Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:349
https://doi.org/10.1007/s40430-019-1846-0

TECHNICAL PAPER q

Check for
updates

Effect of cutting parameters on surface residual stresses in dry turning
of AlISI 1035 alloy

K. h. Salman' - Ammar H. Elsheikh?3® - M. Ashham' - Mohammed Kamal Ahmed Ali* - Maher Rashad? -

Zhang Haiou®

Received: 26 March 2019 / Accepted: 8 July 2019 / Published online: 2 August 2019
© The Brazilian Society of Mechanical Sciences and Engineering 2019

Abstract

Residual stresses (RSes) induced by turning processes have a great effect on the material properties of the machined compo-
nents and their abilities to withstand severe loading conditions (creep, fatigue, and stress corrosion cracking). The final state
of RSes in a workpiece depends on its material and on the employed cutting parameters/conditions such as cutting speed,
depth of cut, feed speed, cutting tool geometry, wear of the tool, cutting tool geometry, cutting tool coating, and cooling.
This study introduces a comprehensive investigation of the effects of different cutting parameters, such as cutting speed (30,
60, and 90 m/min), feed (0.05, 0.1, and 0.3 mm/rev), and depth of cut (0.1, 0.5, and 1 mm) as well as cutting tool geometry
such as cutting tool nose radius (0.397, 0.794, and 1.191 mm), and cutting tool coating (coated and uncoated) on the cutting
force, maximum cutting temperature, surface microstructure, and surface residual stresses during cutting AISI 1035 alloy
steel. The RSes were measured using X-ray diffraction technique. The experiments were designed using Taguchi method
based on L,z orthogonal array, and the significance level of different cutting parameters as well as cutting tool properties
have been determined via applying analysis of variance. Numerical simulations have been carried out using commercial
machining software AdvantEdge.
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1 Introduction can be either beneficial (compressive RSes) or detrimental
(tensile RSes) to the performance of machined components

The quality and the functional behavior of the machined  [1]. It is well known that tensile RSes in the surface and

components are greatly affected by the induced residual
stresses (RSes) state in the surface and subsurface layers.
Depending on the attributes of the induced RSes state, RSes
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subsurface layers are usually detrimental to fatigue life [2],
creep life [3], and stress corrosion cracking resistance [4],
while compressive RSes are usually beneficial to the same
properties [5]. Many attempts have been done to figure out
the relationship between different cutting parameters/condi-
tions and the induced RSes using experimental [6—8], analyt-
ical modeling [9—11], finite element modeling [12-14], and
various combinations of them [15—17] in various machining
operations [18—-20]. The experimental investigations were
carried out via measuring the RSes using different measur-
ing methods such as ring core method [21], hole drilling
technique [22], deep-hole drilling [23], slope cutting method
[24], contour method [25], synchrotron diffraction [26]
method, XRD method [27], and neutron diffraction method
[28]. Among all these measuring techniques, XRD and hole
drilling technique are the most commonly used in machining
applications. The XRD technique is widely used nondestruc-
tive technique that is used to measure high-magnitude RSes
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of polycrystalline materials with reasonable accuracy. It is
also very quick and easy to apply the process and therefore
cheap. Therefore, it has been chosen to measure RSes in this
study. On the other hand, commercial finite element analy-
sis (FEA) software as a powerful numerical modeling tech-
nique has been used to determine the RSes state in different
machining operations; the most commonly used softwares
are DEFORM [29], ABAQUS [30], and AdvantEdge [31].

