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This work presents a study on effect of cutting parameters in force, texture and chips morphology 
obtained during the turning of a self-lubricating sintered composite. The tests were performed varying 
the cutting speed (vc = 100 and 200 m/min), feed (f = 0.1 and 0.2 mm), depth of cut (ap = 0.5 and 1 mm), 
as well as the materials manufacturing route in single pressing (SP) and double pressing (DP). 
The variation in the cutting parameters influenced the components of the machining force. The cutting, 
feed and passive force were approximately 10%, 10% e 25% higher, respectively, for DP materials. 
The turning process generated surfaces with values of maximum height (Sz) between 28.3 to 10.8 μm, 
Kurtosis (Sku) > 3 and Skewness (Ssk) < 0.3. The chip type obtained was segmented and the chip thickness 
ratio was influenced by the variation of the cutting parameters and the materials manufacturing route.
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1. Introduction
Constant technological advances and the gradual 

increase in demands on the performance of materials are 
increasingly promoting the development of new materials 
with specific properties, for the most varied applications. 
Even with these advances, according to Binder et al.1, the 
performance of mechanical systems is impaired mainly by 
the deficiency of lubrication, which provides a great waste 
of mechanical energy. Approximately 20% of all energy 
consumed worldwide, according to Holmberg and Erdemir2, 
is used only to overcome friction. In vehicles that use fossil 
fuels, around 33% of the energy produced is wasted due to 
friction and wear3. Therefore, research aimed at improving 
the tribological performance of surfaces, particularly in 
reducing the friction coefficient, is becoming increasingly 
relevant. Mechanical systems that use materials with low 
friction coefficient provide a decrease in energy consumption 
and at the same time increase the durability of the parts 
involved in the system, which reduces the rate of disposal.

Self-lubricating composites, which incorporate solid 
lubricant particles in their volume, have a longer component 
life compared to coatings. After the wear of the coating, the 
contact between surfaces occurs increasing the wear rate, 
whereas when self-lubricating composite is worn, solid 
lubricants reservoir become available to form a lubricating 

film. Lubricant particles can be incorporated into the volume 
of the composite matrix when they are manufactured by the 
powder metallurgy process in the mixing step4-6, or generated 
by precipitation during the sintering process7,8.

Manufacture of materials via powder metallurgy provides 
porosities in its microstructure, which are influenced by 
several factors, such as the pressing pressure (in the case 
of materials manufactured by powder pressing), size and 
shape of the powder particles used, among others. However, 
powder metallurgy has the advantage of being able to produce 
parts with the finished geometry (near net shape). In cases 
where there is a need for a finishing process after sintering, 
according to Smith and Allsop9, machining can be used to 
adjust the dimensional and form tolerances, as well as to 
obtain the desired surface quality.

For the metal-mechanical industries, manufacturing 
processes have a fundamental importance both in technologic 
and economic areas. Walker10 comments that most of 
industrialized products present machining operations within 
their manufacturing stage. According to Trent and Wright11, 
the machining processes are responsible for transforming 
around 10% of all world metal production into chips and 
represent approximately 15% of the final value of products. 
As a result, among all manufacturing processes, the machining 
stands out due to its importance for manufacturing companies, 
stimulating the continuous development of new technologies 
and the constant study of machining processes.
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According to König and Klocke12 and Klocke13, the 
machinability of a material is usually evaluated for four criteria: 
tool life, machining force, chip formation and machined 
surface quality. These criteria are used to determine various 
factors, such as the wear of cutting tools, the dimensioning of 
machines, tools and fixing devices for parts, the development 
of geometries and materials for cutting tools, and the analysis 
of energy consumption, among others.

In machining, the low thermal conductivity caused 
by porosity (presents in sintered materials) results in the 
increase of temperature in the cutting region14. Moreover, 
according to M’saoubi et al.15, Nieslony and Kiszka16 and 
Grzesik17, the porosity of sintered materials decreases the 
forces during machining, on the other hand, makes it difficult 
to obtain surfaces with good quality. The materials used in 
this research were developed by Hammes18. The development 
of these materials is quite recent, therefore, the knowledge 
related to their machining is practically nonexistent. In this 
context, this work presents a study on effect of cutting parameters 
(vc, f and ap) in machining force components, texture of the 
machined surfaces and on the chips obtained during the 
external longitudinal turning of a self-lubricating composite. 
The composites were manufactured by single pressing - SP 
(700 MPa) and double pressing – DP (500 - 700 MPa), 
with Fe-4Ni-0.5Si matrix alloy mixed with solid lubricants 
(6.5% vol of graphite and 1% vol of h-BN ) and sintered at 
1125 ºC.

