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Abstract

In this paper, the effect of processing parameters including feed rate (f), cutting depth (d), nose radius (r,), cutting speed
(V) and also cooling condition such as dry condition, wet condition, and minimum quantity lubrication, on the surface
quality of copper, as a low machinability material, was investigated. It was observed that the best surface quality and the
lowest tool wear are achieved by minimum quantity lubrication, and the highest tool wear and the lowest surface quality
are obtained under dry machining. However, there are no significant differences in surface quality and tool wear under dry
machining when compared to minimum quantity lubrication and wet machining. Therefore, due to cost and environmental
considerations, dry machining is recommended for turning commercially pure copper. According to the results, feed rate
and nose radius are the most important factors affecting the surface roughness, respectively. At low feed rate, 1.2 mm nose
radius is a good option to achieve the best surface roughness. Besides, at high feed rate, 0.8 mm nose radius is recom-
mended. To achieve an acceptable surface roughness with suitable material removal rate, the combination of the lowest
feed rate and the highest cutting speed, along with the moderate cutting depth and nose radius is suggested. The best
surface roughness of 0.381 um has been achieved at r, = 1.2 mm, V = 220 m/min, d = 0.5 mm, and f = 0.08 mm/rev,
which is comparable with the surface quality obtained by the conventional grinding operation. The results also revealed
that the existed empirical model can predict the surface roughness only at high feed rate and low cutting speed, and
therefore, it cannot be recommended for predicting the surface finish of the materials with low machinability. Hence, a full
quadratic model was developed for the prediction of the surface roughness, which can be used for the database of expert
systems.

Keywords Surface roughness - Commercially pure copper - Dry turning - Empirical model for expert systems -
Minimum quantity lubrication - Low machinability materials

1 Introduction condition, dry condition, and minimum quantity lubrica-

tion/near dry machining. Among these different techniques

Machining is an important manufacturing process to pro-
duce products with high quality and low cost. Most shaped
products, which are formed by castings, forgings, etc., need
machining as the final shaping operation. In general, in the
machining process, there are several cooling conditions
which can be categorized as conventional wet (flooding)
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available in the machining processes, researches recently,
have been more focused on minimum quantity lubrication
(MQL) and dry condition, due to the reduction of the use of
coolant, environmental impact, and their green nature.
Within the MQL techniques, a minimum quantity of
coolant and/or lubrication with 50-500 ml/h flow rate is
commonly used during the machining process. In the dry
machining, a material is machined without the use of any
cutting fluid. Therefore, the negative impacts of using the
cutting fluids such as environmental pollutions, allergy and
skin injuries, and safety concerns are eliminated. In addi-
tion, in the green machining, because of the elimination of
the cutting fluid, pretreatment/treatment lubricant costs,
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fluid system maintenance, and the disposal/cleaning costs,
the total machining cost is reduced significantly. Hence,
dry machining as a clean machining process is fast being
adopted by metal cutting industries. In metal cutting
industries, the appropriate selection of processing param-
eters plays a vital role in achieving high product quality
along with low total cost. This can be archieved by using
the expert systems with an extensive precise knowledge
base, as an artificial intelligence tool. such a database can
be developed by experimental studying the influence of
processing parameters on the performance of the process
comprehensively. Turning is one of the most important
machining operations in the manufacturing industry.
Workpiece, cutting tool, and processing parameters have
significant effect on the efficiency and performance char-
acteristics of the turning operation. The criteria like surface
roughness, material removal rate, tool wear, tool life, cut-
ting force, and power consumption are used to evaluate the
turning performance. However, nowadays, in the modern
industries, special attention is given to the surface rough-
ness and dimensional accuracy compared with the tool
wear and cutting force [1-6]. Surface roughness is signif-
icantly affected by the cutting tool geometry, the rigidity of
the machine tool, material properties, cooling, cutting
depth, cutting speed, and feed rate. The surface roughness
also has a significant effect on the friction coefficient,
fatigue life, corrosion resistance, wear resistance, thermal
resistance, appearance, and cost of the machined product
[7-10]. Turning the materials with low machinability is
different from the conventional turning of common mate-
rials, particularly when a high surface quality is required.
Therefore, studying the effect of the processing parameters
on the surface quality is necessary for the workpieces with
low machinability. Hence, in this paper, the effect of pro-
cessing parameters on the surface roughness (R,) of com-
mercially copper with low machinability has been
investigated, which can be used as the expert systems
database.

Pure copper is a ductile metal with high thermal and
electrical conductivity. The major applications of copper
are in the electrical industry and industrial machinery
[10, 11]. Copper is frequently used as a pure metal, but
when a higher hardness is required, it is combined with
other materials as alloys such as brass and bronze. Pure
copper is soft and malleable and because of high ductility,
has low machinability [11]. As a result, copper due to low
machinability is not easy to machine especially in the
finishing operation when a high quality is required.

Despite the importance of the copper machining, few
and limited investigations have been done in this domain.
However, the existed research works have been focused
only on optimization techniques and metallurgical aspect
of copper machining. Furthermore, the effect of cutting
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variables and cooling mechanisms on the final quality of
the copper finish turning has not been studied up to now
comprehensively. For example, Raja et al. [12] used par-
ticle swarm optimization technique (PSO) to determine
only the optimal condition for minimizing the machining
time during the copper, aluminum, brass, and mild steel
conventional turning. They recommended high cutting
speed, along with low feed rate and cutting depth to
achieve a good surface roughness. In a similar research
work, Taguchi technique and principal component analysis
method were used to find the optimal machining parame-
ters for minimizing the cost in the copper machining [13].
In their experiments, depth of cut, cutting speed, feed rate,
and rake angle were considered as the processing
parameters.