Pawade et al. [32] investigated the effect of cutting param-
eters and tool geometry on surface RSes during turning of
Inconel 718 using XRD method. Capello [33] carried out an
experimental investigation on the effects of the workpiece
material and cutting parameters on the induced surface RSes
in turning process using XRD as a measuring technique.
The obtained results revealed that feed rate and nose radius
have the greatest effect on the RSes state, while the depth
of cut has a negligible effect on the RSes. In another study,
Tsuchida et al. [34] reported that depth of cut has negligible
effect on the RSes, while controlling feed rate can move the
RSes from tensile to compressive state. Gunnberg et al. [35]
reported an increase in the surface tensile RSes with increas-
ing the cutting speed, an increase in compressive stresses
with increasing the feed rate, and a negligible effect of cut-
ting depth on the RSes state during turning of 18MnCr5
case-carburized steel. Contrary to these finding, Saini et al.
[36] found that the depth of cut and feed rate have the great-
est effect on RSes state while nose radius and cutting speed
have mild effect on it. The experiments were carried out
on AIST H11 tool steel turned using ceramic tools, and the
RSes were measured using XRD technique. Liu et al. [37]
investigated the effects of tool nose radius and tool wear
on the RSes state during turning of JIS SUJ2 bearing steel.
They reported that the induced surface RSes sate becomes
more tensile by increasing tool wear and the tool nose radius.
Furthermore, they found that the effect of the nose radius
on the RSes state is diminished by increasing the tool wear.
Outeiro et al. [38] investigated the effect of coating condi-
tion on the RSes state during turning of AISI 316L and AISI
1045 steels. They reported that: cutting with coated tools
results in higher tensile RSes compared with uncoated tools
due to the increase in the workpiece temperature in the case
of coated tool compared with uncoated tool.

Numerical modeling using FEA has shown promising
capabilities in predicting RSes without conducting costly
experiments. However, it suffers from the computational
costs as well as the convergence and uncertainty problems
associated with elastic—viscoplastic deformations [39]. Out-
eiro et al. [40] used DEFORM-2D as an elastic—viscoplastic
FEA software to predict the RSes state in orthogonal cutting
of AISI 316L steel. Ozel and Ulutan [29] used DEFORM-
3D, as a three-dimensional updated Lagrangian-based FEA
software, to predict the RSes during turning Ti—-6A1-4V
and IN100 alloys. Liu and Guo [30] used ABAQUS as an
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explicit FEA software to investigate the effect of sequential
cuts and tool-chip friction on RSes state during machining
AISI 304 stainless steel. Kundrak et al. [41] determined the
RSes state in the machined surface at different cutting tool
geometries using “Third Wave AdvantEdge™ 5.9 2D” FEA
software which possess a high computational capability in
different machining operations with a very user-friendly
interface. Both of Lagrangian formulation and explicit time
integration are implemented in AdvantEdge to simulate two-
or three-dimensional metal cutting processes.

There is a great diversity in the results reported in the pre-
vious studies conducted on RSes due to measurements and
computational modeling difficulties, as well as dissimilar
cutting conditions, tool parameters and workpiece materials,
while many studies claim that RSes created during turning
have tensile nature [42—44], some claim that they are com-
pressive [45-47]. Moreover, the results reported in litera-
ture show discrepant effect of different cutting parameters/
conditions on the final RSes state. Therefore, more stud-
ies are needed to investigate the effects of different cutting
parameters/conditions on the induced RSes in turning opera-
tions for different materials. Moreover, optimization-based
investigations should be carried out to select the optimal
cutting conditions and predict the process responses using
artificial intelligence and advanced optimization techniques
such as artificial neural networks [48-50], adaptive neuro-
fuzzy inference system [51, 52], ant colony optimization
[53, 54], crow search algorithm [55], particle swarm opti-
mization [56-58], and other metaheuristic techniques [59].
There are three main reasons contributing to the final state
of RSes [60]:

e The pressure acting at the workpiece from the tool pro-
duces plastic deformation of the workpiece which results
in compressive RSes (mechanical effect is dominant).

e Plastic deformation of the workpiece and chips as well as
the friction between the tool and the workpiece leads to
overheating of the workpiece. The variation between the
temperature of workpiece surface and the bulk workpiece
material results in tensile RSes after cooling (thermal
effect is dominant).

¢ High cutting temperature may result in phase transforma-
tions for some materials causing volumetric changes in
the workpiece material and consequently compressive
RSes are generated.

Based on the domination of thermal, mechanical, or phase
transformation effects, the final state of RSes may be tensile
or compressive depending on the mechanical, thermal, and
physical properties of the machined material as well as the
employed cutting parameters/conditions.

