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Abstract

The objective of the study was to assess the potential use of optical measuring instruments to determine the
minimum chip thickness in face milling. Images of scanned surfaces were analyzed using mother wavelets.
Filtration of optical signals helped identify the characteristic zones observed on the workpiece surface at
the beginning of the cutting process. The measurement data were analyzed statistically. The results were
then used to estimate how accurate each measuring system was to determine the minimum uncut chip
thickness. Also, experimental verification was carried out for each mother wavelet to assess their suitability
for analyzing surface images.
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Nomenclature
A stagnation point Tn edge radius, °
MA method accuracy s standard deviation
ap axial depth of cut, pm syml0 mother wavelet Symlet of
bior3.1 mother wavelet Biorthogonal of order 3.1 order 10
bior4.4 mother wavelet Biorthogonal of order 4.4 Ve cutting speed, m/min
bior6.8 mother wavelet Biorthogonal of order 6.8 vr feed rate, mm/min
coif5 mother wavelet Coiflet of order 5 @ rake angle, °
dbl10 mother wavelet Daubechies of order 10 B inclination angle, °
db20 mother wavelet Daubechies of order 20 6 stagnation angle, °
fz feed rate, mm/tooth @ low-pass filter
h; minimum chip thickness determined for v high-pass filter

selected sample, pm wé diagonal details signal
Nmin minimum chip thickness, pm zph horizontal details signal
Nyef reference value, um /A4 vertical details signal
n spindle speed, rpm
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1. Introduction

The quality of machine parts is largely dependent on the degree to which dimensional and ge-
ometrical requirements have been met and whether the desired surface texture has been achieved.
Since surface condition is generally attributable to roughing and finishing operations, it is impor-
tant that the right process parameters be first selected and then maintained [1].

When the milling operation requires the chip thickness to be smaller than the cutting edge
radius, one of the key parameters to be determined is the minimum uncut thickness, which is
a critical value defining the moment at which the material separated, i.e. removed, from the parent
work material takes the form of a full chip. The analysis of the workpiece surface shows that
there are three zones differing in the effect of the cutting tool, all dependent on the depth of cut.
The first is the zone where there are only elastic-plastic deformations caused by the rubbing of
the tool against the workpiece surface. In this case, the depth of cut is smaller than the smallest
amount of material removable (a, < hmin). The next is the zone of elastic-plastic deformations
where the material is partially removed (a, ~ hnyin). The third is the zone in which the material
is removed in the form of full chips (a, > hmin).

From a review of the literature it is apparent that the methods used to determine /iy, fall into
two groups:

— theoretical methods, based on formulae that take account of the cutting tool geometry and

the workpiece material properties,

— experimental methods, which require measurement with specialist equipment.

The authors of this paper have recently been studying the potential use of the two-dimensional
wavelet transform for this purpose. The novelty is a complex analysis of the influence of the
mother wavelet on images of scanned surfaces filtration. In the paper were examined surface
images obtained using selected optical measuring instruments. In particular images, the zone
of initiating the face milling process was presented. Moreover, the results were compared with
theoretical values determined based on theoretical formulas.

In the literature, the minimum chip thickness is generally defined in relation to cutting edge
radius r,,. This relationship, however, is dependent on rake angle «, stagnation angle # and axial
depth of cut a,, [2].

The diagram in Fig. 1 illustrates the plastic flow of material along the cutting edge with
radius r,,. Stagnation point A divides the flow into two zones: one above and the other below. The
material that is below the point flows downwards from the cutting edge but no chips are formed.