From the metallurgical aspect of the copper machining,
several research works were conducted. For example, Filiz
et al. [14] investigated the machinability of oxygen-free
high conductivity pure copper in micro-scale milling.
Vignal et al. [15] also studied the effect of post-machining
thermal treatment (PMTT) on the corrosion behavior of
commercially pure copper. The effect of crystallographic
orientation on the machinability of copper single crystals in
ultra-precision diamond turning was studied by Lee et al.
[16]. Sub-micrometer structures generated during the dry
machining of copper were analyzed by Alpas et al. [17].

Gravier et al. [18] also investigated the influence of
cutting parameters on the surface and subsurface charac-
teristics of copper during the super finish turning. The
numerical analysis indicated that feed rate, nose radius, and
lubricant have significant effect on the mechanical,
microstructural, and topographical state of the surface and
the near-surface layer of the machined samples. Different
erosion tests and thermodynamics analysis were also con-
ducted by researchers to study the tool wear mechanisms in
the diamond turning of copper [19].

As discussed in the literature review, most of the
researchers studied the metallurgical aspects of the copper
machining or focused only on optimization techniques and
selecting optimal combinations. Hence, studying the effect
of processing parameters on the surface quality of the
copper with low machinability is crucial for machining
industry.

In the turning operation, several factors affect the sur-
face quality such as processing parameters, cutting tool
variables, and workpiece properties. The cutting tool
variables include tool material and its coating, cutting edge
geometry, and entering angle. The workpiece properties are
hardness and other mechanical properties. The processing
parameters are also categorized as: machine tool charac-
teristics, cooling, cutting speed, feed rate, and cutting depth
[7-9].
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Under real workshop condition, it is not possible to
change and control all of the factors affecting the surface
quality [20]. For example, in a workshop, the workpiece
properties cannot be modified, because the client determi-
nes the product material. In addition, selecting the cutting
tool variables strongly depends on its availability in the
warehouse. Therefore, there exist limited choosing options
to achieve desired surface quality and accuracy. These
options can be categorized as follows: cooling, depth of
cut, spindle speed, feed rate, and cutting tool geometry
[21, 22]. Studying the literature revealed that among all the
factors, the nose radius from the tool geometry variables,
and depth of cut, cutting speed, feed rate along with
cooling from the processing parameters, have the most
effective effect on the surface quality [2, 7]. Therefore, in
this paper, first, the effect of different cooling conditions
such as wet, dry, and minimum quantity lubrication (MQL)
on the surface quality is investigated. Then, the effect of
cutting speed, depth of cut, feed rate, and nose radius on
the surface roughness of the commercially pure copper is
studied under the appropriate cooling condition. The
capability of the empirical models in predicting the surface
roughness of copper with low machinability is also
examined. Finally, a new mathematical model is also
developed for predicting the surface roughness of copper.

2 Materials and methods

Pure copper in the form of round bar with 37 mm diameter
and 120 mm length was used for the experiments. The
diameter and the cutting length of the samples for studying
the effect of the machining processing were 35 and
100 mm, respectively. The mechanical and chemical
properties of the workpiece are presented in Tables 1 and
2. A pre-cut with 2 mm cutting depth was performed
before starting the experiments to remove the rust and
oxide layers from the surface of the workpiece. The
experiments were conducted using an industrial TOR-
NADO T10 CNC lathe machine with a 26 kW motor
power and maximum 3500 rpm spindle speed. For
increasing the rigidity of the machining during the exper-
iments, the workpieces were fixed between three-jaw chuck
and tailstock. To study the effect of the cutting parameters,
standard VCGX160404, VCGX160408, and VCGX160412

Table 1 Mechanical properties of the workpiece

SANDVIK-coated cemented carbide inserts were used with
three different nose radii. The chosen GC1810 grade is a
diamond-coated insert with CVD coating for excellent
wear resistance and reduced built-up edge, which results in
high surface quality. This grade is appropriate for finishing
to roughing of aluminum, magnesium, copper, brass, and
plastics. The tool holder used in the experiments was
standard SVVBN2525M16. To keep the cutting conditions
unchanged, each test was conducted with a new sharp
insert. Figure 1 shows the flow chart of the experiments,
and the workpiece and the experimental setup. The
experiments were conducted under three different cooling
conditions: dry (green) condition, conventional wet con-
dition (flood coolant), and MQL condition. A solution
containing boron oil and water with the ratio of 1:20 was
used as the coolant for the wet and MQL conditions. The
coolant at the MQL condition was applied at the flow rate
of 60 mL/h. The coolant in the MQL was pulverized
through a nozzle and an air compressor at 6 bars and the
final high pressure mixture is supplied at the interface of
work piece-cutting tool. The surface roughness (R,) and the
tool flank wear (VB.x) were measured instantly after
finishing each 100 mm cutting length of the samples. The
cutting length deviation was also measured accurately
using a precision dial gauge with an accuracy of + 0.01
mm. After each individual test, the surface roughness
measurements were carried out immediately using Mitu-
toyo (SJ-201P) roughness tester with 0.8 mm cut-off value
and measuring length of 2.5 mm with 0.01 pm accuracy
and 0.5 mm/s scanning speed, in accordance to ISO/DIS
4287/1E and a signal amplifier (type 5233A) connected to a
control unit, data acquisition board, and microcomputer. A
2 pm radius diamond tip probe with induction mode has
been used for measuring the roughness of the surface. The
surface roughness values were measured at five equally
spaced locations along the cutting length. The average of
the roughness values was taken as an arithmetic surface
roughness (R,). This measuring process was repeated three
times for each test and the average was considered as the
final surface roughness. The maximum flank wear (VB ,.x)
was also measured and recorded after each test using an
OLYMPUS optical microscope. It is important to note that
the measurements were repeated three times for each test.
The temperature of the measurement environment was
standard 20 £ 1 °C.