The previous investigations were focused on correlating
different cutting parameters (depth of cut, feed rate, and
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cutting speed), cutting tool geometry (nose radius and rake
angle), and cutting conditions (wet and dry cutting) with the
final state of RSes induced in the machined components.
Various metal alloys have been investigated in the litera-
ture such as steel alloys (AISI 1045 and AISI 4340 steel
[61], AISI 52100 steel [62], AISI 304 stainless steel [63],
AISI 316L steels [38], AISI H11 tool steel [34], JIS SUJ2
bearing steel [37], and UNI-ISO 39NiCrMo3 and UNI-ISO
C45 steels [64]), titanium alloys (Ti-6246 and Ti-64 [65]),
and nickel-chromium-based superalloys (Inconel 718 [66],
RR1000 nickel-based superalloy [67], 18MnCr5 [35], and
34CrNiMo6 [68]). In this paper, the effects of different cut-
ting parameters/conditions such as coating condition, tool
nose radius, cutting speed, feed rate, and cutting depth on
the induced RSes during machining of AISI 1035 alloy are
investigated. This type of steel is commonly used in manu-
facturing of couplings, links, gears, axles, and shafts. How-
ever, for the best of authors’ knowledge, there this no previ-
ous investigation carried out on the induced RSes during
turning of this alloy. The main purpose of this experimental
study is to figure out the significance and effects of different
cutting parameters during turning AISI 1035 alloy on the
hardness, microstructure, and surface residual stresses of the
machined workpieces under dry cutting conditions.

2 Experimental work
2.1 Work material

Cylindrical specimens (40 mm diameter and 150 mm length)
were cut from an AISI 1035 round bar with mechanical
properties presented in Table 1. The chemical composition
of the examined steel given in Table 2 was determined by
means of mass spectrometry using a multi-channel optical
emission spectrometer device (ARL 3460 model metals ana-
lyzer). The microstructure of as-received AISI 1035 contain-
ing pearlite and ferrite phases is shown in Fig. 1.

Table 1 Mechanical properties of AISI 1035 carbon steel [69]

Fig. 1 Microstructures of as-received AISI 1035

2.2 Experimental procedures

The turning experiments were performed on Knuth Starchip
450 CNC Lathe with a hydraulic power chuck and a constant
cutting speed control system under dry cutting conditions
using DTGNL 16 3D SANDVIK tool holder with 25.4 mm
shank width and WNMG 08 04 XX-PF 4315 carbide cutting
insert, where XX is the designation of the tool radius (04 for
0.397 mm 08 for 0.794 mm, and 12 for 1.191 mm) as shown in
Fig. 2. The main purpose of this experimental study is to figure
out the significance and effects of different cutting parameters
on the hardness, microstructure, and surface residual stresses
of the machined workpieces under dry cutting conditions.
Zwick & Co Z323 hardness tester was used to measure hard-
ness values of the machined workpieces surfaces with 0.9 kg
load. Hardness value for each specimen is the average of three
measurements on the machined surface. The microstructure
of the specimens was observed using optical microscopy
(Olympus SZ61). The specimen surfaces have been first wet
ground with 600, 1200 grit SiC papers and polished with 1,
0.3, 0.1 pm alumina powder on Metaserv rotary pre-grinder
polisher. Then, the contamination on the polished surfaces was
removed using ultrasonic machine. Finally, the polished sur-
faces are etched by 2% Nital (nitric acid and alcohol solution)

Yield Ultimate  Shear Ultimate Elonga-  Hardness . .
strength  tensile yield shear tion (%) (Hy) to expose tbe grain structure and morphology. The mac.hmed
(MPa) strength  strength  strength surface residual stress state was analyzed by X-ray diffrac-
(Mpa) (MPa) (MPa) tion technique (XRD) by applying sin 2y method using LabX
XRD-6000 X-ray Diffractometer [71]. Medium carbon steel
550 620 339.8 406.8 13 188 . .
chromium (Cr K-o) X-ray anode tube was used to acquire the
Table 2 Chemical composition Fe C Si S P Mn
of AISI 1035 carbon steel in
weight (wt.) percentage Measured Bal. 035 021 0.026 0.011 0.64
Standard [70] Bal. 0.32-0.38 0.07-0.6 0.050 max 0.040 max 0.60-0.90
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a)

Fig.2 Experimental setup

Table 3 Measurement conditions of X-ray diffraction

Voltage (kV) Intensity (mA) Pinhole (mm) Detector slit (mm) 26 range (°) Step size (°) Scan speed (step/s) K-Constant (MPa/®)
40 40 2 0.4 150-162 0.1 2 —32.44
(2 1 1) diffraction peak at a Brag angle of about 156° with  Table 4 Cutting parameters and their levels

