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Abstract

The objective of the investigation was to identify surface roughness after turning with wedges of coated sintered
carbide. The investigation included predicting the average surface roughness in the dry machining of Duplex
Stainless Steel (DSS) and the determination of load curves together with roughness profiles for various cutting
conditions. The load curves and roughness profiles for various cutting wedges and variable cutting parameters
were compared. It has been shown that dry cutting leads to a decrease in friction for lubricated surfaces,
providing a small initial contact area where the surface is contacted. The study has been performed within
a production facility during the production of electric motor parts and deep-well pumps.
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1. Introduction

Engineering surfaces, particularly those generated using multi-step manufacturing
processes and intended for tribological applications such as bearings and gears, rarely if ever
have perfectly normal distributed elevations [1]. Surface roughness measurements of any
workpiece are among the most important ones in length and angle metrology, both in theory
and practice. According to Wieczorowski et al. [2], there are great discrepancies in these
measurements because of the large variety of instruments for surface roughness analysis.
Hence, three-dimensional surface topography parameters are necessary for assessing the
surface roughness characteristics more effectively [3]. According to Mahovic Poljacek et al.
[4], a precise characterization of roughness and surface topography is of prime importance in
many engineering industries because certain functional properties of the materials are often
determined by the surface structure and characteristics. Estimation of the magnitude of
surface roughness under the given cutting conditions resulting from metal removal operations
is one of the major goals in this area [5, 6]. According to Benardos and Vosniakos [7], surface
roughness is a widely used index of product quality and in most cases a technical requirement
for mechanical products. Achieving the desired surface quality is of great importance for the
functional behaviour of a part.

Surface profilometry is for many years a well-known method of topography inspection
[8—12]. Topography parameters represent surface properties is much better than 2D ones.
Using the surface parameters can be determined functions describing surface behaviour. The
workpiece material is duplex stainless steel because this stainless steel is widely used for
many industrial applications due to its unique properties. Cabrera et al. [13] and Park et al.
[14] consider that the good combination of their mechanical properties (high strength and
toughness) and corrosion resistance makes them of great interest for a wide range of
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applications, especially in the oil, chemical, and power industry. The aim of this study was to
predict the surface roughness in dry and lubricated machining and compare the results of the
surface roughness average for different cutting conditions, based on the rotatable central
composite design of experiments. The machinability of duplex stainless steels has been dealt
by many researchers [15—27], but those publications didn’t mention about problems related to
the 3D Functional Parameters of Surface Integrity (SI). 2D geometrical parameters of SI are
important in determining corrosion resistance, and also in fatigue crack initiation. According
to Rech and Moisan [28], examination of the machined surfaces using surface profilometry
reveals the dependence of surface roughness on the tool radius as well as on the feed rate.
This kind of surface is forbidden for a number of applications (oil tightness), but does not
concern gear cone brakes, and can be avoided with additional abrasive processes such as
lapping. This publication, describing various methods of the material ratio curve, is based on
the material ratio curve. Pawlus and Grabon [29] consider that the Abbott curve is usually
used to quantify wear phenomena such as lubricant influence, the bearing materials, and
surface topography. They have shown that the wear measurement method for some types of
engineering surfaces was developed based only on truncated surface measurements.

2. Experimental techniques
2.1. Workpiece and cutting tool materials

The machined material was 1.4462 (DIN EN 10088-1) steel with a ferritic-austenitic
structure containing ca 50% of austenite. The elemental composition of the machined material
and technical details of the cutting tools are given in Tables 1 and 2 respectively.

Table 1. Chemical composition of 1.4462 duplex stainless steel.
Element %C max %Si  %Mn %P %S %Cr %Ni %Mo %N Others

wt% 0.021 0.54 0.77 0.028 0.02  22.65 5.70 3.28 0.19 -

Table 2. Cutting tool specification.