Properties Hardness, Modulus of elasticity Bulk modulus Poisson’s Shear modulus Tensile strength (N/
brinell (GPa) (GPa) ratio (GPa) mm?)
Copper 90 110 140 0.35 46 360
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Table 2 Chemical and physical properties of the workpiece

Properties  Atomic Density (g/cc) (temperature Atomic Melting point ~ Thermal conductivity Specific heat capacity (J/
Mass 20.0 °C) number °C) (W/m-K) g °C)
Copper 65.546 8.96 29 1083.6 385 0.385

Fig. 1 Flow chart of the
experiments, and the
experimental setup
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The number of the experiments was determined based
on the full factorial design method. This method was
chosen due to its high confidence limit, proper precision,
and the reliability of the experimental data [20, 22]. Con-
sequently, the general 3" experimental design was adopted
for this work. Three level tests for each variable were used,
because a non-linear relationship exists between the
parameters and the surface roughness. According to the full
factorial design, 34 (i.e., 81) experiments were carried and
arandom order was used for performing the tests. The level
of the variables was determined based on the studied pre-
vious literatures such as Ahilan et al. [2], Lee et al. [6],
Gokkaya et al. [7], and also the recommendations of the
machining catalogues and the cutting tool manufacturer’s
handbook [23]. The selected range of the variables is
completely compatible with the finishing and semi-rough-
ing operation, which surface quality is an important crite-
ria. The variables and their levels for studying the effect of
the cutting parameters on the surface roughness are shown
in Tables 3 and 4. After collecting all the data, the exper-
imental results were analyzed carefully with Minitab 16.
Finally, analysis of variance method (ANOVA) with the
confidence level of 95% through statistical analysis

Table 4 Cutting parameters related to the cooling experiments

Experiment f (mm/rev) d (mm) V (m/min) R, (mm)
0.08 0.5 55 0.4
0.16 2 110 0.8
0.32 3 220 1.2

software Design-Expert was used to build a predictive
regression model.

3 Results and discussion
3.1 The effect of cooling condition

To evaluate the effect of cooling methods on the machining
performance of copper with low machinability, tool life
and surface roughness are compared under various cutting
conditions. As explained earlier, the experiments are con-
ducted under three different cooling conditions: dry (green)
condition, wet condition (flood coolant), and MQL condi-
tion. The obtained results are shown in Figs. 2, 3. Figure 2

Table 3 Selected ranges of the
processing parameters for

studying the surface roughness
variations

Cutting parameters (units) Symbol Level 1 Level 2 Level 3
A Nose radius (mm) Ty 0.4 0.8 1.2
B Cutting speed (m/min) Vv 55 110 220
C Feed rate (mm/rev) f 0.08 0.16 0.32
D Depth of cut (mm) d 0.5 2 3
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Fig. 3 Tool wear comparison for all three cooling conditions and
under different cutting parameters

shows the effect of different cooling conditions on the
surface roughness. In these experiments, the best surface
quality is achieved using MQL, compared to dry and wet
conditions. The surface roughness under the wet condition
is also better than that of the dry condition. This pattern is
similar for all the experiments. This subject is related to the
tool wear variations under various cooling conditions. In
experiment 1, the tool wears in all three cooling conditions
are less than those of experiments 2 and 3. This can be
attributed to bigger cutting depth, cutting speed, and feed
rate in experiments 2 and 3, which results in higher tool
wear and lower tool life. According to Fig. 3, in all
experiments, the lowest tool wear is observed under the
MQL conditions. On the other hand, the tool wear under
the wet condition is lower than that of the dry machining.
Therefore, it can be concluded that this lower surface
quality under the dry and wet conditions is mainly due to
the higher tool wear under the dry and wet conditions,
compared with the MQL. It is obvious that under the dry
machining, due to higher cutting temperature and also the