2. Materials and Methods
The chemical composition of the self-lubricating composite 

studied is shown in Table 1. The materials were produced by 
mixing the pure iron powder AHC 100.29 (Höganäs Brasil Ltda) 
as a constituent of the matrix and silicon (Osprey Sandvik, 
Alloy Fe45Si, D50 = 10 μm) to harden the matrix and stabilize 
the alpha iron. The increase in the mechanical strength 
of the matrix was carried out with the addition of carbon 
(Höganäs, graphite UF4, D50 = 6 μm) and nickel (Inco, 
INCO 123, D50 = 3.9 μm). The solid lubricants used were 
hexagonal boron nitride (Momentive, AC6028, D50 = 125 μm) 
and coarse graphite (national graphite, Micrograph 99545HP, 
D50 = 32 μm).

A type Y mixer was used to mix the powders for 
45 minutes, with a rotation of 35 rpm. After mixing they 
are pressed in a hydraulic press with a double-action press. 
Two manufacturing routes were used to compact the 
materials: i) SP of 700 MPa and ii) DP of 500 and 700 MPa. 
The materials, after pressing, were sintered in a hybrid plasma 
reactor19,20. In the two manufacturing routes (SP and DP), 
the final sintering was isothermal, at a temperature of 1125 ºC 
for 1 h. The heating rate was 10 ºC/min in an atmosphere of 
95% argon and 5% hydrogen. The materials manufactured by 
double pressing were pre-sintered after compacting 500 MPa 
for 30 minutes at a temperature of 700 ºC. After this stage, 
the materials were compacted at 700 MPa and the final 
sintering was carried out. According to Hammes  et  al.5, 
double pressing increases the density of composites in 
relation to single pressing, which results in an increase in the 
mechanical properties of the material. The geometry of the 
samples is cylindrical, with a diameter and height of 30 mm.

The micrograph of the SP material is shown in Figure 1, 
obtained by the Olympus optical microscope, model BX60M. 
Note that the material has a microstructure with a large amount 
of ferrite with coarse perlite, fine perlite, pores (from powder 
metallurgy) and/or solid lubricant reservoirs. The materials 
manufactured by double pressing had a microstructure similar 
to that shown in Figure 1.

The average hardness of the SP and DP materials, for 
6 measurements, was 145 and 170 HB, respectively. Tensile 
tests were performed on composites, according to MPIF21, 
on an MTS 810 universal testing machine. The SP materials 
have maximum tensile stress and yield stress (Figure  2) 
of 205 MPa and 197 MPa, respectively. DP materials had 
a maximum tensile strength of 402 MPa and yield stress 
of 267 MPa (Figure  2). This increase in the mechanical 
properties of DP material in relation to SP material is due to 
the reduction in the porosity of materials, which is around 
25%, according to Hammes et al.5.

2.1 Experimental techniques
The machining tests were carried out in a Heyligenstaedt 

CNC lathe, model Heynumat 10, with spindle drive power 
of 70 kW and maximum rotation of 4500 rpm. The materials 

Table 1. Chemical composition of the material.

Fe h-BN 
(%vol)

Ni 
(%wt)

C 
(%wt)

C coarse 
(%vol)

Si 
(%wt)

Alloy Balance 1 4 0.8 6.5 0.5

Figure 1. Microstructure of the SP composite.

Figure 2. Maximum tensile stress and yield stress for the SP and 
DP materials.
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were machined by longitudinal external turning using wiper 
carbide inserts (P20 grade), ISO code TCMX 16T308-WF 1515, 
with Ti (C,N) + AL2O3 + TiN coating, 0.8 mm corner radius, 
side relief angle of 7º and side rake angle of 13º, manufactured 
by Sandvik. The inserts were fixed on a support (ISO code 
STGCL 2020K 16) with an approach angle of 91º, back rake 
angle and side rake angle of 0°.

The machining tests were carried out dry, varying the 
cutting parameters, cutting speed (vc = 100 and 200 m/min), 
feed (0.1 and 0.2 mm) and depth of cut (ap = 0.5 and 1 mm) 
and the materials manufacturing route (SP and DP). Using 
these parameters, a DOE with 16 tests was developed 
(Table 2). Each machining test presented 2 replicates, totaling 
32 tests performed.

