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Abstract

The present work investigated the influence of face milling parameters (cutting speed, feed per tooth and depth of cut) and
tool grade (tungsten carbide and cermet) on the surface integrity of annealed AISI H13 steel in terms of components of
resultant force, machined surface temperature, surface quality and induced residual stresses. The results indicated that depth
of cut and feed per tooth were the parameters responsible for the highest milling force components; furthermore, the milling
force components did not depend on the cutting speed cutting tool grade. Depth of cut was the only factor that influenced
the temperature on the machined surface, indicating that an increase in this parameter raises the temperature considerably.
Regarding the machined surface quality, feed per tooth was the main factor influencing the roughness parameters for both
tool materials, while the influence of tool grade, cutting speed, depth of cut was negligible. The tribological effect of the
lubricating-cooling action of the cutting fluid on chip-tool and workpiece-tool interfaces was beneficial to the improvement
of the surface quality. Surface roughness was significantly better after milling with the cermet in comparison with tungsten
carbide under the same cutting conditions. Tensile residual stresses prevailed in the layer immediately below the surface,
which may represent unfavorable conditions for the performance of the component. In general, high cutting speed associated
with high feed per tooth, low depths of cut and cutting fluid application induced tensile residual stress of lower intensity.
Finally, cutting tool grade did not affect the residual stresses remarkably.
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1 Introduction

The AISI HI3 is a hot work die steel with wide
industrial application in mould and dies manufacture due
to its low plasticity, high hardness, low extensibility and
ability to achieve low surface roughness in machining
operations, elevated wear resistance, even when used at
high temperatures and for long periods [1, 2]. AISI H13
steel behaves differently at different hardness levels, thus
affecting the machining force and the overall process
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behavior [3]. Therefore, the need to minimize cutting force
and energy consumption during machining in order to
reduce the mechanical and thermal stresses is required [4],
since the increase of the machining force can lead to the
instability of the process, resulting in excessive vibrations
and temperature increase. Therefore, an appropriate choice
of tool, cutting parameters and cooling environments enable
the control of milling forces, ensuring the integrity of the
milled product. Cui et al. [5] performed milling of AISI
H13 steel and found that the machining force increases
proportionally to the cutting speed. The authors explain
that the increase in cutting speed promotes the elevation
of temperatures, leading to an adherence of material on
the tool rake face, increasing the coefficient of friction
and, consequently, the increase of forces. Ding et al. [6]
investigated the effects of cutting parameters on cutting
forces in hard milling of AISI HI3 steel with carbide
coated tools and identified that depth of cut and feed per
tooth are the two dominant cutting parameters responsible
for increased cutting forces due to an increase in chip
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cross-section. Afazov et al. [3] analyzed the cutting forces
when micromilling AISI HI3 steel at hardness between
35 and 60 HRC. The authors found that cutting forces
and cutting temperatures increase with increasing AISI
H13 hardness, while process stability limits decrease with
increasing hardness.

When applied in molds and dies, AISI H13 steel must
meet high surface topography requirements and roughness
is one of the main methods for assessing surface quality
[6]. Roughness parameters are widely used as an index
of product quality and are related to aesthetics criteria,
corrosion resistance, processing advantages, tribological
aspects, fatigue life, as well as enabling improvement and
precise fit for critical contact surfaces [7]. Do, Nguyen and
Phan [8] evaluated the roughness after milling AISIH13 and
concluded that the roughness depends of cooling conditions
and cutting parameters. The authors concluded that using
cutting fluid and minimum values for feed per tooth and
depth of cut were responsible for the reduction in surface
roughness.