higher rate of build-up edge (BUE) formation, tool wear
increases and the surface quality is decreased consequently,
compared with the wet and MQL conditions. On the other
hand, under the conventional wet condition, the coolant
cannot reduce the chip—tool interface temperature effec-
tively, because the fluid can hardly penetrate into that zone
particularly at higher feed rate and cutting speed [26-29].
Therefore, under the wet condition, higher tool wear and
lower surface quality are obtained, compared with the
MQL (see Figs. 2, 3). In the MQL system, due to the high
pressurized spray of the coolant along the tool rake angle,
coolant jet can easily penetrate into the chip—tool interface,
and either the chip breakage or the interface temperature
reduction is improved effectively, and therefore, the tool
wear is decreased significantly. In addition, the MQL jet
causes favorable chip—tool interaction and even eliminates
the trace of built-up edge formation in the turning operation
[27]. Thus, it can be concluded that for cooper turning,
using MQL results in the best surface quality and the
lowest tool wear, and dry turning leads to the highest tool
wear and lowest surface quality. However, the differences
between the obtained R, under these three cooling condi-
tions, in all cases were less than 7%, which is negligible.
Therefore, it can be said that the surface quality for dry and
MQL machining is almost similar. On the other hand, there
is no significant difference in tool wear under dry
machining when compared to MQL and flood machining.
Furthermore, dry machining is actually four times cheaper
than wet and MQL cutting, because machining using cut-
ting fluid has equipment, maintenance, and disposal costs
[26, 27]. Moreover, in dry machining, the negative impacts
of using the cutting fluids such as environmental pollutions,
allergy and skin injuries, and also safety concerns are
eliminated. As a result, dry condition can be recommended
for turning commercially pure copper with low machin-
ability. Due to the importance of the dry machining in
modern industry, to study the effect of cutting depth, feed
rate, cutting speed, and nose radius on the surface rough-
ness of copper, the remaining experiments have been
conducted under the dry condition without any fluid, gas
and/or solid coolant.

3.2 The effect of cutting parameters

The results showed that the feed rate and the nose radius
are the most important factors affecting the surface
roughness, respectively. The obtained results also reveal
that the quadratic effect of the nose radius on the surface
roughness is significant. Furthermore, only the interaction
of feed rate—cutting depth and feed rate—nose radius has
statistically significant effect on the surface roughness
values.
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Fig. 4 Effect of feed rate on the surface roughness

According to the results (Fig. 4), by increasing the feed
rate, the surface roughness increases expectedly. When the
feed rate is gradually increased from 0.08 to 0.32 mm/rev,
the average of the surface roughness values increased
significantly. This behavior is mainly due to helicoids
furrows that generated because of the tool tip-workpiece
relative movement. As the feed rate increases, the furrows
become wider and deeper, and thus, the surface roughness
is deteriorated. On the other hand, by increasing the feed
rate, the cutting force increases to create the required
plastic deformation. As a result, extra heat is produced in
the cutting zone. The extra heat causes the thermal soft-
ening of the copper, and this thermal softening finally
increases the surface roughness. It is clear that the best
surface roughness is obtained at the lowest level of the feed
rate. Therefore, it can be concluded that like other mate-
rials, the lowest level of the feed rate is the best option to
achieve the best surface roughness in the copper dry
turning.

Small nose radius decreases the vibration during the
turning operation. Inserts with small nose radii are also
suitable for small cutting depth due to low strength. On the
other hand, because of the stronger edge, the large nose
radius is used at higher cutting depth and feed rate. Unlike
smaller nose radius, the radial forces and vibration increase
using large nose radii [23]. Therefore, it can be concluded
that nose radius is a key factor affecting the surface
roughness and dimensional accuracy. As explained before,
insert nose radius is the second important factor affecting
the surface roughness in copper dry turning. As shown in
Fig. 5, when the nose radius increases from 0.4 to 1.2 mm,
the surface roughness first decreases until the lowest value
is reached, then by further increasing the nose radius
(0.8-1.2 mm), the surface roughness increases. From
Fig. 5 it is clear that, except for f = 0.08 mm/rev, for each
level of the cutting depth, feed rate, and cutting speed, the
best surface roughness is achieved at 0.8 mm nose radius.
The highest surface roughness has also been obtained at
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Fig. 5 Effect of nose radius on the surface roughness

0.4 mm nose radius. This high surface roughness can be
due to the low strength of the insert tip and, as a result, the
higher rate of wear. Moreover, the relatively short contact
length between the workpiece and the insert cutting edge at
0.4 mm nose radius results in the higher stress concentra-
tion and lower heat dissipation, which in turn increases the
heat in the shear zone [23-25]. Copper is a soft material
with high ductility and low yield strength. Therefore, the
produced heat and thermal softening further decrease the
copper machinability. Hence, thermal softening is another
adverse factor, which can cause the surface roughness
deterioration at 0.4 mm nose radius. The surface roughness
deterioration at 1.2 mm nose radius can be due to the high
vibration, which occurs because of a larger contact length
between the workpiece and the cutting tool. From Fig. 5, it
can be seen that only at f = 0.08 mm/rev, by increasing the
nose radius from 0.4 to 1.2 mm, the surface roughness
decreases continuously. At f= 0.08 mm/rev, because of
lower feed rate and low cutting forces, the vibration is not a
dominant factor influencing the surface roughness. Thus, at
f=10.08, the best surface roughness is achieved at the
largest nose radius (i.e., 1.2 mm). The results revealed that
the best surface roughness of 0.381 um was also obtained
at 1.2 mm nose radius. It is interesting to note that this
0.381 pm surface roughness is comparable with the surface
quality obtained by the conventional grinding operation.
Therefore, it can be concluded that for the lowest level of
the feed rate, 1.2 mm nose radius is a good option to
achieve the best surface roughness in copper finish dry
turning. On the other hand, at high feed rate, 0.8 mm nose
radius is suggested to achieve a good surface quality.
According to Fig. 6, the surface roughness is decreased
by increasing the cutting speed from 55 to 220 m/min. The
experimental results showed that the surface roughness
values obtained at 220 m/min are scattered in a lower range
compared with those of obtained at 55 and 110 m/min. In
all cases, the best surface roughness is obtained at the
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Fig. 6 Effect of cutting speed on the surface roughness

highest cutting speed. Thus, it can be concluded that the
higher level of the cutting speed is preferred in the copper
finish dry turning. The best surface roughness is also
obtained at the highest level of the cutting speed. The
improvement of the surface roughness by increasing the
cutting speed is due to the restriction of the formation of
built-up edge (BUE) at high cutting speed. At high cutting
speed, the higher cutting temperature and the thermal
softening of the material restrict the BUE formation, and
therefore, the surface roughness is improved. The results
also revealed that the surface roughness is not sensitive to
the simultaneous variation of V with the other cutting
parameters (f, d, r,).