The measurement of the cutting force, feed force 
and passive force during the tests was performed using a 
piezoelectric platform, manufactured by the company Kistler 
Instrument AG, model 9257 A, with the aid of amplifiers, 
also from Kistler, model 5011 and 5006, connected to a 
National Instruments acquisition board, model NI USB 6218. 
The verification of the operation of the force measurement 
system was carried out in the research developed by 
Ebersbach22 and Ebersbach et al.23. The values of machining 
force components were determined by the difference between 
the signals average obtained during the cutting and the signals 
average obtained during the non-cutting (Figure 3). As a 
consequence of this, the measurement of forces with relative 
values was adopted. An acquisition rate of 10 kHz was used 
for the 3 components of the machining force (cutting force, 
feed force and passive force).

The texture of the machined surfaces was measured in 
4 regions, each area measuring 4 mm2, using the roughness 
parameter Sz (maximum height) and the surface morphological 
space (parameter Sku - Kurtosis and parameter Ssk - Skewness). 
For this, it was used a Zygo white light interferometer, model 
Newview 7300, with lateral resolution of 0.28 µm/point and 
vertical resolution of 0.1 nm.

The processing of the measured values of the evaluated 
roughness parameters was made with the aid of the 
MountainsMap 7.0 software. The quantification of the 
roughness parameters occurred after the removal of the 
cylindrical shape and the correction of the undulation by 
means of a 250 µm Robust Gaussian filter, according to the 
ISO 16610-7124. The machined surfaces were compared to 
the surfaces after the sintering process.

After each machining test, chips were collected. 
The type and chips shape were evaluated using a Hitachi 
Scanning Electron Microscope (SEM), model TM-3030. 
The chip thickness ratio (Ω) was calculated by dividing the 
chip thickness (h’) by the undeformed chip thickness (h), 
according to Equation 1. For this, the chips were embedded 
with hot resin and made metallographic tests. Images of 
the embedded chips were obtained using an Olympus 
optical microscope, model BX60M, where measurements 
(10 measurements) of the chip thickness were made. 
All data obtained were evaluated using analysis of variance 
(ANOVA) with a significance level of 0.05 according to 
Montgomery and Runger25.

h'=
h

Ω 	 (1)

3. Results and Discussion

3.1 Machining force
The mean values of the cutting force, feed force and 

passive force, with their respective confidence intervals, 
for both the SP and DP material, are shown in Figure 4.

It can be seen that regardless of the materials manufacturing 
route, for both the depths of cut and feed tested, the increase 
in the cutting speed resulted in a reduction in the values of 
the cutting force (Figure 4a-b). The increase in the cutting 
speed from 100 to 200 m/min led to a decrease in cutting 
force of around 10% and 8% for materials SP (Figure 4a) 
and DP (Figure 4b), respectively

The same behavior was observed for the feed and passive 
forces (Figure 4c-e). The increase in cutting speed resulted 
in a reduction of the feed force by approximately 18% for 
SP materials and 15% for DP materials. The reduction of 
the passive force with the increase of the cutting speed was 
of approximately 25%, for both materials (SP and DP). 
The increase in the cutting speed results in an increase in the 
temperature in the cutting region, thus causing a reduction in 
the components of the machining force due to the loss of the 
mechanical strength of the materials when subjected to higher 
temperatures11-15,26. The variation in the cutting speed had a 
significant influence on the cutting force (P-value = 0.001), feed 
force (P-value = 0.011) and passive force (P-value = 0.000).

Table 2. Tests conducted with their respective cutting parameters.

Tests vc (m/min) f (mm) ap (mm) Manufacturing 
route

1 200 0.2 1.0

SP
2 200 0.2 0.5
3 200 0.1 1.0
4 200 0.1 0.5
5 200 0.2 1.0

DP
6 200 0.2 0.5
7 200 0.1 1.0
8 200 0.1 0.5
9 100 0.2 1.0

SP
10 100 0.2 0.5
11 100 0.1 1.0
12 100 0.1 0.5
13 100 0.2 1.0

DP
14 100 0.2 0.5
15 100 0.1 1.0
16 100 0.1 0.5

Figure 3. Measurement of forces with relative values.
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Figure 4. Average values of cutting force, feed force and passive force in function of cutting speed, feed, and depth of cut for SP (a, c and e) 
and DP materials (b, d and f).
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For both SP and DP materials, the feed variation resulted 
in an increase in the cutting force (Figure  4a  and  2b), 
regardless of the variation in cutting speed and depth of 
cut. The increase of the feed from 0.1 to 0.2 mm, led to an 
increase in the values obtained of the cutting force around 
55% and 80% for the materials SP and DP, respectively.

