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Abstract:

This paper provides details about experimental investigations of the effects of the influence of the
aforementioned three - cathodic arc evaporated - PVD coatings and one tool substrate material on
the ‘classical’ cutting process as a whole, which is also investigated qualitatively and quantitatively,
using findings obtained from orthogonal cutting tests performed on Bisalloy 360 Grade steel work piece
material. The experiments looked at variations in the chip formation, the cutting force components and
power, as well as the tool-chip friction. The results were then studied and compared qualitatively and
guantitatively over a wide range of operation variables for the coated and uncoated HSS tools. The
data on qualitative effects were analyzed by comparing the trends in the measured and derived
quantities such as force components, deformation characteristics and rake face friction with changes
in cutting variables to the typical trends noted in the open literature sources. For this purpose the shear
angle, shear stress and friction angle, known as the basic cutting quantities, were evaluated from the
chip length ratio and the measured force components using the modified thin shear zone (plane)
cutting analysis for each cut taken. Various statistical methods such as regression analysis, analysis of
variance and covariance, Bartlett test and Welch test were employed to compare all the qualitative
trends produced by the coated and the uncoated tools employed in the orthogonal cutting tests.
These statistical methods were also used for comparing the quantitative effects of the coated and the
uncoated tools on the magnitudes of the forces and basic cutting quantities in the orthogonal process.
The results showed that the qualitative trends for the coated and uncoated tools were similar. This
means that the modified mechanics of cutting analysis applied equally for both coated and uncoated
tools. It also means that the ‘unified mechanics of cutting approach’ to force and power prediction for
drilling and other operations should apply to both coated and uncoated tools. Finally, the orthogonal
tests results were used to study and compare the effects of each coating - TiN, Ti(Al, N) and Ti(C, N) - on
the basic cutting quantities, chip formation, forces and power as well as the cutting process. It was
found that the group of coatings was able to reduce ‘on average’ Fqi/b (thrust force component/width
of cut ratio) values by 24.9%, Fre/b (power force component/width of cut ratio) values by 14.5%, g
(friction angle) values by 16.4% and ¢ (shear angle in shear zone/plane) values by 11.06%.
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1.INTRODUCTION

A literature survey has shown that some research work is concerned with the estimation
of forces and power in machining by using appropriate mathematical models based on the
mechanism of chip formation. In metal cutting, continuous chips are favoured in practice,
and are formed by a shearing process (i.e. plastic deformation) in a primary deformation
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zone, which extends from the tool cutting edge to the junction between the surfaces of the
chip and work-piece material, and a friction process at the tool-chip interface. The
mechanism of chip formation has been studied and mathematically analysed by Piispanen
[1], Ernst [2] and Merchant [3] in the 1930’s and the 1940’s and since then modified by other
researchers such as Lee and Shaffer [4], Wegner [5], Albrecht [6], Zorev [7], Kececioglu [8],
Nakayama [9], Christopherson, Oxley and Palmer [10], Okushima and Hitomi [11], Turkovich
and Trigger [12], Bitans and Brown [13] and Armarego and Brown [14].

Through the analysis of these reports [1 to 14] it becomes evident that the theoretical
chip formation models can be classified into two major categories - (1) thin shear zone or
plane models and (2) thick shear zone models - according to the shape of the principal
deformation zone. The thin shear zone (plane) models presume the presence of very thin
plane shearing zone ahead of the cutting tool edge [1 to 11 and 14], while the thick shear
zone models suppose the existence of relatively thick zone with rather complex geometrical
boundaries [7 to 12]. According to the literature [14] a ‘thick’ shearing zone represents
machining at low speeds, while a ‘thin’ shear zone is more advisable approximation for higher
speeds. Furthermore it has also been shown that even for a ‘thick’ shear zone, the very high
shear strain and shear rate values occur in a very narrow shear zone about a geometrical
shear ‘plane’ [14].

Because of the geometrical complexity of the ‘practical’ machining operations, such as
turning or driling, some researchers preferred to use the simpler orthogonal cutting operation
when studying the mechanics of cutting. The orthogonal cutting process is characterised by
the relative velocity between the tool and work piece in the perpendicular direction to the
‘single and straight’ cutting edge (or parallel to the normal plane Pn), and the cut thickness
(t) is constant through the cut. The force equilibrium (Vw || Pn) and deformation geometry of
‘classical’ orthogonal cutting during continuous chip formation is exhibited in Figure 1 below.