The measurement and analysis of temperature in milling
process is of utmost importance in order to preserve
the surface integrity of the part. When the surface of a
workpiece is regularly exposed to thermal cycling (heating
and cooling), a temperature gradient arises, resulting in
thermal stresses along the layers adjacent to the surface that
contribute to the propagation of surface nucleated cracks. As
the depth increases from the surface, the effect of thermal
cycling decreases, ceasing crack propagation [9]. Li et al.
[10] report that the combination of localized, high-intensity
thermomechanical effects that occur during hard milling
involves severe plastic deformation, grain refinement,
and phase transformation. According to the authors,
phase transformation always occurs and is detrimental to
surface integrity, inducing work hardening and white layer
formation. However, not all techniques are effective or
simple to apply [11]. Some difficulties that can be found
in the measurement processes, such as establishing the
appropriate environmental conditions and the emissivity
of the analyzed material [12, 13]. The method used to
estimate the milled surface temperature ABNT H13 steel
of this work was proposed by Moreira et al. [14], who
compared two different methods: the first was based on
the diffuse-grey approximation, with a constant emissivity
value, and the second used directional-spectral radiative
heat transfer relationships, which is suitable for opaque
surfaces with emissivity approximately constant in relation
to wavelength, but is not ideal for measuring temperature
in milling AISI H13. The second is the methodology of
the directional-spectral radiative heat transfer relationships,
which showed a satisfactory agreement with the temperature
values reported in the literature.
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The performance of machined components is associated
with the residual stresses induced during the process, which
affect the fatigue life, corrosion resistance and distortion
of the parts [15]. Residual stresses may arise from thermal
and mechanical effects and can be beneficial when their
nature is compressive, or detrimental when it is tensile.
Teppernegg et al. [16] evaluated the residual stresses in
coated carbide inserts after milling a 42CrMo4 steel and
found that the residual stresses and wear of the inserts
were mainly influenced by mechanical and thermal shocks.
Shaw [17] asserts that a region of the workpiece ahead
of the cutting tool (before actual cutting) concentrates
compressive residual stresses and a large amount of strain
energy is stored. After cutting, this stored energy associated
with the compressive stresses can be released and converted
into a tensile energy. However, if the compressive residual
stress is high enough and the stored energy is quickly
released due to a high cutting speed immediately after the
tool passes over the machined surface, the compressive
residual stress is converted into a tensile residual stress.

Cutting tool material is another parameter that can affect
the surface integrity of the part due to the tribological
aspects. Aslan and Camuscu [18] state that cubic boron
nitride tools achieved longer tool life and produced a
better surface finish on the workpiece when compared with
coated carbide, mixed alumina and coated cermet when
milling AISI HI3 steel. This result is due to the lower
tool wear promoted by the CBN tool coating. Ribeiro
et al. [19] compared coated carbide and cermet inserts
when milling AISI H13 steel and did not find a significant
difference between the cutting tool grades tested in terms of
dimensional deviation.

According to Kun and Wenyu [20], most research on
surface integrity is limited to observing the variation in
residual stresses when the cutting parameters, such as
cutting speed, feed rate, depth of cut and tool geometry
are changed. However, there are other variables that can
affect residual stresses and that are difficult to measure
accurately, therefore, they are often neglected, such as the
influence of different cutting tools materials, the behavior
of the machining force components, cutting temperature and
surface finish. In applications such as molds and dies, it is
important to ensure the surface integrity of the AISI H13
steel after milling. For this reason, low surface roughness
is required aimed at negligible stress concentration and
neutral or low tensile residual stresses near the surface, since
stresses of this nature tend to lead to crack propagation
and reduce fatigue life. Therefore, the main purpose of
this research is to correlate the mechanical and thermal
effects induced by the input parameters on the responses and
their relationship with the surface integrity of milled AISI
H13 steel. The mechanical effects induced by high milling
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forces can adversely affect the surface quality by generating
forced vibrations and/or intense plastic deformation on the
surface, while thermal effects resulting from excessive heat
generation can induce tensile residual stresses of higher
intensity and impair the fatigue life of the component.
Therefore, it is intended to establish a correlation between
the input parameters (cutting speed, feed per tooth, depth
of cut, cutting tool material and use of cutting fluid) and
the response variables (milling force components, machined
surface temperature, roughness and residual stresses) that
allow the better understanding of the behavior of this
material when subjected to the cyclic mechanical and
thermal loads and to identify favorable cutting conditions
associated with superior surface integrity of the machined
part.

2 Materials and methods

AISI H13 hot work die steel was selected as work material
and subjected to annealing in order to homogenize the
specimens and ensure that they were free from residual
stresses. The heat treatment consisted of uniformly heating
up to a temperature of 6909C and keeping the specimens at
this level for 3.5 h in a furnace with a controlled atmosphere
to avoid decarburization. After this period, the temperature
was reduced to 480 ©C, followed by cooling in the furnace
to room temperature. After heat treatment, the average
hardness of the AISI H13 steel specimens was 178 & 8 HV.

Milling tests were performed on a machining center
with power of 9 kW and maximum speed of 7000 rpm.
The milling cutter used was a 50-mm diameter face mill
with three inserts and the approach angle of 45° (Sandvik
Coromant ASX 445-050A03R). Two cutting tool grades
were employed: ISO grade P20 tungsten carbide (WC)
(Mitsubishi Carbide SEMTI13T3AGSN-JM MP 6120)
and cermet (Mitsubishi Carbide SEMTI13T3AGSN-IM
NX4545).