L R hres
f

Fig. 1. Material flow along the rounded cutting edge.
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This phenomenon is called ploughing; elastic-plastic deformations occur, but there is no material
removal. Above the stagnation point, however, the material flows upwards and is removed in the
form of chips. The position of the stagnation point at the edge radius is defined by stagnation
angle 6. Stagnation angle 6 and negative effective rake angle @ (where @ = /2 — 6) are used to
determine the minimum chip thickness, and this relationship can be written as:

hmin = rn(1 —cos6). @))

There are numerous studies dealing with the effect of the negative rake angle on the minimum
chip thickness in cutting. Sedriks and Mulhearn [3] indicate that the rake angle is mainly dependent
on the coefficient of friction between the surfaces in contact, i.e., the tool and the workpiece. In
[4], Kita et al. discuss changes in the stagnation area, dependent both on the cutting speed and the
properties of the workpiece material. If the minimum chip thickness is to be determined using
relationship (1), it is necessary to know stagnation angle 6. L’vov [5] reported stagnation angle
6 to be 45°, which gives hyin = 0.29r,,. Basurar ef al. [6] assume stagnation angle 6 to reach
37.6°, thus, hpin = 0.21r,. Yuan et al. [7] show that minimum chip thickness A, determined
for aluminum alloys ranges from 0.25r, to 0.32r,. From the numerical model developed by
Ducobuet et al. [8], it is evident that when A, < 0.25r,, no chip formation takes place.

Kawalec [9] suggests that the minimum chip thickness should be calculated taking into
consideration the coefficient of proportionality k, dependent on the friction between the tool and
the workpiece. Coefficient k can range from 0.1 to 1

Bnin = k7. 2

There are various models to determine the value of parameter sp;,. Some require a molecular
and mechanical approach to dry friction as in Grzesik [10], others, for example, that proposed
by Blake and Scattergood [11], take account of the fracture toughness, modulus of elasticity and
Knoop hardness of the workpiece material. Their model is used to determine the critical value of
parameter Amin.

From the analysis of the methods and formulae for determining the minimum uncut chip
thickness, it is clear that most of them are based on the cutting edge radius, which is multiplied by
coeflicient k ranging theoretically between 0.1 and 1. There are models that require knowledge of
many complex relationships or experimentally determined constants. The proposed relationships,
however, allow us to calculate only the critical values without defining their variability according
to the cutting conditions and the workpiece material.

With the developments in science and technology, it has been essential to look for alternative
solutions to facilitate the manufacturing of machine parts as well as improve equipment for their
inspection, which may require filtration and analysis of measuring signals [12, 13]. The advances in
numerical control and computer science have contributed to more complex but also more accurate
measuring systems, capable of acquiring and processing large sets of data, i.e. signals. Systems
with high computing efficiency are able to apply complex calculation models. Classical methods
for the analysis of measuring signals are now being replaced with sophisticated data processing
algorithms, which help better understand actual phenomena occurring during machining. These
phenomena should be treated as unsteady state signals which need to be handled with proper
equipment. The wavelet transform, developed at the turn of the 21st century, seems suitable for
signal analysis. As it can be used to analyze signals with non-periodic irregularities and determine
the place of their occurrence, the wavelet transform is becoming increasingly popular in many
fields of science.
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The concept of discrete wavelet transform is based on two mutually complementary high-pass
(¥) and low-pass (¢) filters in the x and y directions. Thus, surface analysis involves decomposing
a measuring signal into four further signals (i.e. the approximated signal and the signals of the
horizontal, vertical and diagonal details). The approximated signal corresponds to low-frequency
information, while the details are high-frequency information in the particular directions.

e(x,y) = e(xX)p(y), 3)
vr(xy) = (), )
vt ) = oY (y), )
Y (x ) = YY) (6)

Unlike the classical methods for the analysis of measuring signals, the wavelet transform can
use a variety of mother wavelets. Each group of wavelets has some characteristic properties and
the selection of an appropriate mother wavelet is very important for the analysis [14].

