.
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