1 - 1 o o o
four d1fferegt orlentat19ns of the sar.nplf': surface (0°, 15' ,30°, Factor Factor Level 1 Level 2 Level 3
and 45°), using a spot size of 1 mm in diameter. The Poisson’s identifier
ratio and Young’s modulus used for the (2 1 1) reflection were :
0.27 and 210 GPa, respectively. The measurement parameters ~ 1YP¢ of coating A Uncoated  Coated
used for the X-ray diffraction measurements are summarized in Nos‘? radius (mm) . B 0.397 0794  LI91
Table 3. Moreover, numerical simulations were carried outon ~ Cutting speed (m/min) — C 30 60 90
commercial FEA software AdvantBdge to calculate important ~ eed rate (mm/rev) D 0.05 0.1 0.3

Depth of cut (mm) E 0.1 0.5 1

machining parameters such as cutting forces, heat generated,
temperatures, strains, and stresses prior to real cutting process
[72]. These simulations ensure achieving optimized cutting
conditions with remarkable reduction of the cost.

2.3 Experimental design

Taguchi method, as a design of experiments technique, is
used to model and analyze the influence of different param-
eters on the hardness, microstructure, and surface residual
stresses of the machined workpieces. The orthogonal arrays
design used in this method provides a reasonable reduction
of experimental number via distributing the variables in a
balanced manner, thus greatly reducing the number of exper-
iments required. Five factors are used in this investigation,
namely type of coating, nose radius, cutting speed, feed rate,
and depth of cut. The first factor has two levels, while the
remaining factors have three levels. The investigated factors
and their levels are listed in Table 4. L5 orthogonal array
with a mixed design (one factor with two levels and four
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factors with three levels in eighteen runs of experiments)
is implemented. Orthogonal array with eighteen rows rep-
resents the number of the runs (the number of experiments)
as shown in Table 5. Eighteen experiments were conducted
using fresh uncoated and CVD TiCN + Al,O; + TiN-coated
carbide-cutting tool to avoid the tool wear effect on the
obtained results.

3 Results and discussion

The main obtained results from the experiments and simula-
tions based on the experimental design in the previous sec-
tion are given in Table 6. A brief discussion of the results
is presented in the next subsections. As the experiment No.
13 has the worst results in terms of RSes and generated
heat, the simulation results of that experiment (including,
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Table 5 Taguchi L g orthogonal

Experi- Cutting parameter
array ment level

" A B C D E
1 Al Bl Cl1 D2 E3
2 Al Bl C2 D3 El
3 Al Bl C3 D1 E2
4 A2 Bl Cl1 D1 E2
5 A2 Bl C2 D2 E3
6 A2 Bl C3 D3 El
7 Al B3 Cl1 D3 E2
8 Al B3 C2 DI E3
9 Al B3 C3 D2 El
10 A2 B3 Cl1 D2 El
11 A2 B3 C2 D3 E2
12 A2 B3 C3 DI E3
13 Al B2 Cl1 D3 E3
14 Al B2 C2 DI El
15 Al B2 C3 D2 E2
16 A2 B2 Cl1 DI El
17 A2 B2 C2 D2 E2
18 A2 B2 C3 D3 E3

employed mesh, the rate of the generated heat, temperature,
strain rate, induced plastic strain, and induced Mises stress)
are plotted in Fig. 3. A finer mesh is employed at the cutting
zone as shown in Fig. 3a to compensate the high-temperature

gradient and strain rates, while coarser mesh is employed
far away from the cutting zone to decrease the computa-
tional costs. The simulation results indicate that high heat
rates of 1.5 KW/mm?® were generated during cutting pro-
cess at cutting zone which results in elevated cutting zone
temperature up to more than 230 °C. Moreover, very high
strain rates were observed in the cutting zone that reached
1500 s~! with peak plastic strain and Mises stress of 4 and
1000 MPa, respectively.

3.1 Cutting forces

During turning, the resultant force from the cutting opera-
tion can be decomposed into three main components: main
cutting force (F,) acts in the direction of the main primary
motion (cutting direction), feed force (Fy) acts in the feed
direction, and passive force (F},) acts in the direction of the
depth of cut. The resultant force (F) can be calculated using
the following equation:

— 2
F_,/F§+Ff+F§

The determination of these forces is of great importance as
they are responsible for power consumption and heat gen-
eration in the cutting zone as well as surface roughness and
the geometrical accuracy of the machined surface. Figure 4
shows the plot of the simulation results of cutting force, feed
force, and passive forces, power, torque, and temperature,

Table 6 Experimental results

Experi-  Cutting parameter level
ment no.