The behavior for the feed and passive forces was similar 
with the feed variation (Figure 4c-e). The increase in feed 
led to an increase in the values obtained for the feed force 
around 25%, for SP materials, and 60%, for DP materials. 
The passive force increased by approximately 50% for 
SP materials and 60% for DP materials, with an increase in 
feed from 0.1 to 0.2 mm. The increase in the cutting thickness 
occurs with the increase of the feed, causing in a greater 
amount of material removed, resulting in an increase in the 
machining force components11-14,27,28. Through ANOVA, the 
variation of the feed had a significant influence on the cutting 
force (P-value = 0.000), the feed force (P-value = 0.000) 
and passive force (P-value = 0.000).

The increase in depth of cut from 0.5 to 1 mm led to 
an increase in cutting force of around 75% and 95% for 
SP and DP materials (Figure  4a  and  3b), respectively. 
The feed force showed an increase of approximately 100% 
for SP materials and 50% for DP materials (Figure 4c and 3d). 
The increase in passive force was around 40% and 20% for 
SP and DP materials, respectively (Figure 4e and 3f), with 
increases in depth of cut.

According to Trent and Wright11, König and Klocke12 
and Klocke13 the increase in depth of cut causes an increase 
in the cutting width, which results in an increase in the 
machining force components. Based on the Kienzle equations 
for cutting, feed and passive forces, increasing the cutting 
width theoretically results in a proportional increase in the 
machining force components. However, with the increase in 
the depth of cut from 0.5 to 1 mm, there was no proportional 
increase in the cutting force, feed force and passive force 
(Figure 4). According to Yallese et al.26, the disproportionate 
increase in the machining force components may occur, 
for example, due to plastic deformations and the thermal 
conductivity of the machined material, as well as by vibrations 
from the machining process. However, as the materials 
studied in the present research have heterogenic structure, 
due to the pores from the powder metallurgy process and 
the solid lubricants reservoirs (Figure  1), this may have 
influenced the disproportionate increase in the machining 
force components with increasing depth of cut.

In tests performed with depth of cut of 0.5 mm, the 
values obtained for the passive force were higher than the 
values of the feed force (Figure  4c-e), around 30% and 
20% for SP materials and DP, respectively. According to 
Pramanik et al.29, in conditions in which the depth of cut (ap) 
is less than the tool’s corner radius (rε), the angle of direction 
of the equivalent edge is reduced, which causes a reduction 
in the average chip thickness. Thus, the machined surfaces, 
in the condition in which the ap < rε, tend to show increases in 
the rate of plastic deformations and in specific forces due to 
the decrease in the average chip thickness12,13,29. The variation 
in the depth of cut had a significant influence on the cutting 
force (P-value = 0.000), feed force (P-value = 0.000) and 
passive force (P-value = 0.000).

The increase in mechanical strength, approximately 
50%, of DP materials compared to SP materials (Figure 2), 
resulted in an increase in cutting force, feed force and passive 
force (Figure 4), around 10%, 10% and 25%, respectively. 
The increase in the mechanical strength of a material leads 
to an increase in the machining force components, due to the 
greater resistance that the material to be machined presents 
for cutting tool penetrates and form the chips11-13. Through 
ANOVA, the materials manufacturing route had significant 
influence only in the cutting force (P-value = 0.006) and in 
the passive force (P-value = 0.000).

3.2 Quality of the machined surface
Figure 5 shows the average values of Sz with their respective 

confidence intervals, with the variation of the cutting parameters 
for the materials SP and DP. The values obtained for Sz in the 
SP materials (Figure 5a), were between 28.3 and 11.3 μm. 
For the materials manufactured with DP the measured values 
of Sz (Figure 5b) remained between 19.9 and 10.8 μm.

Regardless of the manufacturing route and the variation in 
the depth of cut and feed it was verified that the increase in the 
cutting speed resulted in a reduction in Sz values. The increase 
in the cutting speed from 100 to 200 m/min led to a decrease 
in Sz values around 60% and 65% for SP materials (Figure 5a), 
and approximately 65% for DP materials (Figure 5b).