The variation of the surface roughness with the cutting
depth is shown in Fig. 7. It can be seen that by increasing
the cutting depth from 0.5 to 3 mm, the surface roughness
first decreases until the lowest value is reached at
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Fig. 7 Effect of cutting depth on the surface roughness

d = 2 mm, and then, by further increasing the cutting depth
to 3 mm, the surface roughness slightly increases. This
slight increase in the surface roughness can be due to the
higher rate of chatter that usually occurs at high cutting
depths. It was also observed that in all cases, 2 mm depth
of cut yields the best surface roughness. The results con-
tradict with the common expectation that in the finish
turning the surface roughness increases by increasing the
cutting depth. Although the lowest surface roughness was
obtained at 0.5 mm depth of cut, generally, by increasing
the cutting depth to 2 mm, both the surface roughness and
material removal rate are improved simultaneously.
According to the obtained results, under the dry machining,
the best surface roughness of 0.381 um has been achieved
at r,=12mm, V=220m/min, d=05mm, and
f=0.08 mm/rev, which is comparable with the surface
quality obtained by the conventional grinding operation.

3.3 Contour and surface plots

Contour and 3D surface plots are used to find the optimal
machining condition that produces the desired surface
roughness. Figures 8, 9, 10, and 11 all show the surface
roughness contours and 3D graphs related to the conducted
experiments. In 3D surface plot, interpolation is used to
generate a three-dimensional picture of the response sur-
face. In a contour plot, two variables are depicted on the x-
and y-axes, while the response is represented by shaded
region, which called “contour”. The curved lines in the
contour plots prove that there is a non-linear relation
between the processing parameters and the desired
response. Figures 8 and 9 clearly show that for any level of
the cutting depth and cutting speed, the best surface
roughness is achieved at the lowest level of the feed rate. It
was also observed that the highest spindle speed with the
cutting depth greater than the medium level (i.e., 3 mm)
provide a better surface roughness compared with other
combinations of the cutting depth-cutting speed. This
phenomenon can be due to the restriction of the BUE
formation at high cutting speed. Figure 10 obviously shows
that for any level of the cutting depth, the inserts with
0.8 mm nose radius produce a better surface roughness
compared with 1.2 and 0.4 mm inserts. Furthermore,
according to Fig. 11, using 0.8 and 1.2 mm nose radius, a
higher feed rate can be chosen to obtain the desired surface
finish compared with 0.4 mm nose radius. This choice may
improve both the material removal rate and machining time
in the dry turning of materials with low machinability. It is
also interesting to note that using 220 m/min cutting speed
both the 0.8 and 1.2 mm nose radii can be used to achieve
the desired surface finish.

From the above discussion, it can be concluded that
during the dry turning of commercially pure copper, to
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Fig. 8 Contour and 3D surface plots for the effect of feed rate and depth of cut on surface roughness at r, = 0.8 mm, V = 220 mm/min

Contour Plot of Ravs f; V Surface Plot of Ra vs f; V

(@ v (b)
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Fig. 10 Contour and 3D surface graphs for the effect of nose radius and depth of cut on surface roughness at f = 0.08 mm, V = 220 mm/min

achieve an acceptable surface roughness with suitable ma-  with the moderate cutting depth and nose radius is
terial removal rate and machining time, the combination of ~ suggested.
the lowest feed rate, and the highest cutting speed along
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Fig. 11 Contour and 3D surface graphs the effect of nose radius and feed rate on surface roughness at V = 220 mm/min, d = 2 mm

3.4 Predictive models

In the conventional turning operation, a known empirical
model is often used for predicting the surface roughness
[23, 30-34]. The model is written as follows:

R, ~f*/(32 xr,), (1)

where R, is the surface roughness, f is the feed rate, and r,
is the tool nose radius. In this empirical model, it has been
assumed that the feed rate and the insert nose radius are the
only factors affecting the surface roughness. According to
Eq. (1), the surface roughness is improved either by
increasing the nose radius or by decreasing the feed rate.
Many researchers have used this model for predicting the
surface roughness in their research works. However,
reported results revealed that the surface roughness values
predicted by Eq. (1) do not match the real surface rough-
ness values [17]. This difference can be even more critical
for the materials with low machinability such as copper,
especially in the dry condition. Therefore, a comparison
was made between the surface roughness values that pre-
dicted by the empirical model and the real surface rough-
ness values measured during the experiments. The results
are shown in Figs. 12, 13. Furthermore, Tables 5, 6, 7
represent the relative error between the measured and the
predicted surface roughness under various cutting condi-
tions. The relative error is calculated by Eq. (2), which is
written as follows:

Relative error (%) |Predicted value — Measured value|

Measured value
x 100.