F.(N) F,(N) F,(N) Tax (°C)  Average grain Hardness HV  Residual

diameter (mm) (kg/mmz) stresses
(MPa)

1 —227.09  133.60 67.75  125.893 0.048 178.60 186.251
2 —81.126  16.36 50.34  174.638 0.037 181.09 219.566
3 —170.28 75.33 4418  159.924 0.033 164.69 -64.046
4 —-69.30 80.52 5247  102.924 0.035 160.41 133.510
5 —23597  132.65 59.87  191.603 0.032 194.35 239.924
6 —88.94 16.13 5441  209.493 0.042 248.20 240.443
7 —265.52 51.85 108.20  228.800 0.030 166.89 330.320
8 —134.65 132.63 113.10 210.639 0.028 200.07 244.895
9 —38.22 7.11 32.218 170.351 0.032 252.29 52.211
10 —36.28 6.207  31.05 92.7116  0.028 188.88 139.796
11 —-271.17 46.41 92.08  299.524 0.042 154.30 319.334
12 —13422 13457 111.61 219.6 0.032 152.34 317.440
13 —-506.25 116.08 129.33  219.92 0.042 143.08 361.872
14 —22.04 6.15 24.07  114.066 0.045 137.93 65.473
15 —146.80 83.24  109.69  228.473 0.039 162.53 211.320
16 —20.83 6.07 22.96 81.5306  0.032 360.93 107.837
17 —143.89 88.53 110.78  182.968 0.035 197.18 161.265
18 —558.69 128.16  138.45  298.690 0.037 194.35 338.569
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218.39
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Mises Stress (MPa)
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Fig.3 Simulation results of the experiment No. 13: a employed mesh; b the rate of the generated heat; ¢ temperature; d strain rate; e induced

plastic strain; f induced Mises stress

with time of the experiment No. 13. From that figure, it
can be observed that the cutting force has higher values
than passive and feed forces, and both of the torque and the
power have a periodic nature. That is due to lead angle effect
which is considered as a determinant factor in interrupted
turning due to the intermittent hitting [73]. Figure 5 plotted
the effect of different investigated factors (coating condi-
tion, nose radius, cutting speed, feed rate, and cutting depth)
on the resultant force as well as the force components. The
plotted results indicate that the depth of cut has a dominant
effect on all force components, while the coating condition
has a negligible effect on all force components. Moreover,
the feed rate as well as depth of cut has a significant effect
on the main cutting force. More precisely, the Pearson
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correlation coefficient and the p value between the result-
ant force and different cutting parameters are (0.025, 0.061,
—0.008, 0.534, and 0.771) and (0.920, 0.810, 0.976, 0.022,
and 0.001) for coating condition, nose radius, cutting speed,
feed rate, and depth of cut, respectively, which indicates the
significant effect of the depth of cut followed by the feed
rate on the resultant force, while the coating condition, nose
radius, and the cutting speed have a negligible correlation
with the resultant force (with p values of 0.920, 0.810, and
0.976 which are greater than the significance level of 0.05).
Moreover, the covariance analysis indicates that while the
resultant force increases with the increase in the depth of cut
and the feed rate, it decreases with the increase in the cutting
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Fig.4 Simulation results of the experiment No. 13: a cutting, feed
and passive forces; b power, torque, and temperature
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speed. The same effect of the different cutting parameters is
observed for the main cutting force.

3.2 Cutting temperature

The feed rate has the most significant effect on the maxi-
mum workpiece temperature followed by cutting speed,
depth of cut, and nose radius, while coating condition has
a moderate effect on the maximum workpiece temperature
as shown in Fig. 6a. More precisely, the Pearson correlation
coefficient and the p value between the maximum gener-
ated temperature and different cutting parameters are (0.042,
0.283, 0.478, 0.633, and 0.453) and (0.870, 0.256, 0.045,
0.005, and 0.059) for coating condition, nose radius, cut-
ting speed, feed rate, and depth of cut, respectively, which
indicate the significant effect of the feed rate followed by
the cutting speed on the maximum generated temperature,
while the depth of cut has a moderate effect on the maximum
generated temperature. Coating conditions and nose radius
have a negligible correlation with the maximum generated
temperature (with p values of 0.870 and 0.256 which are
greater than the significance level of 0.05). Moreover, the
covariance analysis indicates that the temperature increases
with increasing the nose radius, cutting speed, feed rate, and
depth of cut and also increase with the use of coating tools.