The temperature in the cutting region is directly 
proportional to the cutting speed. Materials subjected to 
higher temperatures lose mechanical strength. Therefore, the 

Figure 5. Average values with a confidence interval of the maximum 
height - Sz as a function of the cutting parameters for the machined 
surface of (a) SP and (b) DP material.
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increase in cutting speed facilitates the removal of material 
by the cutting tool, consequently reducing the machining 
force components11-15,26,30-33, according to the results found 
in the present research (Figure  4). Rao and Allamraju27, 
Neugebauer et al.33 and Manivel and Gandhinathan34 comment 
that one of the factors of great importance in the providing of 
machined surface textures is the thermal softening provided by 
the increase in temperature in the cutting region. Šalak et al.14 
commented that sintered materials, due to the discontinuity 
of the material matrix, have low thermal conductivity, which 
results in a higher temperature increase in the cutting region. 
Hence, the increase of the cutting speed leads to the reduction 
of the machining force components, due to the increase of 
the cutting temperature, providing machined surfaces with 
lower values of Sz. The variation in cutting speed had a 
significant influence (P-value = 0.004) on Sz.

Through ANOVA it was demonstrated that the variation 
of the feed did not present significant influence in the 
values obtained for Sz (P-value = 0.810), for both materials 
manufacturing routes. However, it is noticeable that the 
increase in the feed, regardless of the manufacturing route 
of the materials and varied cutting parameters, presented 
a tendency to reduce the maximum height - Sz (Figure 5).

The components of the machining force increase 
with increasing feed (Figure  4). According to Rao and 
Allamraju27, the increase in the feed provides a higher rate 
of plastic deformation and friction, resulting in an increase 
in temperature. The nose geometry of the inserts used in the 
machining of the surfaces of this study is wiper type, also 
known as a straightening tool. This type of geometry aims to 
reduce the values of the roughness parameters by increasing 
the contact area with the machined surface. The increased 
friction with the machined surface results in an increase in 
temperature31,32,35. Therefore, the increase in temperature 
caused by the increase in feed, as well as the increase in the 
area of contact with the machined surfaces, was possibly 
responsible for the observed behavior of Sz (Figure 5).

The variation in the depth of cut did not show any 
significant influence (P-value = 0.789) on the values obtained 
for Sz (Figure 5). Possibly, the significant non-influence with 
variation of feed and depth of cut was due to the type of 
inserts used in the tests (wiper). The increase in the contact 
area of the tool with the machined surface of this type of 
insert31,32,36, generates an increase in the plastic deformation 
on the surface, hiding the marks left by the cutting tool37, 
and consequently, interfering in the topography of machined 
surfaces.

Through ANOVA, the manufacturing route of the materials 
(SP and DP) did not show significant influence on the values 
obtained for Sz (P-value = 0.587). However, it was identified 
that there is a tendency to reduce the values obtained for 
Sz of the SP materials for the DP materials by around 15% 
(Figure 5). DP materials have an increase of around 50% in 
mechanical strength compared to SP materials (Figure 2). 
The increase in the mechanical strength of a material provides 
the formation of smaller burrs in the machined parts and 
tends to improve the surface finish due to the lower ductility 
of the material and the higher temperature reached in the 
cutting region11-13,27. This increase in the mechanical strength 
of the double pressing materials is due to the reduction of 

the pore size from powder metallurgy. Hence, it is easier 
to close them through the plastic deformation imposed by 
machining. Therefore, with a greater amount of closed pores 
in the machined surface, a smaller variation of the surface 
texture is obtained, resulting in lower Sz.

Figure 6 shows the average values of Sku vs Ssk (morphological 
space) of the machined surfaces. Regardless of the materials 
manufacturing route is observed that the surfaces machined 
with vc = 100 m/min (Figure 6b), present a roughness with 
a less accentuated height distribution (Sku < 5) associated 
with a lower valley distribution (Ssk > -0.2) in relation to 
the machined surfaces with vc = 200 m/min (Figure 6a).

With a lower cutting speed, the forces acting during the 
machining process are greater (Figure 4). As a result, associated 
with a ferritic microstructure of the materials (Figure 1), which 
presents high deformability11-13, greater plastic deformations 
were induced in the machined surfaces, generating surfaces 
with less distribution of valleys (parameter Ssk) and height 
distribution (parameter Sku). Through ANOVA, the variation of 
the cutting speed had significant influence (P-value = 0.003) 
in the morphological space of the machined surfaces. 
Therefore, the cutting speed of 200 m/min generated surfaces 
with lower Sz values (Figure 5), with a more pronounced 
height distribution (Sku - Figure 6) and a greater distribution 
of valleys (Ssk - Figure 6).