Tool Substrate Others
Tl Hardness: 1350 HV3 Coatings: Ti(C,N) - (2 um); Al,O3- (1.5 pm); TiN - (2 pm)
MM 2025 Grade: M25, P35 Coating technique: CVD
T Coatings: TiN - (2 um); Ti(C,N) - (2 pm); Ti(N,B) - (2 pm); TiN - (2
CTC 1135 Grade: M35, P35 um); Ti(C,N) - (2 um); Ti(C,N) - (2 um)

Coating technique: CVD

Cutting tool inserts of TNMG 160408 designation clamped in the tool shank of ISO-MTGNL
2020-16 type were employed. Based on the industry recommendations the range of cutting
parameters T1: ve = 50 + 150 m/min, f = 0.2 = 0.4 mm/rev, a, = 1 + 3 mm were selected.
The experiments performed with the tool point T2 were comparative studies and that is why
the cutting parameters were: ve = 50, 100 and 150 m/min, f = 0.2, 0.3 and 0.4 mm/rev,
ap = 2 mm. The cutting wedges have been selected for various coating materials while the
machining parameters selection was determined by the necessity to assess the finishing
surface. The study was conducted within a production facility. The research program was
carried out on a lathe CNC 400 CNC Famot - Pleszew.

2.2. The research plan of the surface roughness

The required number of experimental points is N = 2°+ 6 + 6 = 20 (Table 3). There are
eight factorial experiments (3 factors on two levels, 2°) with added 6 star points and centre
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point (average level) repeated 6 times to calculate the pure error [30]. For the purpose of the
experiment a program that estimates parameters of the model second-order polynomial in the
form y = (a0 + ar*c; + a*x2 + as*x3)* has been developed. The program was written in
Matlab and it allows generating three-dimensional graphs and plots of one variable. The tests
were performed on a CNC lathe, hence the test plan had been adjusted for the GE Fanuc
Series 0 - T controlled machine program.

Table 3. Coded indication of the design of experiment.

Test Coded values of factors Real values of factors

No. Y X2 s m/‘l)ilin mm];rev Hcllfn
1 -1 -1 -1 70 0.24 1.4
2 -1 -1 +1 70 0.24 2.6
3 -1 +1 -1 70 0.36 14
4 -1 +1 +1 70 0.36 2.6
5 +1 -1 -1 130 0.24 14
6 +1 -1 +1 130 0.24 2.6
7 +1 +1 -1 130 0.36 14
8 +1 +1 +1 130 0.36 2.6
9 -1.682 0 0 50 0.3 2
10 1.682 0 0 150 0.3 2
11 0 -1.682 0 100 0.2 2
12 0 1.682 0 100 0.4 2
13 0 0 -1.682 100 0.3 1
14 0 0 1.682 100 0.3 3
15 0 0 0 100 0.3 2
16 0 0 0 100 0.3 2
17 0 0 0 100 0.3 2
18 0 0 0 100 0.3 2
19 0 0 0 100 0.3 2
20 0 0 0 100 0.3 2

Based on the program presented in Table 3, and the experimental data set describing the
mathematical model by means of a second-order polynomial function surface roughness Ra
parameter after T1 turning, with respect to the turning process parameters, has been
designated. The selection of the PS/DS-P: A program was based on the assumption that the
model of a second-order polynomial function will be a non-linear one which can be reduced
to a linear model. Ra parameter was selected because during the assessment of production
process, Ra is the commonly used parameter of surface roughness.

2.3. Tool wear and surface roughness analysis

Tool wear and surface textures analysis of DSS performed using Infinite Focus
Measurement Machine (IFM). IFM an optical 3D measurement device which allows the
acquisition of datasets at a high depth of focus. The IFM 4.2 software version was used for
the measurements. The cooling and lubricating fluid used was a coolant compatible with
water, with no chlorine content, based on Blasocut 4000CF mineral oils, a universal emulsion
for medium hard machining of steel.
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3. Results and discussion
3.1. Surface roughness

Figure 1 shows the surface roughness after machining DSS with T1 tool with Al,O3 layer
under dry cutting conditions. The results were obtained by modelling on the basis of the
adopted program: PS/DS - P: A was presented as a three-dimensional plot and two plots of one
variable in sequence showing the depth of cut and cutting speed for the parameters from the
centre point. For cutting speed, v¢ = 100 m/min and cutting depth, @, = 2 mm, surface
roughness, Ra, reaches the highest value in accordance with the theory of machining for the
largest feed under investigation. In the feed range from 0.2 to 0.4 mm/rev the surface
roughness changes its value from 1.2 to 6.6 um. On the other hand, with a cutting speed of
ve = 100 m/min and a feed of /= 0.3 mm/rev of the surface roughness, Ra has the largest
values for the cutting depth of g, =1 mm and a, = 3 mm and reaches 4.2 um and 4.1 pm,
respectively. The minimum value of the surface roughness Ra = 4 um has been found for a
cutting depth of @, = 2.3 mm.

v =100 m/min, f = 0.3 mm/rev

42

Surface roughness Ra [um]

1 12 14 16 18 2 22 24 26 28

Depth of cut [mm]

Surface roughness Ra [pm]

V. =100 m/min, a,=2 mm

Surface roughness Ra [pm]

02 Feed [mm/rev]

02 022 024 02 028 03 032 034 036 038 04
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Fig. 1. Surface roughness for centre point parameters (T1) for constant cutting speed v¢ = 100 m/min.