Wavelet transforms are commonly used in surface metrology [14-32]. Their applications
include surface characterization [15, 16], especially for quality inspection purposes [17-20], which
may require surface texture separation into roughness, waviness and form [21, 22]. The literature
shows that multiscale analysis can be employed, for instance, to assess the wear of orthopedic
implants [23] or the flank surface of the cutting tool [24]; it is also useful to study the effect
of abrasive finishing on the surface texture [25], or to analyze the effects of different machining
processes on the leak tightness of seals [26]. Jiang et al. [27] discuss the use of wavelet analysis
to assess surface texture features for engineering and biomedical applications. Abdul-Rahman
et al. [28] deal with freeform surfaces, while Stepient [29] investigates surface irregularities of
cylindrical objects. The use of empirical mode decomposition to study surface topography is
discussed by Zhang et al. [30]. As shown in [31, 32], mother wavelets can be employed to analyze
2D and 3D surface profiles in order to detect characteristic features or indicate their position from
the signal. This suggests that wavelet analysis is suitable for determining the length of the zones
where the cutting is initiated.

2. Materials and methods

The experiments were divided into two stages. First, milling was performed on ten specimens.
Then, the machined surfaces were analyzed to identify the characteristic zones, corresponding
to the different effects of the tool on the workpiece material. The milling was initiated gradually
on C45 steel specimens (Fig. 2) with no cutting fluid present. The operation was carried out
using a DMG MORI DMU 50 universal milling machine. The specimens used for the tests were
octagonal in cross-section, which made them easy to secure in a vice. Because of their shape,
i.e. four pairs of parallel sides, the specimens were easy to fix in a four-jaw chuck and measure
using different equipment with no special clamps. The tool was a Sandvik Coromant CoroMill
490 milling cutter with a 490-08T308M-PL sintered carbide insert where the cutting edge radius
rn was 56 um. The expanded uncertainty of measurement of the edge radius was equal +1 pm
(probability 95%, k = level 2). Applying one insert only allowed us to eliminate axial and/or
radial runout which could have affected the measurement results. Gradual initiation of the cutting
process was possible by inclining the milled surface to achieve gradual immersion of the cutter,
which moved parallelly to the table surface. The surface to be milled was polished to obtain
roughness at least one order lower than that achieved through milling for easier identification of
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n=1783 rpm

vf=1 78.3 mm/min

Fig. 2. View of the milling process. 1 — tool, 2 — surface to be cut, 3 — workpiece, 4 — wedge,
5 — machine vice, vy — feed rate, n — spindle speed, 8 — inclination angle.

the characteristic zones. Flatness measurements were necessary to determine the polishing errors
(Table 1), and these were carried out using a PRISMO Navigator coordinate measuring machine
equipped with a VAST GOLD S-ACC active scanning and multi-point sensor. The measurement
data indicated that the rounded workpiece edges being a result of polishing (Fig. 3) had no effect
on the surface to be cut. The surface flatness error measured for the ten specimens ranged from
0.011 to 0.018 mm (Table 1).

Fig. 3. Flatness analysis for Specimen No. 5.

Table 1. Surface flatness recorded for the specimens tested.

Specimen number 1 2 3 4 5 6 7 8 9 10
Surface flatness, mm | 0.011 | 0.013 | 0.014 | 0.016 | 0.010 | 0.011 | 0.011 | 0.018 | 0.017 | 0.016

The next stage of the experiments consisted in placing the specimens on a wedge with an
inclination angle 8 of 0°12’00”. The specimen fixing is illustrated in Fig. 2. Before milling,
the inclination angle was measured for each specimen using a Heidenhain TS 640 touch probe
installed on the milling machine. The measurement results are given in Table 2.

Table 2. Inclination angle for each specimen milled.

Specimen
number

Inclination | 0°11” | 0°11” | 0°10" | 0°10" | 0°13’ | 0°12" | 0°12" | 0°13" | 0°12" | 0°10/
angle 56" 34 24" 58" 30” 32" 07" 40” 21" 44"
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The ten specimens used in the experiment were milled at the same cutting speed
(ve = 280 m/min) and the same feed rate (f, = 0.1 mm/tooth). The process parameters were
selected following the recommendations of the insert producer and taking into consideration the
properties of the workpiece material. The material tested, i.e. C45 carbon steel, can be thermally
hardened which makes it difficult to weld but easy to machine. It exhibits a tendency to adhere to
the cutting tool which leads to edge build-up. Because of poor machinability, rough surfaces are
obtained. The steel is used for moderate load applications, including spindles, axles, crankshafts,
unhardened gears, electric motor shafts, regular knives, corkscrews, wheel hubs, discs, rods,
cylinders and pump impellers.