A Kistler piezoelectric dynamometer model 9272 con-
nected to National Instruments USB — 6366 data acquisition
system and to a Kistler amplifier (type 5073) was used to
acquire the feed force (Fx), thrust force (Fy) and tangential
force (Fz), where x, y, and z represent the axis directions.
Force signals were acquired using ManuWare and NI Lab-
View SignalExpress software at an acquisition rate of 1
kHz.

A FLIR thermographic camera model SC 660 with a
19-mm lens was used to measure the specimens surface
temperature during the milling tests. Temperature was
collected only when dry cutting, because the thermographic
camera cannot be exposed to the cutting fluid (harmful to

its components). The camera was positioned on a tripod
at a distance of 260 mm form the specimens and at a
tilt angle of 37° and pointed at the workpiece surface. In
order to obtain a better access to the cut region by the
camera, the temperature measurements were carried out
in the up milling direction. The temperature measurement
range was from O to 500 °C and the acquisition rate was
15 Hz. The thermogram files for each test were processed
in FLIR Quick Report 1.2 SP2 software. The methodology
and calculation routine for acquiring the milled surface
temperature during milling of AISI H13 steel can be found
elsewhere [14].

Surface topography was assessed on a Hommel Etamic
T8000 contact profilometer with a Tku 300/600 pick-up
and diamond stylus with 909 and the tip radius of 5 um.
MountainsMap software was used to generate the images of
the primary surfaces and process the following roughness
parameters: arithmetical mean deviation (Ra), root mean
square deviation (Rq), ten points height of the roughness
profile (Rz) total height of the profile (Rt).

The hole-drilling method was used to acquire the
microstrains and calculate the residual stresses according to
ASTM E837-13a [21] standard. After cleansing each spec-
imen, a rosette model PA 06 060 RF 120L was attached to
the milled surface. The fixed strain gauges were identified
in order to obtain the microstrains corresponding, respec-
tively, to the X axis (parallel to the feed direction), Z and
Y axes (microstrains perpendicular to the feed direction).
After fixing the rosette, the terminals were connected to a
Vishay P3 microstrain indicator and recorder. Subsequently,
a RS-200 milling guide high-speed turbine was positioned
and the hole was produced using a Jet FG 38 inverted
conical carbide drill (maximum diameter of 1.59 mm) at a
speed of 210,000 rpm. The hole was drilled to a depth of
1 mm and drilled in 20 steps using 0.05-mm increments.
After performing the 20 increments, the microstrains data
were processed by the Vishay Hdrill software. According
to El-Khabeery and Fattouh [22], residual stress curves
usually start from an absolute maximum value below the
surface and then stabilize at values close to zero after a cer-
tain depth. It was observed that the residual stresses reached
at zero at a depth of 225 pm below the surface for all tested
conditions, therefore, the results are given up to this value.
Figure 1(a) shows the milling setup and Fig. 1(b) shows the
setup to measure strains.

To determine the experimental design for this research,
a study was conducted considering different decision-
making methods for determining optimal parameters. Any
engineering process has a decision-making component
to which is usually associated with effort and cost
reduction [23]. Most machining studies use the Taguchi
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Fig.1 Milling setup of the (a)
tool and workpiece assembly (b)
rosette and connector attached
on the milled surface

method [24]; however, this method is not reliable when
the required responses are associated with industrial
applications [25], since the individual factors considered in
the Taguchi method may have different optimal solutions.
The Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS) is a decision-making method
with multi-attribute characteristics used to determine the
optimal alternatives from a limited selection [26, 27].
In this method, an optimized solution can be found,
thus reducing the uncertainty in the determination of the
input parameters when the machining process is executed.
Alternatively, Response Surface Methodology (RSM) is a
statistical approach in which the responses of experiments
are formulated as a function of input parameters, as
reported by Ramnath and Thyla [25], who also developed
a guide method in determining response values by varying
machining conditions, thus providing the formulation of
a functional relationship between input parameters and
measured responses. Also noteworthy is the analytical
hierarchy procedure (AHP) method, which aims to select
the optimal milling condition in order to understand the
responses of the machining operation, such as thrust force,
tangential force and surface, and roughness [28].