(2)

From Tables 5, 6, 7, it is clear that in the most cases the
relative error is greater than 30%. Furthermore, the

V=110 m/min, d=2 mm

20 egp—= Experimental Ra
@ Predicted Ra

15
£
2

~ 10
-4

5

0

0 1 2 3 4 5 6 7 8
Experiment number

o

10

Fig. 12 Comparison between the measured and the predicted surface
roughness (R,) at V = 110 m/min and d = 2 mm

V=220 m/min, d=3 mm
20 @@= Experimental Ra

==@— Predicted Ra

15

0 1 2 3 4 5 6 7 8

(-]

10

Experiment number

Fig. 13 Comparison between the measured and the predicted surface
roughness (R,) at V = 220 m/min and d = 3 mm

predicted value occasionally was higher than measured

value and sometimes was lower than the measured value.
This disordered variations and high relative errors both
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Table 5 Relative error between the measured and the R, predicted by Eq. (1) at V = 55 m/min and d = 0.5 mm

Exp. number Nose radius (mm) Feed rate (mm/rev)

Measured R, (um) Predicted R, (um) Relative error (%)

1 0.4 0.08
2 0.8 0.08
3 1.2 0.08
4 0.4 0.32
5 0.8 0.32
6 1.2 0.32
7 0.4 0.5
8 0.8 0.5
9 1.2 0.5

1.638 0.5 69
1.233 0.25 79
1.378 0.16 88
8.898 8 10
4.219 4 5
5.615 2.66 52
13.248 19.53 47
5.313 9.76 84
7.752 6.51 16

Table 6 Relative error between the measured and the R, predicted by Eq. (1) at V = 110 m/min and d = 2 mm

Exp. number Nose radius (mm) Feed rate (mm/rev)

Measured R, (um) Predicted R, (um) Relative error (%)

1 0.4 0.08
2 0.8 0.08
3 1.2 0.08
4 0.4 0.32
5 0.8 0.32
6 1.2 0.32
7 0.4 0.5
8 0.8 0.5
9 1.2 0.5

1.9 0.5 73
0.66 0.25 62
0.83 0.16 81
9.62 8 17
3.34 4 20
3.781 2.66 30
10.90 19.53 79
3.25 9.76 200
5.63 6.51 15.5

Table 7 Relative error between the measured and the R, predicted by Eq. (1) at V = 220 m/min and d = 3 mm

Exp. number Nose radius (mm) Feed rate (mm/rev)

Measured R, (pm) Predicted R, (im) Relative error (%)

1 04 0.08
2 0.8 0.08
3 1.2 0.08
4 0.4 0.32
5 0.8 0.32
6 1.2 0.32
7 0.4 0.5
8 0.8 0.5
9 1.2 0.5

1.725 0.5 71
0.936 0.25 74
0.790 0.16 80
7.944 8 1
4.628 4 13
2.875 2.66 7
8.770 19.53 138
3.254 9.76 200
2.833 6.51 130

prove that the empirical model is not suitable for predicting
the surface roughness in the dry copper turning. The results
show that at low feed rate (i.e., 0.08 mm/rev), which is
usually used for the finishing operation, the difference
between the predicted R, and real R, is significant. On the
other hand, low relative errors are seen under medium and
high feed rates, which proves that the empirical model is
only appropriate for predicting the surface roughness at

@ Springer

medium and roughing operations. Therefore, it can be
concluded at low feed rate, ignoring the effect of cutting
speed and depth of cut in the empirical model is more
crucial and results in a higher relative error. To study the
effect of the cutting parameters on the relative error, the
variations of the relative error is shown in Fig. 14. As
shown in Fig. 14, the relative error increases by increasing
the cutting speed and the cutting depth. Thus, it can be
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concluded that the empirical model is completely ineffi-
cient for predicting surface roughness at high cutting speed
and depth of cut. Since in the finish turning relatively high
cutting speeds are used, the empirical model due to the
high relative errors is incapable of predicting the surface
roughness. The results also revealed that the lowest error is
obtained at 1.2 mm nose radius and 0.32 mm/rev feed rate.
On the other hand, as discussed earlier, the relative error is
higher for low feed rate. Therefore, it can be concluded that
the empirical model can only predict the surface roughness
at medium and high feed rate along with low cutting speed.
The combination is not suitable and reasonable for the
finish turning. This subject also shows that at roughing
operation, the effect of the cutting speed and depth of cut is
insignificant compared with the finishing operation under
the dry condition. Therefore, the empirical model is not
suitable for predicting the surface roughness in the dry
finish turning of copper with low machinability, especially
in the dry finishing. The existed high relative error is due to
the ignoring some important factors affecting the surface
roughness such as depth of cut, cutting speed, and the
workpiece hardness. In addition, some adverse factors like

cutting depth (mm)

tool vibration, built-up edge, and chatter can be another
reason for such high errors. For example, the high differ-
ence between the R, values in experiments 7, 8, and 9, is
due to these adverse factors which become more serious at
high feed rate.

According to the above reasons, a new model has to be
developed to predict the surface roughness during the dry
finish turning. To express the relationship between the
cutting parameters and the surface roughness, a new
mathematical predictive model based on regression method
was developed. The selected ranges for developing the new
model are given in Table 8. The obtained full quadratic
uncoded model for predicting the R, is given below:

R, =3.62—12.60 x r, + 0.00558 x V + 34.948 x f — 0.031
xd~+T791 xr, xr,—0.00436 x r, x V —12.73
XreXf—0.0544 xr, xd —2.11e = 005 x V
x V —0.000509 x V x f+0.0011 x V
Xxd—506xfxf—421 x fxd+0.16 xdx*d.