The effect of the feed rate and cutting speed on the surface roughness for T1 and T2
wedges are shown in Fig. 2 and 3. Generally it can be seen that by increasing the feed rate, the
surface roughness decreases for each of the feeds for both tools. For the T1 wedge, shown in
Fig. 2, the increase of surface roughness is constant with the increasing feed rate. There is a
feed rate increase in the range of 0.2 mm/rev to 0.3 mm/rev for the T2 wedge results when
there is a slight increase in roughness; in the range of 0.3 mm/rev to 0.4 mm/rev the
roughness increases by two times. It has been found that the influence of the cutting speed on
the values of surface roughness, Ra, was principally small (Fig. 3), both for a wedge
possessing a coating with an intermediate ceramic layer and for one with a multilayer coating.
For both wedges, the results of the surface roughness, measurements were characterized by
small scatter as the factors of variation have the values of 1% to 6%, except the measurement
for wedge T1 for the smallest cutting parameters (ve = 50 m/min; /= 0.2 mm/rev - 13%).
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Fig. 2. Surface roughness Ra recorded in dry machining of DSS with both coated carbide tools
as a function of feed rate; depth of cut a,= 2 mm.
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Fig. 3. Surface roughness Ra recorded in dry machining of DSS with both coated carbide tools
as a function of cutting speed; depth of cut a,= 2mm.

3.2. Surface texture

The surface texture analysis of DSS has been performed by means of an Infinite Focus
Measurement Machine. The IFM is an optical 3D measurement device similar to the SEM.
The IFM method allows for the capture of images with a lateral resolution down to 400 nm
and a vertical resolution down to 20 nm. The geometrical structures of the surface shown
below have been observed after longitude turning. This kind of machining has resulted in that
the surface texture is a unidirectional perpendicular structure, which can be seen in Fig. 4.
The figure shows the structure of a sample after turning with the parameters of the centre of
the investigation program. The geometrical structure of the tested sample, together with the
results of the measurements of the surface morphology parameters is shown in Figure 5.
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<
Fig. 4. Surface morphology of a sample turned with Fig. 5. Surface morphology of a sample turned with
T1 wedge in real colour (v¢ = 100 m/min; T1 wedge in pseudo colour (ve = 100 m/min;
f=0.3 mm/rev; a, =2 mm, dry). /= 0.3 mm/rev; a, = 2 mm, dry).

Machined surface has an anisotropic and periodical structure. A structure of this type occurs
on contactless surfaces, mostly unloaded ones and co-acting with various kinds of wave
interaction. This surface is often found in immobile contacts of indeformable bodies with
deformable ones. A comparison of the load capacity curves (Abbott — Firestone Curve)
depending on the cutting speed can be seen in Figure 6.
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Fig. 6. Load capacity curves after turning with T1 wedge at the cutting speeds of:
a) 50 m/min, b) 100 m/min, ¢) 150 m/min.

3.3. Profiles of surface roughness

Profiles of surface roughness after machining with various cutting speeds can be found
in Figure 7. In this range, mainly large feed (= 0.3 mm/rev) determines the characteristic,
clearly periodical shape of the profile. The slopes of the analysed profiles differ in shape.
The most irregular slopes are those of the profile for cutting speed of 150 m/min.
A technological effect of so formed surface is, for example, a better oil adherence. This
results in reduction of friction providing small initial contact surface. On the other hand,
areas with significant values of contact stresses are obtained, which influences later
utilization of machined parts manufactured in this way. Such technological parameters of
machining result in arresting lubricating agents and contaminations on the surface.
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Fig. 7. Surface roughness profiles after turning with T1 wedge at the cutting speeds of:
a) 50 m/min, b) 100 m/min, b) 150 m/min.

The shape of the load capacity curve mainly depends on the shape of irregularities in the
direction perpendicular to the reference surface. It can be seen that the load capacity curves
do not differ significantly from each other, hence the conclusion that the cutting speed does
not significantly influence the load capacity curves in the process of turning duplex
stainless steel. For all the cutting speed vc obtained slightly degressive Abbott — Firestone
Curves (grey colour area). Nielsen [31] found that the honing process can be controlled by
Rk parameters. According to Sedlacek et al. [32], the Rvk and Rpk parameters could have an
influence on friction. The representative measured values of roughness parameters and
material ratio parameters (Rk parameters group) are listed in Tables 4 and 5.