The experimental design methods presented above
are effective in decision-making; however, many of
these methods require a large number of experiments,
considerably increasing the time and cost of operations and
analysis, making it unfeasible in specific cases, such as
measurements of residual stresses. If interactions can be
assumed to be insignificant, information about the main
effects can be obtained by running only a fraction of the
experimental design. Thus, Plackett-Burman stands out as a
fractional experiment that can be applied when many factors
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high speed

are considered and the aim is to identify the most important
factors early in the experimentation phase [29].

Plackett-Burman is the experimental design used in this
work. This design is classified as a two-level fractional
factorial design or 2k design, and, as a rule, must be
designed with parameters up to k (where k = N - 1 and
N the total number of runs) [30]. These experiments can
be used for N = 12, 20, 24, 28 and 36. The designed
arrangements are multiples of four, composed of positive
sign for the higher level (represented by +1), and negative
sign for the lower level (represented by —1). When a center
points is added, the sign is considered to be 0 [29]. The
experimental work was designed using Minitab 17 software
and the factors, cutting speed (v.), feed per tooth (f), depth
of cut (ap) and cutting fluid (CF), were tested randomly. In
addition, two test designs were performed to evaluate the
effects of both cutting tool materials: tungsten carbide (WC)
and cermet. Since the Plackett-Burman is a 2k-type design,
i.e. it only allows the factors to vary on two levels, the center
point is added for the numerical parameter. The central point
represents an intermediate value between the lower and
upper levels for the parameters used [31]. For the present
work, the central points are as follows: v, = 150 m/min,
fz = 0.10 mm/rev and a, = 1 mm. The addition of the
center point in a two-level factorial design enables detecting
curvature in the fitted data. The existence of a curvature
indicates that the average response at the center point is
higher or lower than the average response at the extreme
levels. Therefore, a Plackett-Burman design was performed
with 12 tests, replication at the center point, resulting in 16
tests for each cutting tool grade. Table 1 presents the milling
parameters and their levels used for tungsten carbide (WC)
and cermet tools.
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Table 1 Milling parameters

Values
Parameters Lower level (-1) Central point (0) Higher level (+1)
Cutting speed, v, (m/min) 100 150 200
Feed per tooth, f, (mm/rev) 0.05 0.10 0.15
Depth of cut, a, (mm) 0.5 1.0 1.5
Cooling environment Cutting fluid - Dry cutting

3 Results and discussion
3.1 Components of the milling force

The components of the milling force are presented in Fig. 2:
feed force (Fx), thrust force (Fy) and tangential force (Fz).

The analysis of variance indicated that neither cutting
speed nor the application of cutting fluid significantly
affected the components of the milling force (p-value
< 0.05). Moreover, depth of cut presented the largest
percentage contribution to the three force components.
According to Fig. 2(a) and (b), increasing depth of cut
and/or feed per tooth, respectively, raised the components

of the milling force for both WC and cermet tools. This
behavior was reported by [6, 32] and can be explained by
the fact that, increasing depth of cut and/or feed per tooth
implies in a larger chip cross section, thus requiring higher
forces to remove material. In addition, the higher the depth
of cut and feed per tooth, the larger the chip-tool contact
area and, consequently, the adhesion of the chip on the rake
face [33] and the components of the milling force [34]. The
response of the milling force components at the center point
for both feed per tooth (f, = 0.10 mm/rev) and depth of cut
(ap = 1.0 mm) was not higher or lower than the mean value
at the extreme levels (f; = 0.05 mm/rev and 1.5 mm/rev and
a, =0.5 and 1.5 mm); therefore, it can be concluded that the

Fig.2 Effect of (a) depth of cut
and (b) feed per tooth on the B—WC B WC
components of the milling force —@— Cermet —@— Cermet
60 — 60 —
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studied factors did not present a curved relationship with the
responses.

The Fy component presented the highest value (followed
by Fz and Fx) for both depth of cut and feed per tooth.
This behavior was observed for the WC and cermet inserts
and can be explained by the fact that all the tests were
conducted for down milling; thus, promoting generates a
lower force for the X axis component, which is parallel
to the feed direction. The Y axis component presented the
highest values because of its location perpendicular to the
feed direction, requiring more effort for material removal.
Finally, the Z axis component presented an intermediate
value because it is not associated with material removal.