The final stage involved analyzing the surface images by means of the following mother
wavelets: db10, db20, coif5, syml0, bior3.1, bior4.4, and bior6.8. For each wavelet, tests were
carried out at several levels of decomposition. The images of approximated signals were analysed,
as well as images of the detail signals obtained at particular levels. The research was carried out in
a complex way by analyzing individual signals separately, as well as by adding individual images
in different configurations to each other. This was possible because wavelet transformation allows
to reconstruct signal at any time [29]. Moreover, the threshold method was used to emphasize
particular zones. All performed procedures allowed to expose the key features of the signal.

The images used to identify the zone where the machining process was initiated were obtained
by applying three optical measuring instruments (Fig. 4). Providing high resolution in each
measurement axis, this equipment can be used in specialist laboratories as well as under industrial
conditions. The use of different types of measuring systems helped assess the effect of their
resolution on hpi,. It was vital to determine what experimental accuracy each vision system
offered when the minimum chip thickness was determined. This allowed to examine whether
instruments with not very high resolution of particular axes can be used to determine the key
parameters of the face milling process.

a
) Taylor£obson b)

k
C

n

a

\ z
S

=}

Fig. 4. (a) Talysurf CCI Lite, (b) O-Inspect 442 multi-sensor measuring machine, (c) MarVision MM 320
workshop microscope.

The equipment used for the measurements can be characterized as follows.

— The Taylor Hobson Talysurf CCI Lite is a non-contact optical system designed to measure
surface texture using a vertical resolution of the order of 0.01 nm and a horizontal resolution
of the order of 0.33 um. The measurement system is based on coherence correlation
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interferometry (CCI). It employs pneumatic vibration isolators to offer ultra-precision. The
software is capable of stitching several scanned images together.

— The ZEISS O-Inspect 442 multi-sensor measuring machine is an optical system equipped
with a Discovery V12 varifocal zoom lens providing a magnification of up to x12. The
system measuring range is 400 x 400 x 200 mm, with the length measurement error being
1.7 + L/250 pm.

— The MarVision MM 320 workshop measuring microscope has an XY stage travel range
of 200 x 100 mm, a resolution of 0.001 mm and a maximum error of 3 + L/100 um. Its
features include a zoom lens offering a magnification of x0.7 up to x4.5 and dimmable
a LED transmitted light.

3. Results

The study consisted in scanning the specimen surfaces after the milling process. The mea-
surements were taken using the Talysurf CCI optical profiler, the O-Inspect 442 multi-sensor
measuring machine and the MarVision MM320 workshop microscope (at a magnification of
x0.7, x1 or x2). The reference value of the minimum chip thickness was assumed to be equal to
the value determined on the basis of a set of measuring points obtained with the optical profiler.
Examples of surface texture images recorded with the selected measuring systems are shown in
Fig. 5.

The experimental method accuracy (MA) was assessed for each measuring system. The
calculations were made using relationships (7) and (8) at a probability (P) of 0.95. For this value,
parameter t was determined from Student’s ¢-distribution tables. The value was 2.262.

hi - href
wh = ———"2100%, ()
href
MA = |[Wp % 15| max » ®)

where h; — minimum chip thickness, h,.r — reference value, s — standard deviation.

This method can be used to assess the suitability of a measuring instrument for determining
parameter . According to Adamczak et al. [33], the values obtained allow us to qualitatively
and quantitatively estimate the parameter determination accuracy for any measuring system
(Table 3).

Table 3. Relative error for surface texture measurement [33].