Table 4. Roughness parameters for T1 tool.

. . Ra Rq Rt Rz Rmax Rp Ry Rc
Cuttingspeed [mmin]  fym)  fum]  [uml  [uml  am]  fum]  [um]  [um]
50, dry 3.58 4.28 15.20 8.68 11.80 9.51 5.69 15.20
100, dry 3.45 3.97 15.00 14.38 15.00 8.34 6.66 14.27
100, lubricated 4.34 4.90 16.80 12.78 15.43 9.07 7.72 16.53
150, dry 4.22 4.90 16.61 10.23 12.89 10.50 6.11 16.52
Table 5. Material ratio parameters for T1 tool.
Cutting speed [m/min] Rk [um] Rpk [um] Rvk [nm] Rmrl [%] Rmr2 [%]
50, dry 9.66 5.07 408.38 22.74 98.78
100, dry 9.85 4.49 516.97 17.48 98.53
100, lubricated 8.40 6.54 507.21 38.41 98.29
150, dry 11.37 4.40 270.57 24.03 98.29

Figures 8 and 9 are diagrams obtained from the measurements of duplex stainless steel
samples turned with a T1 wedge and the use of a cooling substance. Figure 8 presents the
load capacity curve of the sample turned with the centre parameters, with the use of
a cooling fluid. Figure 9 shows the roughness profile of that sample.
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Fig. 8. Load capacity curve after turning with T1 wedge:
ve =100 m/min; /= 0.3 mm/rev; a, =2 mm, lubricated.
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Fig. 9. Surface roughness profile after turning with T1 wedge:
ve = 100 m/min; £= 0.3 mm/rev; a, =2 mm, lubricated.
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As can be seen, the inclination angle of the middle part of the curve has decreased, but as
much as to state that cooling advantageously influences the load capacity curve.
The roughness profile of the surface has slightly deteriorated, which can be seen through
small tribological disturbances. Roughness parameters and material ratio parameters for the
T1 tool are listed in Tables 4 and 5.

Load capacity curves after the longitude turning of DSS with the T2 wedge, which have
been shown in Figure 10. In the figure, one can observe the influence of cooling, which has an
advantageous effect on the load capacity curve.
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Fig. 10. Load capacity curves after turning with the T2 wedge:
ve = 100 m/min; f= 0.3 mm/rev; a, = 2 mm; a) without cooling, b) with the use of a cooling substance.

Analysing the roughness profiles shown in Figure 11, one can observe the visible influence
of tribological disturbances. The disturbances probably have been caused by a built-up edge
on the cutting edge and chip sticking on the rake face, and sticking of the machined material
on the flank face. The roughness profile, after turning with the T2 wedge with cooling, on the
other hand, shows many more tribological disturbances than in the case of machining without
cooling. Lack of a lubricant caused greater tribological interferences also due to the built-up
edge, but much less than in the case of cooling. It may be argued that there appears to be
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abuilt-up edge and chipping on the flank wear probably with the occurrence of the
hydrodynamic phenomena in the technological surface layer at the interface of the tool - the
machined surface was the principal cause of the visible disturbance. The shape of the profile
can also indicate a material side flow in the cutting zone. Kishawy and Elbestawi [33] thought
that cutting with a small feed improves the surface finish. It leads to more material side flow
on the machined surface and, hence, to a deterioration of the machined surface quality. In
addition, increasing the tool nose radius leads to ploughing of a larger part of the chip and,
hence, a severe material side flow takes place on the machined surface. Chip material flows in
a direction perpendicular to that of the chip. This material sticks to the newly machined
surface and causes damage to the machined surface quality, even if the surface roughness is
kept within the desired tolerance [28]. Surface roughness parameters and material ratio
parameters measured in this investigation are listed in Tables 6 and 7. Large Rk parameter in
dry cutting for both tools implies a surface composed of high peaks providing small initial
contact area and thus high areas of contact stress when the surface is contacted.
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Fig. 11. Surface roughness profiles after turning with T2 wedge: vc = 100 m/min; /= 0.3 mm/rev; a, =2 mm;
a) without cooling, b) with the use of a cooling substance.