Figure 6. Morphological space of machined surfaces with 
(a) vc = 200 m/min e (b) vc = 100 m/min.
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Regardless of the variation in the cutting speed, the 
variation in feed and depth of cut did not have a significant 
influence (P-value = 0.675) on the morphological space of 
the machined surfaces.

It can be observed that, for the surfaces machined with 
vc = 200 m/min (Figure  6a), the SP materials presented 
surfaces with a more pronounced height distribution (Sku > 7) 
consequently with a greater distribution of valleys (Ssk < -0.6) 
when compared to surfaces machined in DP materials. 
On the surfaces machined with vc = 100 m/min (Figure 6b), 
it is noted that the surfaces machined in SP materials present 
a greater distribution of valleys (Ssk < 0). DP materials 
showed greater forces during machining compared to 
SP materials (Figure 4). Due to greater plastic deformations 
on the machined surfaces lower Sku and Ssk parameters were 
generated. Through ANOVA, the materials manufacturing 

route had a significant influence (P-value- 0.003) only in 
the values obtained from Ssk. The machining of surfaces in 
DP materials generated lower Sz values (Figure 5), with a 
lower distribution of valleys (Ssk - Figure 6).

3.3 Chips analysis
The chip morphology obtained with vc = 200 m/min, 

f = 0.2 mm and ap = 1 mm in the SP material is shown in 
Figure 7a. It is noticeable that the periodic formation of 
segments occurs, which classifies the chip as segmented12,13. 
According to Klocke13, this periodicity can be caused due to 
vibrations that can lead to variations in the chip thickness, 
as well as the heterogenic structure of the material. At the 
bottom of the chip (identified by “1” in Figure 7a), the crack 
propagation can be seen, which could have been caused by 
the presence of pores (from the powder metallurgy process) 
and/or solid lubricant reservoirs. The porosity of materials 
manufactured by powder metallurgy provides a reduction in 
the thermal conductivity of the material, resulting in higher 
temperatures reached in the cut region during machining14. 
Thus, according to Komanduri and Brown38, the formation 
of periodic events can occur in materials with poor heat 
transfer, which can lead to the formation of segmented chips.

In the point identified by 2 (Figure 7), the presence of 
solid lubricants at the bottom of the chip was confirmed 
by EDX spectroscopy (Figure 7b). In this case, the solid 
lubricant presents in the volume of materials helps to reduce 
the coefficient of friction at the chip-tool interface, thus 
providing lower forces acting during the machining process. 
Regardless of the variation of the cutting parameters and 
material manufacturing route, all the chips obtained have 
the same characteristics of those shown in Figure 7.

The influence of the feed rate, the depth of cut and the 
materials manufacturing route in the chips shape, obtained 
with vc = 200 m/min, is shown in Figure 8. It was identified 
that regardless of the variation of the cutting parameters 
and the manufacturing route, the chips have an arc shape. 
The variation of the feed from 0.1 to 0.2 mm, both for the 
SP material (Figure 8a) and for the DP material (Figure 8b), 

Figure 7. (a) Morphology of the chip formed with vc = 200 m/min, 
f = 0.2 mm e ap = 1 mm in SP material and (b) EDX spectroscopy 
in point 2.

Figure 8. Influence of the feed and depth of cut in the chips shape in the tests performed with vc = 200 m/min for the (a) SP and (b) DP material.
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showed a reduction in the size of the chip arcs. As the feed 
rate increases, undeformed chip thickness (h) increases 
causing the machining force components to increase 
(Figure 4). The increase in the machining thickness causes 
greater plastic deformation during cutting, which results 
in a greater hardening of the machined material, thereby 
generating shorter chips39,40.

The machining of DP materials generated chips with 
a larger arc size than SP materials (Figure 8). In relation 
to SP materials, DP materials have a higher density due to 
reduced porosity5. As a result, the greater homogeneity in 
the microstructure of DP materials (due to the reduction 
of porosity) provides greater continuity in chip formation, 
thus resulting in chips with larger arc sizes. The variation 
in depth of cut from 0.5 to 0.1 mm (Figure 8) did not have 
an influence on the shape, regardless of the materials 
manufacturing route. The tests carried out with vc = 100 m/min 
did not show significant differences in the chips shape 
shown in Figure 8.