Coating Nose radius Cutting speed Feed rate Cutting depth
300
250+
200+
- .\/'
150
100+
50
1 2 1 2 3 1 2 3 1 2 3 1 2 3
Levels of factors
110 Coating Nose radius Cutting speed Feed rate Cutting depth
100+

/ ,,,,,,,,,,,,,,,,,,,,,,,,,,

60

50
40

30

1 2 1 2 3 1 2 3 1 2 3 1 2 3
Levels of factors

Fig.5 Effect of different factors means on: a resultant force; b cutting force; ¢ feed force; d passive force
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Fig.6 Effect of different fac-
tors means on the maximum
temperature

Coating Nose radius Cutting speed Feed rate Cutting depth

~_
&
~
—_ ) N %)
2 S ] G
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I f

Mean temperature(°C)

—_—

wn

S
I

1 2 1 2 3 1 2 3 1 2 3 1 2
Levels of factors

(b) Coating Nose radius Cutting speed Feed rate Cutting depth |

Residual stresses (MPa)

The increase in the temperature with the increase in the nose
radius is due to the increase in the contact area between tool
and workpiece which results in more frictional heat genera-
tion [74]. The increase in the temperature in case of coated
tools is because the coating acts as a thermal barrier, leading
to more heat transferred into the workpiece [61, 75].

On the other hand, the Pearson correlation coefficient and
the p value between the maximum generated temperature
and different force components are (0.688, 0.394, and 0.777)
and (0.002, 0.106, and 0.001) for main cutting force, feed
force, and passive force, respectively, which indicates the
significant effect of the main cutting force followed by the
passive force on the maximum generated temperature, while
the feed force has a negligible correlation with the maxi-
mum generated temperature (with p value of 0.106 which is
greater than the significance level of 0.05).

3.3 Surface microstructure

During the cutting process of the steel, the machined sur-
face may undergo microstructural changes due to the high
local cutting temperature and/or severe mechanical defor-
mation [76]. As the maximum cutting temperature for all
conducted experiments does not exceed the austenitizing
temperature (830-860 °C), there is no significant change in

@ Springer

300
250
200 / / "\
150
1 2 3 1 2 3

1 2 1 2 3 1 2 3
Levels of factors

the workpiece microstructure in terms of average grain size.
p value between the average grain diameter and the coating
condition, nose radius, cutting speed, feed rate, and depth of
cut was 0.440, 0.074, 0.979, 0.216, and 0.876, respectively.
The high values of p values indicate the negligible effect of
coating condition, cutting speed, feed rate, and depth of cut
on the average grain diameter of the machined workpieces.
The lower p value between the nose radius and the average
grain diameter, however it is greater than the significance
level of 0.05 which considered in this study, indicates the
moderate correlation between them, due to the increase
of plowing force with the increase in nose radius which in
consequence results in dominance mechanical effects and
mechanical grain [32].

3.4 Surface hardness

The surface hardness does not show significant changes
from the base material due to the moderate level of the cut-
ting temperature. The p values of the surface hardness with
coating condition, nose radius, cutting speed, feed rate, and
depth of cut were 0.250, 0.948, 0.899, 0.602, and 0.114,
respectively, which reveal the insignificant effect of differ-
ent cutting parameters on the surface hardness. Moreover,
the results of the covariance analysis reveal that the further
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increase in nose radius, cutting speed, feed rate, and depth
of cut may result in decrease in the workpiece hardness due
to the increase in the cutting temperature with the increase
of those parameters.