& Y ' o
|
Work-piece material $
I
Figure 1. The force equilibrium and deformation geometry
during continuous chip formation; after Armarego [14 and 15].

Armarego and his metal cutting group at the University of Melbourne [14 to 16]
developed a mathematical analysis for the orthogonal and the three dimensional oblique
cutting based on a modified Ernst and Merchant thin shear zone (or plane) model [2, 3 and
17] following extensive experimental investigations and data analyses. This modified analysis
was used as a base for preparation of both experimental and statistical plans used to
generate and evaluate the results from the orthogonal cutting experiments. A summary of
this statistical plan is shown in the following Tables 1, 2 and 3. Qualitatively the trends in Tables
1, 2 and 3 should apply for coated and uncoated tools, Table 4.

Table 1. Qualitative effect of cut thickness (t) and width of cut (b); after Audy [18].
Quantity Analytical assumption Statistical Method Expected Results
linearly related to t and Slope significant; Intercept
b positive and significant
Intercept significant;
Slope non-significant;
Correlation non significant

Forces Fe/b; Famw Regression and Correlation test

Chip Length Ratio
Friction Angle independent of tand b
Shear Stress t

Regression and Correlation of r,
(B; T) with t at given Vw and y,
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Table 2. Qualitative effect of normal rake angle y,.; after Audy [18].

Quantity

Analytical assumption

Statistical Method

Expected Results

Forces Fpp;, FQ/b

Decrease(s) with the
rake

Analysis of covariance (or
comparison of regression
lines); multiple regression for
different y, at given V,,

Slopes not parallel and not
single

Chip Length Ratio

Increase(s) with the rake

ANOVA or Welch

Test fails (means are not

Friction Angle B equal)
Shear Stress t independent of the rake ANOVA or Welch Test passee;u(g)eans are

Tabl

e 3. Quantitative effect of cutting speed Vw ;

after Audy [18].

Quantity

Analytical assumption

Statistical Method

Expected Results

Forces Fep; Fon

Force-cut thickness
regression slopes not
affected i.e.
independent of width
and speed

Analysis of covariance
(analysis of several regression
lines for different V,, at given

Yn

Slopes parallel and single (if
independent to velocity)

Chip Length Ratio
Friction Angle B
Shear Stress ©

Independent of speed

ANOVA or Welch

Analysis of variance or Welch
test passes
(means are equal)

Table 4. Effect of Coating (Orthogonal Cutting Tests); after Audy [18].

Quantity

Analytical assumption

Statistical Method

Expected Results

Power Force-cut thickness
Thrust Force- cut thickness

Statistically different

Analysis of

Friction Power- cut thickness
Shear Power- cut thickness
Total Power- cut thickness
Shear Angle- cut thickness

slopes of quantities
between Uncoated
tools and Coated tools
One coating against
another coating

co-variance of
several regression
lines for different Vw
at given vy,

Slopes not parallel and not
single
Slopes not parallel and not
single if the quantities are
statistically different, and vice
versa

Friction Angle— cut thickness

2.EXPERIMENTAL DETAILS

For the orthogonal cutting tests a total of twenty-four square bars of M35 HSS have been
ground to 12.5mm width, 12.5mm height, and cut to 65mm length from rods of 18mm
diameter. Four sets of orthogonal cutting tools consisting of six tools of six different rake
angles (-60°, -30°, 0°, 10°, 20° and 30°) have been ground.

The tools were heat-treated in the same way as usual for M35 Steel (the one used e.g.
for twist drills). One set of six tools was left uncoated while the other three sets were coated
with TiN, Ti(C,N) and Ti(Al,N) coatings by a PVD process. The eight levels of cut thickness
(feed) values between 0.025mm/rev and 0.2mm/rev were run for the tools with positive rake
angles. The seven different cut thickness values, in the considerable lower range, from 0.025
to 0.1lmm/rev, were chosen for the tools with zero an negative rake angles. All the coated
tools were examined at three cutting speeds of 4.23m/min, 12.5m/min and 30m/min. The
uncoated M35 HSS tools were tested at only two speeds — one of 4.23m/min and another of
12.5m/min.