(3)

Table 8 Selected ranges of the
processing parameters for

developing a regression
predictive model

Cutting parameters (units) Symbol Level 1 Level 2 Level 3
A Nose radius (mm) Ty 0.4 0.8 1.2
B Cutting speed (m/min) Vv 55 110 165
C Feed rate (mm/rev) f 0.08 0.16 0.24
D Depth of cut (mm) d 0.5 1.5 2.5
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Table 9 ANOVA for the surface roughness predictive model

Term Coef T P

Constant 3.620 2.50049 0.016
Ty — 12.60 — 4.85199 0.000
Vv 0.0055 0.42227 0.675
f 34.94 9.42514 0.000
d — 0.031 — 0.12499 0.901
r¥r 7.910 5.22306 0.000
%14 — 2.11e—005 — 0.52995 0.598
¥ — 5.060 — 3.366 0.319
d*d 0.160 — 1.00661 0.281
r*v — 0.00436 — 0.82176 0.415
r¥f — 12.730 — 6.38827 0.000
rid — 0.0544 — 0.10650 0.916
V*f — 0.000509 — 0.05735 0.954
V*d 0.0011 0.74186 0.461
*d —4.210 — 6.39693 0.000

R* (adj) = 92.91%  R* = 94.60% R? (pred) = 90.45%

The suitability of a model is usually determined based
on R? statistic and ANOVA results. The R* values and
ANOVA results are given in Table 9. The value of
R? = 94.60% indicates that 94.60% of the R, variation is
explained by the proposed model. Large R* value does not
necessarily prove that the regression model is suitable for
predicting the process response because by adding even
additional terms to the model the value of R* increases
[20]. Therefore, it is possible that a model with a large
value of R” yields poor predictions. To perform a better
comparison the adjusted R? statistic [R2 (adj)] is used,
which is applied to calculate the percentage of variation
explained by only the independent variables that actually
affect the dependent variable [1, 20, 22]. R? (adj) =
92.91% means that the model explain 92.91% of the total
variability. R* (pred) is another statistic that shows the
predictive capability of a model. The value of R>
(pred) = 90.45% is also compatible with the adjusted R*
statistic. Therefore, the R? statistics all prove that the
proposed model is suitable for predicting the surface
roughness. A comparison was also made between the sur-
face roughness values that predicted by Eq. (3) and the real
surface roughness values measured during the experiments.
The results are shown in Fig. 15. As explained earlier, the
relative error was calculated by Eq. (2). It is obvious from
Fig. 15 that the calculated relative error for the experi-
ments was between 1 and 20%, and the highest relative
error was 20%. The relative error lower than 20% com-
pletely confirms that the proposed empirical model is
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Fig. 15 Comparison between the measured R, and the predicted R, by
Eq. 3)

capable of predicting surface roughness in the copper dry
turning operation precisely.

4 Conclusions

In this paper, the impact of the most effective processing
parameters in the turning operation including feed rate,
cutting depth, nose radius, cutting speed, and cooling
conditions on the surface finish of commercially pure
copper was studied. To evaluate the effect of cooling
condition, various experiments were conducted under three
different cooling conditions: dry condition, wet condition,
and minimum quantity lubrication condition. It was
observed that the best surface quality and the lowest tool
wear are achieved under minimum quantity lubrication,
and the highest tool wear and the lowest surface quality are
obtained by dry condition. However, in all cases, the dif-
ferences between the surface roughness and also tool wear
under these three cooling conditions are less than 7%.
According to the results, feed rate and nose radius were the
most important factors affecting the surface roughness. At
low feed rate, 1.2 mm nose radius is a good option to
achieve the best surface roughness in copper dry finish
turning. To achieve an acceptable surface roughness with
suitable material removal rate and machining time, the
combination of the lowest feed rate and the highest spindle
speed with the moderate depth of cut and nose radius is
suggested. The best surface roughness of 0.381 pm was
achieved at r, = 1.2 mm, V =220 rpm, d = 0.5 mm and
f=0.08 mm/rev under the dry condition, which is com-
parable with the surface quality obtained by the conven-
tional grinding operation. The results also revealed that the
empirical model of 132 x r,) can predict the surface
roughness only at high feed rate, and low spindle speed
and, therefore, is not useful for predicting the surface
roughness in the finish dry turning. Thus, a full quadratic
prediction model was developed using regression methods
to predict the surface roughness in copper dry turning. The
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R? values, ANOVA results, and residual plots all proved
that the proposed model is capable of predicting the surface
roughness and also it is applicable as a database for
developing turning expert systems.

References

10.

13.

14.

15.