Measurement accuracy (%) Application
2-5 measurement of reference standards: roughness, waviness, form profiles
5-15 research
10-25 industrial measurement of surface texture

The potential use of the selected measuring instruments was studied using the Talysurf CCI
optical profiler as the reference system. It was essential to identify the area where the milling
process was unstable. The minimum uncut chip thickness was determined using trigonometric
functions while knowing the inclination angle of the wedge on which the specimen was placed.
The value obtained was assumed to be the reference value. The theoretical values of parameter s,
were also calculated using the models available in the literature. These were then compared with
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Specimen No. 3 Specimen No. 8 Specimen No. 10

Talysurf CCI

O-Inspect

MarVision

x0.7

MarVision

xl

Fig. 5. Surface images obtained for specimens Nos. 5, 8 and 10 with the Talysurf CCI, the O-Inspect and the MarVision
(magnified 0.7, x1 and X2).

the experimental data. A review of the literature shows that the minimum chip thickness is strictly
related to the cutting edge radius, i.e., hpin = (0.21-0.32)r,,. The theoretical value of parameter
hmin, calculated for a Sandvik Coromant CoroMill 490 milling cutter with a 490-08T308M-PL
sintered carbide insert, where r,, = 56 wm, was: (0.21-0.32)56 = 11.76-17.92 um.

The same procedure was employed to determine this parameter for all the measuring systems.
However, the area where the milling process was initiated was identified by filtering the scanned
images with the two-dimensional wavelet transform. The analysis involved filtering signal compo-
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obtained by means of the db/0 mother wavelet are provided in Table 4.
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Fig. 6. Wavelet decomposition coefficients for surfaces scanned with the Talysurf CCI:
(a) Specimen No. 5, (b) Specimen No. 8.
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Fig. 7. Wavelet decomposition coefficients for surfaces scanned with the O-Inspect:
(a) Specimen No. 5, (b) Specimen No. 10.
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Fig. 8. Wavelet decomposition coefficients for surfaces scanned with the MarVision, magnification x0.7:
(a) Specimen No. 5, (b) Specimen No. 10.

An analysis of the scanned surface images using the two-dimensional wavelet transform
reveals that, despite the filtration of some surface roughness components, it is not possible to
precisely map the areas differently affected by the cutter at the beginning of the milling operation.
Such mapping requires special skills and knowledge. However, as can be seen from Table 4, the
values of hp, calculated using the wavelet transform and those measured with the O-Inspect or
the MarVision (X2) are only slightly different from the reference values determined on the basis
of the measuring points provided by the Talysurf CCI optical profiler.

The analysis of the potential use of the three measuring machines to determine the minimum
uncut chip thickness according to relationships (7) and (8) also included assessing the relative
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(a) Specimen No. 5, (b) Specimen No. 8.
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Fig. 10. Wavelet decomposition coefficients for surfaces scanned with the MarVision, magnification x2:

unmilled polished
surface
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(a) Specimen No. 5, (b) Specimen No. 8.

‘milling initiation zone

Table 4. Minimum uncut chip thickness (filtration with the db10 wavelet).

unmilled polished

surface

Specimen Theoretical model, tm Talysurf CCI, pm Mar Vision, pm

number | iy, = (021-0.32)r, | oence | Wawlet Ocdnspect,um |07 1«1 | =
1 2.02 1.98 2.10 1.64 | 225 | 220
2 2.34 2.31 2.35 258 | 272 | 2.24
3 1.82 1.95 2.10 1.61 | 1.88 | 1.80
4 2.35 226 2.14 245 | 233 | 230
5 1.76-17.92 2.66 2.57 271 3.08 | 277 | 2.74
6 2.41 2.48 2.39 252 | 246 | 258
7 2.78 2.76 2.80 285 | 247 | 244
8 2.22 2.12 2.18 230 | 212 | 214
9 243 2.38 2.40 257 | 250 | 238
10 2.27 232 2.20 202 | 2.04 | 220

accuracy of a given method. The effect of the mother wavelet form on the filtration process was
studied using different wavelet functions. The wavelets selected were: db10, db20, coif5, syml0,
bior3.1, bior4.4 and bior6.8. The values of the parameter defining the experimental accuracy of

the method are given in Table 5.

The analysis shows that all the measuring instruments used in the experiments are well-suited
for determining parameter Apmi,. Its values ranged between 7.21% and 28.19%. From Table 3, it
is evident that the method based on two-dimensional wavelet analysis can be used for research
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Table 5. Experimental method accuracy, %.