The two-sample t-test performed to compare the Fx, Fy
and Fz values generated by the WC and cermet inserts gave
p-values of 0.781; 0.653 and 0.801; respectively. Since the
p-value was greater than 0.05, the null hypothesis must be
accepted, i.e. the difference between the average forces in
the three axes generated by the WC inserts compared to
the cermet inserts is not statistically significant. Thus, if the
aim of the milling operation is to minimize the components
of the force, low levels of depth of cut and feed per tooth
are indicated since these parameters were predominant. In
contrast, a high cutting speed can be employed to maximize
production and the use of cutting fluid can be suppressed.

3.2 Milled surface temperature

The t-tests performed to determine the influence of
investigated factors on the milled surface temperature
indicated that depth of cut was the only parameter which
affected the temperature of the milled surface. When cutting
speed, feed per tooth and tool material were changed, the
scatter in the box-plots did not allow to assert that within
the range tested, these parameters statistically affected the
surface temperature (no difference between the mean values
of the temperature under the different levels of the evaluated
parameters). Although the elevation of cutting speed and
feed per tooth is likely to increase the temperature in the
chip-tool interface (as well as the use of a cutting tool
material with lower thermal conductivity), a significant
part of the heat generated is conducted away from the
cutting zone by the chip and an appreciable increase
in the machined surface temperature is not detected by
the infrared camera. Despite the remarkable advantage of
being a non-intrusive technique, the fact that the thermal
radiation method is not capable of measuring the interface
temperature in oblique cutting remains a major drawback.
Figure 3(a) shows that increasing the depth of cut
significantly raises the milling temperature on the surface,
as was also noted by Yan, Hua and Shivpuri [35]. This

Fig.3 Milled surface 200
temperature: (a) influence of J x
depth of cut, thermograms for ;G 180 — Tool
milling with (b) a, = 0.5 mm, o 1 o o0
(¢)a, = 1.0 mm and (d) a, = 1.5 g 160 - \
mm 8 140 4 % " Feed direction

g ] * -

& 120 /ﬂ X

100 —| IZE;] g
J l l Workpiece /
0.5 1 1.5
Depth of cut (mm)

(a) Boxplot

(b) ap = 0.5 mm (Tmax = 117° C)

(©) 2p=1.0 mm (Tmax = 153° C)
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Table 2 P-values for the roughness parameters
Ra Rq Rt Rz

Parameters wC Cermet WwC Cermet wC Cermet wC Cermet
ve (m/min) 0.056 0.736 0.175 0.532 0.239 0.096 0.097 0.390
[ (mm/rev) 0.001 0.001 0.008 0.002 0.002 0.140 0.004 0.014
ap (mm) 0.951 0.793 0.307 0.172 0.841 0.140 0.538 0.241
Cutting fluid 0.079 0.009 0.079 0.009 0.362 0.009 0.157 0.002
Curvature 0.155 0.837 0.688 0.369 0.737 0.821 0.860 0.584

behavior can be explained due to the increase of the
chip cross-section, which increases the energy required to
perform the cut [3]. Consequently, higher forces (Fig. 2(a))
and higher temperatures are expected when the axial
depth of cut is elevated. Figure 3(b) to (d) show the
thermograms used to identify the temperature distribution
on the machined surface as a function of depth of cut
during dry milling. The lowest temperature was obtained for

an axial depth of cut of 0.5 mm (Fig. 3(b)), and reached
117°C. Small areas at low temperatures are observed. The
white regions near the cutting zone, still at low temperature,
are chips in formation. Increasing the axial depth of cut
tol mm elevated the temperature by approximately 31%,
reaching 153°C (Fig. 3(c)). The region of the highest
temperature is identified at the chip exit when the up milling
direction.

Fig.4 Influence of feed per

tooth on the roughness —— WC
parameters: (a) Ra and Rq, (b) —@— Cermet —m— WC
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surfaces for v, = 100 mm/min, 04 3 3.0 — Cermet
=15 d Tool = WC ~OOE :
ap mm and Too §03 3 ./. 25 2
& 8'? E ./. 2203
P M5 3
0.0 3 : : R
12 3 10 3 ' :
2 083 Gl e
& 04 3 o/. il
0.0 3 - : 210 3
0.05 0.15 05 3 ; :
Feed rate (mm/rev) 0.05 0.15
Feed rate (mm/rev)
(a) (b)
/£ =0.05 mm/rev £=0.15 mm/rev _ pan
35
3.0
25
- 2.0
15
10
0.5
(c) Primary surfaces 0.0