3.5 Surface residual stresses

In this section, the effects of different investigating factors on
the generated residual stresses on the workpiece surface are
investigated. The results from the conducted experiments,
based on the covariance analysis, reveal that the increase in
the nose radius, feed rate, and depth of cut as well as using
a coated tool results in more tensile residual stresses, while
the increase in the cutting speed results in decrease in the
magnitude of the tensile residual stresses. These effects of
different investigated factors on the surface residual stresses
can be examined as follows:

e Coating condition: the coated tools produces more ten-
sile surface residual stresses, because the coating acts
as a thermal barrier which results in hindering the heat
transfer into the tool and the generated heat is blocked in
the workpiece. Therefore, the thermal effect is dominant
which results in more tensile residual stresses.

e Nose radius: increasing the nose radius of the tool results
in increasing the contact area between tool and work-
piece which consequently results in more frictional heat
generation and less plastic deformation (the pressure per
unit area decreases). Therefore, more tensile residual
stresses are induced by increasing the nose radius.

e Cutting speed: increasing cutting speed evacuates much
heat through the chip and hence the workpiece is sub-
jected to less heating. Therefore, the thermal effect (the
main source of tensile residual stresses) is decreased.

e Feed rate: increasing the feed rate results in increasing
the material removal rate and as a consequence the cut-
ting forces are also increased, which consequently results
in excessive heat generation and the cutting temperature
is increased, and hence, the thermal effect is dominant
which result in more surface tensile residual stresses.

e Cutting depth: increasing the cutting depth results in the
same effect of increasing the feed rate, as the material
removal rate increases and much heat is generated which
results in more tensile residual stresses.

The Pearson correlation coefficient and the p value
between the generated residual stresses and the different
investigated factors are (0.194, 0.273, —0.100, 0.652, and
0.533) and (0.440, 0.272, 0.694, 0.003, and 0.023) for coat-
ing condition, nose radius, cutting speed, feed rate and cut-
ting of depth, respectively, which indicates the significant
effect of the feed rate followed by the cutting depth on the
induced residual stresses (with very low p value of 0.003,

and 0.023), while the coating condition, nose radius, and
cutting speed have a mild correlation with the maximum
generated temperature (with p value of 0.440, 0.272, and
0.694, which is greater than the significance level of 0.05).
The same results can be observed from Fig. 6b that the cut-
ting depth and the feed rate have a significant effect on the
induced residual stresses compared with other investigated
parameters.

4 Conclusion

This paper provides a comprehensive investigation of surface
RSes, microstructure, and hardness induced in machined
AISI 1035 steel alloy by turning. The effects of cutting con-
ditions and parameters including cutting speed, feed rate,
cutting depth, cutting tool coating condition, and cutting tool
nose radius on the cutting temperature and cutting forces are
also discussed. The experimental results have been analyzed
using analysis of variance (ANOVA). Numerical simulations
have been carried out using commercial machining software
AdvantEdge. The obtained results revealed the significant
effect of the cutting depth and the feed rate on the surface
RSes. Moreover, an obvious correlation between cutting
forces and the peak temperature in the machined workpiece
as well as the induced surface RSes has been observed. The
simulation results indicated that high heat rates of 1.5 KW/
mm? were generated during cutting process at cutting. More-
over, very high strain rates were observed in the cutting zone
that reached 1500 s~ with peak plastic strain and Mises
stress of 4 and 1000 MPa, respectively. The cutting force is
much higher than passive and feed forces, and all of them are
significantly affected by cutting depth followed by feed rate
and cutting speed. The use of coated tools caused a remark-
able increase in the workpiece temperature as the coating
acted as a thermal barrier, leading to more heat transferred
into the workpiece. The increase in cutting depth and feed
rate resulted in the increase in the generated heat and con-
sequently the residual stresses. Moreover, no significant
change in the workpiece microstructure was observed dur-
ing experiments as the maximum cutting temperature for all
conducted experiments did not exceed the austenitizing tem-
perature (830-860 °C). Finally, to get a compressive RSes
state during turning and to avoid tensile RSes, the following
recommendations should be considered:

(i) Using uncoated tools so that more heat is transferred
to the cutting tool rather than be blocked in the work-
piece, the thermal effect is decreased which results in
decreasing the tensile RSes.

(i) Using cutting tools with small nose radius to decrease
the contact area between tool and workpiece which
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consequently results in reducing frictional heat gen-
eration; so, the surface tensile RSes are decreased.

(iii)) Increasing cutting speed as more heat is evacuated
through chips and the thermal effects are decreased.

(iv) Decreasing feed rate and cutting to decrease the
material removal rate and as a consequence the cut-
ting forces are also decreased, which consequently
results in less heat generation and the decrease in cut-
ting temperature which results in less surface tensile
residual stresses.

So, for obtaining better surface integrity without affecting
the material removal rate, it is recommended to increase the
cutting speed and decrease both cutting depth and feed rate.
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