Method accuracy, MA Talysurf CCI O-Inspect MarVision
x0.7 x1 X2
MA (db10) 8.74 14.70 24.99 20.77 14.64
MA  (db20) 9.08 11.28 28.19 18.33 13.08
MA (coif5) 8.44 13.86 20.16 18.75 14.35
MA (sym10) 8.63 13.41 26.71 18.26 11.25
MA (bior3.1) 9.14 14.26 25.15 18.76 15.60
MA (bior4.4) 7.23 13.64 23.76 20.89 14.49
MA (bior6.8) 7.21 12.85 24.66 18.34 12.80

applications. The most favorable results were reported for signals provided by the optical profiler.
This is due to the high density of measuring points and accurate surface representation. The
data provided by the O-Inspect multi-sensor measuring machine were also sufficient. The least
satisfactory results were obtained with the MarVision workshop microscope. For a magnification
of x0.7 and x1, parameter MA was above 15%. When the magnification was X2, the method
accuracy reported for the MarVision was the lowest. From Table 5, it is clear that the higher the
magnification, the lower the values of the parameter. An exception is the value obtained in the
analysis with the bior3.1 mother wavelet.

4. Conclusions

Finish milling with small allowance requires knowledge of the minimum uncut chip thickness,
i.e. the smallest thickness of material that can be removed under given cutting conditions. Deter-
mining this parameter using the currently available methods is a complex process. The measuring
machine operator needs to have skills and experience to be able to properly interpret data in
order to identify zones differing in the effect of the tool on the workpiece material. This study
involved employing measuring instruments with high vertical and horizontal resolution and the
two-dimensional wavelet transform to indicate the zones of the tool effect at the beginning of the
cutting process. The images registered with the optical measuring instruments were decomposed
using the two-dimensional wavelet transform. Separation of certain components helped locate the
area where the actual cutting was initiated and, on this basis, determine the value of parameter
hmin~

The method accuracy MA was calculated for three measuring instruments to assess their
suitability for determining the analyzed machining parameter so that such combined methods
could be used for research applications. The lowest and therefore most favorable values of
parameter MA were obtained for the Talysurf CCI optical profiler (MA: 7.21%—-9.14%). The
results reported for the O-Inspect 442 multi-sensor measuring machine were also low (MA:
11.28%—14.70%). It can be concluded that the two-dimensional wavelet transform is a well-suited
tool to analyze surface images, for instance, to determine the minimum uncut chip thickness. The
use of the wavelet analysis helped identify the different zones of the milling process initiation
which were not clearly visible on the surface images before the wavelet filtration. In the case of the
MarVision MM320 workshop microscope, it was also necessary to establish the degree to which
the zone identification process was affected by the lens magnification. It was found that the higher
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the magnification, the smaller the value of parameter MA. However, the results obtained at the
highest magnification tested show that this microscope can be used for determining the value of
hmin. The findings show that the form of the mother wavelet had only a slight effect on the results.
The minimum uncut chip thickness and the experimental method accuracy were reported to
coincide for all the measuring instruments. The theoretical models to predict the minimum uncut
chip thickness found in the literature assume that the parameter is highly dependent on the cutting
edge radius and the relationship can be described as hpi, = (0.21-0.32)r,,. The modelling
performed for a Sandvik CoroMill 490 milling cutter with a 490-08T308M-PL insert (r, =
56 um) revealed that the value of A, was 5-7.7 times higher than that obtained experimentally.
Because of these discrepancies, an alternative method was proposed to determine parameter /pip.
As the experimental data show, the use of the wavelet analysis seems well suited for this purpose
even in workshop instruments with not very high resolution of particular axes.

The developed method of surface filtration based on wavelet transformation made it possible
to identify and precisely determine the length of the zones where the cutting is initiated. It allows
to precisely assess the value of the minimum chip thickness which is an important parameter
taken into account in the models for prediction of surface roughness and design of machining
technology.
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