@ Springer



3142 The International Journal of Advanced Manufacturing Technology (2023) 125:3135-3148

According to the analytical model developed by Tadié,
Marjanovi¢ and Mitrovi¢ [36], the magnitude of work
required to produce a chip is approximately 10% higher
for up milling, since the cutting thickness is higher at the
tooth exit. When milling with a depth of cut of 1.5 mm
(Fig. 3(d)), the maximum surface temperature was 188°C,
which corresponds to an increase of approximately 61% and
23% in relation to the depths of cut of 0.5 and 1.0 mm,

respectively. In this case, a higher temperature is observed in
regions extending slightly ahead of the cutting zone, due to
the increased severity of the operation. It is noteworthy that
the axial depth of cut was the parameter that most affected
all components of the milling force due to the increase
in the shear area and, consequently, generating more
heat during the milling operation and resulting in higher
temperatures.

Fig.5 Influence of the cutting
fluid on (a) roughness

parameters Ra, Rq, Rz and Rt
and (b) Primary surfaces (v, =

Dry cutting
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3.3 Milled surface roughness

Table 2 shows the p-values for the roughness parameters
Ra, Rq, Rt and Rz for the WC and cermet tools. P-values
that were statistically significant are shown in bold. For the
WC tool, feed per tooth was the only factor that presented
a significant effect on all the roughness parameters. For
the cermet tool, in addition to the feed per tooth, which
significantly influenced the Ra, Rq and Rz parameters, the
application of cutting fluid also affected all the roughness
parameters. The curvature showed a value above 5% (p >
0.05) for all parameters; therefore, it cannot be concluded
that any of the factors had a curved relationship with
the response, i.e. the mean values of Ra, Rq, Rt and Rz
measured at the center point (f, = 0.10 mm/rev) were not
higher or lower than the mean responses for extreme levels
of feed per tooth (0.05 and 0.15 mm/rev).

Figure 4(a) shows the influence of feed per tooth and
cutting tool grade on the mean values of the roughness
parameters Ra, Rq, and Fig. 4(b), Rt and Rz. It can be
observed that the higher the feed per tooth, the higher the
roughness, especially the Ra and Rt values. This behavior
can be explained by the fact that increasing feed leads to
the elevation in the distance between adjacent peaks of the
roughness profile [37-39]. Figure 4(c) presents images of
the primary surfaces to show the effect of increasing feed
per tooth from 0.05 to 0.15 mm/rev on the amplitude and
geometry of the surface profile generated by milling. As
seen previously, the increment of feed per tooth increased
Fx, Fy and Fz; therefore, in addition to the geometric effect
of the feed per tooth generated by the tool, the influence of
elevating the milling force components must be considered,
i.e. the inducement of more intense plastic deformation on
the workpiece surface during machining that consequently
affected roughness parameters [40]. In contrast to feed per
tooth (and tool nose radius), which presents as geometric
relationship with Ra and Rt, the influence of cutting speed
and depth of cut depends on how these parameters affect
the milling force components and on the stiffness of the
machine tool to bear these forces.

Figure 5 shows the influence of the use of cutting
fluid and tool material on the roughness. The application
of cutting fluid considerably reduced the average values
of the roughness parameters when compared with dry
milling (Fig. 5(a)). The cutting fluid plays a key role in
reducing friction, since the lubricant film prevents friction
between the tool clearance face and the just machined
surface, thus reducing roughness, geometric deviations,
cutting temperature and tool wear [41]. It is noteworthy
that the cutting fluid performed better when cermet
inserts were used. According to Klocke [32], the cermet
tool, by having high chemical inertness, hardness and
oxidation temperature, provides superior performance when

compared to WC tool, resulting in surface quality, as seen
in Fig. 5(b). Additionally, the better surface quality may be
associated with the lower coefficient of friction promoted by
cermet at the chip-tool and workpiece-tool interfaces [42].

The average value of the roughness parameters (Ra, Rq,
Rt and Rz) generated by the WC inserts are higher than the
average values of the roughness parameters generated by the
cermet inserts (Fig. 5(c)). As mentioned, cermet has superior
properties (chemical inertness, high hardness, oxidation resis-
tance, lower coefficient of friction between the steel-cermet
tribological pair) when compared to the WC tool, which
improve the tribological behavior of the tool, resulting in
higher stability during cutting. In addition, Liu et al. [43]
report that cermet has a higher adhesion resistance when
compared to WC tool, which results in a better surface finish.
The images of the primary surfaces presented in Fig. 5(d)
corroborate these results. It is observed that the amplitude
of the profiles of the cermet milled surface is much smaller
when compared to the WC milled surface, and there is also
a modification of the geometric aspect of these profiles.