. Lalwani DI, Mehta NK, Jain PK (2008) Experimental investi-

gations of cutting parameters influence on cutting forces and
surface roughness in finish hard turning of MDN250 steel.
J Mater Process Technol 206:167-179

. Ahilan C, Kumanan S, Sivakumaran N, Dhas JER (2013)

Modeling and prediction of machining quality in CNC turning
process using intelligent hybrid decision making tools. Appl Soft
Comput 13:1543-1551

. Yousefi, S., Zohoor, M, Faraji M (2017) The variations of

dimensional accuracy in dry hard turning operation. In: 25th
annual international conference on mechanical engineering
ISME2017

. Boothroyd G, Knight WA (1989) Fundamentals of machining and

machine tools. Marcel Dekker, New York

. Patole PB, Kulkarni VV (2017) Experimental investigation and

optimization of cutting parameters with multi response charac-
teristics in MQL turning of AISI 4340 using nano fluid. Cogent
Eng 4(1):1303956

. Lee BY, Tarng YS (2000) Cutting parameter selection for max-

imizing production rate or minimizing production cost in multi-
stage turning operations. J Mater Process Technol 105:61-66

. Gokkaya H, Nalbant M (2007) The effects of cutting tool

geometry and processing parameters on the surface roughness of
AISI 1030 steel. Mater Design 28:717-721

. Asiltiirk I, CUnkas M (2011) Modeling and prediction of surface

roughness in turning operations using artificial neural network
and multiple regression method. Expert Syst Appl 38:5826-5832

. Grzenda M, Bustillo A (2013) The evolutionary development of

roughness prediction models. Appl Soft Comput 13:2913-2922
Kuyucak S, Sahoo M (1996) A review of the machinability of
copper-base alloys. Can Metall Q 35:1-15

. Yousefi S, Zohoor M, Faraji M (2017) Determining the effect of

processing parameters on the surface roughness and dimensional
deviation of copper in dry turning operation. In: 25th Annual
international conference on mechanical engineering ISME2017

. Raja SB, Baskar N (2011) Particle swarm optimization technique

for determining optimal machining parameters of different work
piece materials in turning operation. Int J Adv Manuf Technol
54:445-463

Kayastha C, Gandhi J (2013) Optimization of process parameter
in turning of copper by combination of taguchi and principal
component analysis method. Int J Sci Res Publ 94:1-11

Filiz S, Conley CM, Wasserman MB, Ozdoganlar OB (2007) An
experimental investigation of micro-machinability of copper 101
using tungsten carbide micro-endmills. Int J] Mach Tools Manuf
47:1088-1100

Bissey-Breton S, Vignal V (2014) Influence of post-machining
thermal treatment on the corrosion behaviour of copper. Procedia
CIRP 13:120-124

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Lee WB, To S, Cheung CF (2000) Effect of crystallographic
orientation in diamond turning of copper single crystals. Scripta
Mater 42:937-945

Ni H, Alpas AT (2003) Sub-micrometer structures generated
during dry machining of copper. Mater Sci Eng 361:338-349
Gravier J, Vignal V, Bissey-Breton S, Farré J (2008) Impact of
cutting conditions on mechanical, microstructural and electro-
chemical state in super finish turning of copper. Int J Mater Form
1:527-530

Shimada S, Inamura T, Higuchi M, Tanaka H, Ikawa N (2000)
Suppression of tool wear in diamond turning of copper under
reduced oxygen atmosphere. CIRP Ann Manuf Technol 49:21-24
Montgomery D.C., Design and Analysis of Experiments, 5th ED.
John Wiley & Sons, Inc (2001)

Ay H, Yang WJ (1998) Heat transfer and life of metal cutting
tools in turning. Int J Heat Mass Transf 41:613-623

Kiran CP, Clement S (2013) Surface quality investigation of
turbine blade steels for turning process. Measurement
46:1875-1895

Sandvik coromant (2011) Metal working products—general
turning. AB Sandvik Coromant, Sandvik Automation GmbH,
Viernheim

Revel P, Jouini N, Thoquenne G, Lefebvre F (2016) High pre-
cision hard turning of AISI 52100 bearing steel. Precis Eng
43:24-33

Bartarya G, Choudhury SK (2012) State of the art in hard turning.
Int J Mach Tools Manuf 53:1-14

Ghani A, Muhammad R, Che H (2014) Performance of green
machining: a comparative study of turning ductile cast iron
FCD700. J Clean Prod 85:289-292

Dhar NR, Islam MW, Islam S, Mithu MAH (2006) The influence
of minimum quantity of lubrication (MQL) on cutting tempera-
ture, chip and dimensional accuracy in turning AISI-1040 steel.
J Mater Process Technol 171:93-99

Sreejith PS, Ngoi BKA (2000) Dry machining: machining of the
future.”. J Mater Process Technol 101:287-291

Weinert K, Inasaki I, Sutherland JW, Wakabayashi T (2004) Dry
machining and minimum quantity lubrication. CIRP Ann Manuf
Technol 53:511-537

Dawson TG (2002) Machining hardened steel with polycrys-
talline cubic boron nitride cutting tools (Doctoral dissertation,
School of Mechanical Engineering, Georgia Institute of
Technology)

Pytlak P (2011) The influence of cutting parameters on the sur-
face texture of 18CrMo4 hardened steel. Adv Manuf Sci Technol
35:55-69

Feng J (2001) An experimental study of the impact of turning
parameters on surface roughness. In: Proc. of the 2001 industrial
engineering research conference, Dallas 2001

Feng J, Wang D (2002) Development of empirical models for
surface roughness prediction in finish turning. J Adv Manuf
Technol 20:348-356

Ozel T, Karpat Y (2003) Prediction of surface roughness and tool
wear in finish dry hard turning using back propagation neural
networks. In: Proc. 17th inter. conf. on production research,
Blacksburg, 2003

@ Springer



	Experimental investigation of the effect of processing parameters on the surface roughness operation for using as expert system database
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	The effect of cooling condition
	The effect of cutting parameters
	Contour and surface plots
	Predictive models

	Conclusions
	References