Table 6. Roughness parameters for T2 tool.

Cutting conditions Ra Rq R Rz Rmax Rp Ry Re
[um] [um] [um] [um] [um] [um] [um] [um]
dry 3.90 4.70 18.72 9.13 11.84 11.16 7.55 12.88
lubricated 2.52 2.91 10.71 6.17 7.86 4.44 6.26 8.39

Table 7. Material ratio parameters for T2 tool.

Cutting conditions Rk [um] Rpk [um] Rvk [pm] Rmrl [%] Rmr2 [%]
11.40 5.71 1.08 18.41 95.85
lubricated 6.70 0.85 3.60 4.51 81.58

3.4. Tool wear

In order to explain shape of the roughness profiles shown in Figure 7 there was performed
cutting tool points IFM images. Table 8 presents the condition of tool point surfaces using the
corresponding IFM images. Figures a and ¢ presents tool points in real colour, while figures
b and d presents tool points in pseudo colour with tolerance changes to 10 um. Red colour in
Table 8 shows the areas where the cutting tool point in the machining process increase more
than 10 um of material, while the blue colour represents the surface of the cutting tool point
which reduced more than 10 um of material. It can be concluded that in the process of sliding
friction between surfaces, some DSS particles were transferred to rake face near the tool point
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— chip contact zone. These particles in the form of a built-up edge (BUE) are particularly
visible on the rake face of the tool point with a cutting speed of 150 m/min. Reducing the
cutting speed is 50 m/min resulted in the reduction of these phenomena. This type of wear is
the result of mechanical action. Surface integrity of workpiece material easily harden, so each
successive longitudinal turning pass at the same deep of cutting leads to the surface
hardening, resulting in a more abrading. Furthermore flank wear on the rake face was
observed. For cutting speed of 150 m/min flank wear is significantly higher than for the lower
cutting speed. Flank wear and BUE on rake face probably caused irregular slopes on
roughness profiles.

Table 8. Topography of the tool point wear in T1 during DSS turning.

a) . b)
Built-up

dge

Flank wear

Topography of the tool point T1 in real colour Topography of the tool point Tl in pseudo colour
(ve = 50 m/min) (ve = 50 m/min)

¢)

d
)\Built-up ) o H Flank

Topography of the tool point T1 in real colour Topography of the tool point T1 in pseudo colour
(ve = 150 m/min) (ve =150 m/min)

3.5. Surface roughness model

Based on the PS/DS-P: A program and the modelled experimental data of the polynomial
function of surface roughness Ra = f(vc; f; ap):

Ra = — 1.716 — 0.013vc + 27.518f +1.431a, — 0.00005vc? — 15.979f 2 + 0.1154a,* )
+0.047 vc f+ 0.004 vc a, +1.458 fay.

The aim was to create a model of such a tool to optimize cutting parameters for DSS which
could be a valid for assumed turning parameters. A function model used to rationalize the
selection of machining parameters (for real values) has not been verified in the range of
cutting parameters beyond those adopted in Chapter 2.1. Since the function was verified in the
production conditions, technologists employed in the industry, in order to determine the
cutting parameters for the specified surface roughness in the process of turning DSS, may use
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the designated model surface roughness. But we must remember about the limits of the tools
and cutting methods.

4. Conclusions

During Duplex Stainless Steel machining, the following difficulties occur: difficulty in
controlling the chip and strong adhesive interaction leading to the formation of a built-up
edge. This leads to the following conclusions:

I.  One can observe that the feed rate is the main parameter that influences the surface
roughness, Ra. Surface roughness increased when increasing the feed rate. However,
increasing the surface roughness, Ra, depends on the cutting tool specification.

II. In the process of turning Duplex Stainless Steel, the cutting speed does not significantly
influence the load capacity curves.

III. The use of a mineral oil-based cooling and lubricating liquid advantageously influences
the load capacity curve after turning with a multi-layer coated wedge.

IV. The roughness profile, after turning with a multi-layer coated wedge with cooling, show
many more tribological disturbances than in the case of machining without cooling. The
profile shape can prove a transverse plastic flow of the material in the cutting zone.

V. Dry cutting increases the Rk parameter — it leads to a decrease of friction providing
a small initial contact area and thus high areas of contact stress when the surface is
contacted. Dry cutting is associated with lubricant retention and debris entrapment.

VI. The developed surface roughness prediction model can be effectively used to predict the
surface roughness for the turning process. Using such models, remarkable cost savings
can be obtained.
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