Figure 9 presented the graph of average effect of the 
cutting parameters and the materials manufacturing route on 
the chip thickness ratio. The variation in the cutting speed 
from 100 to 200 m/min resulted in an approximate reduction 
of 5%, regardless of the manufacturing route and feed.

The increase of cutting speed results in an increase in 
temperature in the region of the cut, thereby reducing the 
forces acting on the process due to the loss of mechanical 
strength of the material11-14,26, according to the results found in 
the present study (Figure 4). However, the increase in cutting 
speed also provides a reduction in plastic deformation due to 
the speed with which the tool cuts the part, thus generating 
a shorter contact time. The result of this phenomenon is the 
increase in the speed with which the material passes through 
the primary shear zone12,13.

The variation of the feed from 0.1 to 0.2 mm provided 
an increase of around 25% in the value of the chip thickness 
ratio (Figure 9). The increase in the depth of cut resulted 
in an approximate 10% increase in the chip thickness ratio. 

Increasing the feed and depth of cut results in an increase in 
the undeformed chip thickness (h) and machining width (b), 
respectively. Thus, a greater amount of material removed 
occurs, which induces higher rates of plastic deformation12,13,41,42.

The manufacturing route SP in comparison with DP 
resulted in an increase of approximately 10% in the chip 
thickness ratio (Figure 9). The double pressing provided 
materials with an increase in mechanical strength (around 
50%) higher than SP materials (Figure 2), due to its higher 
density5. Thus, greater forces occur during the machining 
process (Figure 4), leading to an increase in plastic deformations. 
Through ANOVA, the variation in cutting speed, feed and 
depth of cut had a significant influence (P-value = 0.003) on 
the chip thickness ratio. The materials manufacturing route 
presented a significant influence (P-value = 0.001) on the 
chip thickness ratio.

4. Conclusion
Based on the results obtained in the present study, it can 

be concluded that:
•	 The increase in cutting speed resulted in a reduction 

in the machining force components, regardless of 
the materials manufacturing route. The opposite 
behavior was verified with the increase of the feed 
and the depth of cut, which resulted in the increase 
of the cutting force, feed force and passive force, 
both for the SP and DP material.

•	 The materials manufacturing route influenced 
the machining force components. The increasing 
mechanical strength of the DP materials in relation 
to the SP, around 50%, provided an increase of 
approximately 10% for the cutting and feed force 
and around 25% for the passive force.

•	 The machining process provided surface 
roughness with maximum height values - Sz 
between 28.3  to 10.8 μm,Kurtosis - Sku > 3 and 
Skewness - Ssk < 0.3.

Figure 9. Main effects plot of cutting parameters and manufacturing route on the chip thickness ratio.
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•	 The cutting speed significantly influenced the 
maximum height - Sz.

•	 The machined surfaces in DP materials reduced 
around 15% the maximum height (Sz parameter) 
in relation to SP materials.

•	 Regardless of the variation in cutting parameters, 
the materials manufacturing route modified the 
morphological space of the machined surfaces. 
DP materials presented surfaces with lower valley 
distribution (Ssk parameter) and higher Kurtosis 
(Sku parameter) in relation to the machined surfaces 
in SP materials.

•	 The variation of the cutting speed modified the 
morphological space of the machined surfaces. With 
the cutting speed of 100 m/min, regardless of the 
materials manufacturing route, the machined surfaces 
presented lower valley distribution (Ssk > -0.2) 
associated with lower Kurtosis (parameter Sku < 5) 
when compared to the machined surfaces with 
cutting speed of 200 m/min.

•	 Regardless of the variation in cutting parameters 
and the materials manufacturing route, the types 
of chips formed were segmented.

•	 The chip thickness ratio significant influenced with 
the variation of the cutting parameters. The increase 
in cutting speed from 100 to 200 m/min resulted 
in a reduction of around 5% in the chip thickness 
ratio. The increase in the feed from 0.1 to 0.2 mm 
and the depth of cut from 0.5 to 1 mm results in an 
approximate increase of 25% and 10%, respectively.

•	 The materials manufacturing route significant 
influenced on the chip thickness ratio. The DP materials 
presented an increase of around 10% in the chip 
thickness ratio in relation the SP materials.
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