3.4 Residual stresses

Figure 6 presents the results for residual stresses in the
directions parallel (o, ) and normal (o,5,) to the feed
speed as a function of the depth below the surface. In
general, tensile residual stresses of low magnitude are
induced after milling near the surface (17 um beneath
it). These tensile stresses become zero at a depth of
approximately 75 pum and then either stabilize (small
fluctuations around zero are due to measurement errors
and work material heterogeneity) or are converted to
compressive residual stresses at a depth of 75 um to reach
stress values close to zero at a depth of 125 um. The
prevalence of tensile residual stresses on the surface and
compressive residual stresses on the subsurface was also
identified by Axinte and Dewes [44] when milling AISI
H13 steel at high speeds. This fact can be explained by
the thermal effects that prevail near the material surface,
i.e. temperature rise and thermal expansion on the outer
layers of work material. Since the inner layers are not
subjected to thermal expansion to the same extent because
their temperature is considerably lower, plastic deformation
takes place beneath de surface for the sake of material
continuity. After machining, temperature decreases and
the outer surface layers contraction is hindered by the
layers plastically deformed immediately below, thus leading
to tensile residual stresses near the surface. In contrast,
near-surface compressive residual stresses are observed as
the result of mechanical effects: the cutting tool action
burnishes the outer layers of the work material and if
its yield strength is exceeded, plastic deformation takes
place. However, the inner layers are subjected to elastic

@ Springer



3144

The International Journal of Advanced Manufacturing Technology (2023) 125:3135-3148

Fig.6 Influence of (a) tool
material, (b) cutting speed, (c)
feed per tooth, (d) depth of cut
and (e) cutting fluid on residual
stresses

deformation and tend to return to their original dimensions
after the cutting tool pass, thus promoting compressive
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residual stresses on the surface layers.

Ma et al. [45] state that thermal effects induce tensile
residual stresses and Lin and Chen [46] consider that
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machining converts power into heat and expansion and
contraction phenomena occur in materials. The contraction
of the material in the cooling of differently heated and
plastically deformed regions during machining represents
the main source of residual stresses, since the temperatures
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present in the process are of high magnitude, the modulus of
elasticity and the yield strength of the metal are drastically
reduced, facilitating the flow of the expanding metal.

Figure 6(a) shows that there is no significant difference
between the residual stresses induced by WC and cermet
inserts. Therefore, the analysis of the effect of the remaining
factors on the residual stresses was carried out using WC
inserts. The influence of cutting speed on the residual
stresses is given in Fig. 6(b). It can be observed that at
the depth of 17 um, the increase in cutting speed reduced
the tensile residual stress. Similar results were reported by
Zhang, Ding and Li [47]. This effect possibly occurred
due to the shorter contact time between the tool and the
workpiece at higher cutting speeds, thus minimizing the
thermal effects and inducing tensile residual stress of lower
intensity near the surface.

The influence of feed per tooth is presented in Fig. 6(c).
Near the surface, slightly lower residual stresses were
recorded using the highest feed per tooth. This phenomenon
can be explained by the mechanical effects of the tool on
the machined surface, as the feed per tooth at higher level
resulted in higher cutting forces. Thus, the high machining
forces may have contributed to plastically deforming the
surface of the workpiece, which resulted in tensile residual
stresses of lower intensities [15, 40]. Beneath the surface,
compressive residual stresses reach a maximum 75 pum for
the same reason given above.

Figure 6(d) compares the residual stresses induced by
WC inserts when depth of cut is increased from 0.5 to
1.5 mm. It is observed that at the depth of 17 um the
increase in depth of cut induced tensile residual stresses,
similar to the results reported by Ji et al. [48]. Increasing
depth of cut lead to higher milling forces and temperature
on the machined surface. Therefore, this result may be a
combination of mechanical effects (generated by the higher
feed forces) and thermal effects (generated by the higher
temperature of the milled surface). The higher feed forces
may have contributed to the plastic deformation near the
surface; however, the effect of the higher temperatures may
have been predominant in inducing tensile residual stresses
of greater intensity. Thus, the increased depth of cut that has
been shown to increase the machined surface temperature,
induced tensile nature due to the subsequent cooling. The
surface machined under high depth of cut may have cooled
faster than the subsurface, inducing tensile residual stresses
with higher intensities.

The influence of cutting fluid against dry cutting is
shown in Fig. 6(e). In contrast to dry cutting, milling with
cutting fluid induced compressive residual stress at the
depth of 17 um. The reason for that may be a reduction
in the friction coefficient at the tool-workpiece interface.
Moreover, the cooling action of the cutting fluid removes

heat from the workpiece. Similar results were obtained by
Devillez et al. [49].

In general, it was observed that the residual stresses
depend on the depth below the surface being analyzed and
that opposite effects occurred at depths of 17 um and 75
pm. Considering that the surface integrity encompasses
the surface and the layers immediately beneath it, it can
be stated that the analysis at the depth of 17 um is the
most important, mainly because at this depth residual tensile
stresses could be detrimental to the fatigue life of the
machined part [49]. Thus, aiming machining parameters
that minimize tensile residual stresses is a significant
contribution of this research. Therefore, it can be concluded
that the tensile residual stresses in the layer immediately
below the surface is reduced when milling employing higher
cutting speed and feed per tooth, lower depth of cut and with
the application of cutting fluid, irrespectively of the cutting
tool grade.

3.5 Brief results

In the present research, optimal machining conditions
are expected to minimize all the investigated responses:
milling force components, machined surface roughness,
workpiece temperature and tensile residual stresses. The
most appropriate way to achieve such goal is to employ
multivariate optimization techniques, such as the response
surface methodology. Although optimization was not the
principal aim of this paper,in general, it can be asserted
that the use of cermet inserts with a cutting speed 200
m/min, feed per tooth of 0.05 mm/rev, depth of cut of 0.5
mm in the presence of cutting fluid resulted in the best
overall outputs. Finishing milling with cermet inserts is
recommended because their superior properties (compared
to tungsten carbide) can be effective in minimizing
tribological effects on the workpiece material, which tends
to reduce roughness and tensile residual stresses. The
higher cutting speed is recommended in order to allow
higher productivity and tensile residual stresses of lower
intensity, since the contact time between the tool and the
workpiece is shorter. Lower feed per tooth is recommended
to provide better surface finishing and lower depths of
cut are recommended to minimize the components of the
milling forces, machined surface temperature, and residual
stresses. The application of cutting fluid is important to
minimize the tribological effects of machining, improving
surface quality and reducing tensile residual stresses.

Individually, each input parameter can affect the force
components, surface quality and temperature, and residual
stresses to a lesser or larger extent. Therefore, it is suitable
to establish individual input parameter levels for each output
parameter, as shown in Table 3.
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Table 3 Recommended milling parameters

Parameters
Demand Output Input Recommendation
Cutting force reduction Milling force Tool: WC or cermet
Ve Higher
fz Lower
a, Lower
Cutting fluid Yes
Surface workpiece temperature reduction Milled surface temperature Tool: WC or cermet
Ve Higher
f Higher
a, Lower
Cutting fluid Yes
Surface roughness reduction Milled surface roughness Tool: Cermet
Ve Higher
fz Lower
a, Lower or higher
Cutting fluid Yes
Reduction of tensile residual stresses near the surface Residual stresses Tool: WC or cermet
Ve Higher
fz Higher
a, Lower
Cutting fluid Yes

4 Conclusion

In this work, the surface integrity of annealed AISI H13
steel subjected to face milling under various conditions was
investigated. The key findings are:

As far as the components of the milling force are
concerned, tungsten carbide and cermet tools presented
similar results. Depth of cut and feed per tooth were the only
statistically significant factors due to their influence on the
cutting section area.

Regarding the temperature of the machined surface, the
depth of cut was the only significant factor and its increase
led to higher temperatures due the higher amount of energy
to shear a larger cutting section area.

Concerning the machined surface roughness, increasing
feed per tooth resulted in an increase in the roughness
parameters due to both the larger distance between adjacent
roughness profile peaks and the higher milling forces
(higher surface plastic deformation). The application of
cutting fluid reduced roughness due to the tribological effect
of the lubricating-cooling action in the interface between
the tool rake face and the just machined surface. The cermet
promoted better surface finish when compared to the WC
tool, possibly due to its excellent properties leading to better
tribological conditions.

@ Springer

Finally, with regarding to the induced residual stresses,
the use of high cutting speed and feed per tooth reduced
the tensile residual stresses near the surface. The increase
in depth of cut elevated the tensile residual stresses due to
the higher temperatures developed, which is directly related
to the increase in the components of the milling forces.
The application of cutting fluid reduced the intensity of the
tensile residual stresses.
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