Table 5. Specification of test conditions for the ‘orthogonal’ (dry) cutting experiments; based
on source [19]; adopted from source [18].

y b V. Cut Thickness i.e. Feed - top row in [thou], bottom row in [mm/rev]
n w
deg. mm | m/min 1 15 2 25 3 35 4
0.025 0.0375 0.05 0.0625 0.075 0.0875 0.1
-60, -30, 0 3 4.23 and 12.5 Coated and uncoated tools
-60, -30, 0 3 30 Coated tools only
b v Cut Thickness i.e. Feed - top row in [thou], bottom row in [mm/rev]
Yn w
deg. mm | m/min 1 2 3 4 > 6 7 8
0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2
10, 20, 30 3 4.23 and 12.5 Coated and uncoated tools
10, 20, 30 3 30 Coated tools only

Note: y, — rake angle, b — width of cut, Vw cutting speed
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Details of the test conditions are shown in Table 5 for each coated and uncoated tool,
providing also some constraints for the feed and speed values according to a data reported
in the literature [19]. From this table it is evident that the study of the effects of coatings on
the orthogonal cutting process, friction, forces and power required taking some 540 cuts at a
wide range of cutting conditions.

Photographs in Figure 2 illustrate the general experimental arrangement used for the
orthogonal cutting tests.

Figure 2. General experimental arrangement used for the orthogonal cutting tests; [18].

The sketch in Figure 3 (a) shows the actual position of the cutting tool and work-piece in
the orthogonal cutting tests. The feed, f, corresponded to the cut thickness, t, while the
actual thickness of a tubular work-piece corresponded to the width of cut, b in orthogonal
cutting tests. Figure 3 (b) exhibits the tool cutting edge set ‘on-centre’ and oriented in the
radial direction so the resultant cutting velocity, Vw, is perpendicular to the active cutting
edge. The arrangement of the experimental rig is presented in Figure 3 (c).

Wortlc-pece material Vi

:f:.(é’ﬁ

1 - work-piece matenal
2 - cutting tool

3 - dynamometer

4,5, & - aplifiers for I:Pt,l:Qt ,l:RL
7 - AD converter
8 - computer

(c)

Figure 3. Orthogonal Cutting Experimental Set-up; (a) position of tool cutting edge and work piece
material, (b) force components and cutting velocity in the orthogonal cutting, (c) arrangement of
experimental rig; after Audy [18].

Moreover, the thickness of a tube i.e. the width of cut was very small (3mm) in
comparison with the relatively high work-piece diameters/grooves (D1=90mm and D2=76mm)
so that the resultant velocity can be considered constant along the active cutting edge.

A manual industrial lathe with CNC assistance (Model Alpha 400) supplied by Harisson
Pty Ltd (Melbourne) has been employed to perform the orthogonal cutting tests. This large
and rigid machine with a power of 7.5kW (10hp) is equipped with infinitely variable speeds
ranging from 25rpm to 2500rpm and has a set of automatic feeds ranging from 0.03mm/rev
(0.00lin/rev) to 0.4mm/rev (0.024in/mm) [20]. The work-pieces were machined using the
wedge tools mounted in a Kistler three component piezoelectric dynamometer fixed on the
tool post of the lathe. The force component Fr: in the radial direction was equal to zero as
shown in Figure 3 (b), while the tangential and feed motion directions were coincident with
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the required Frt and Fot force components, respectively. The inclination angle was 0° as
required for orthogonal cutting tests.

The cutting force components (Frt and Fot) were recorded, in real cutting time, using a
Kistler three component piezoelectric dynamometer. A special ‘highly insulated and resistant’
cable was used to transfer the electric charges from the output of the dynamometer to Kistler
amplifiers. The actual signal data was then manipulated/converted by A/D boards and then
transferred to a custom-built software package which was fully menu driven and had
provision for the data acquisition analysis and display. The force components (Frt and For)
were acquired using ASP® (Array String Processor) Monitoring Software, and stored on a
computer hard disc for further computer analysis and processing. For the recording, the
computer sampling rate was fixed at 250Hz for a constant value of cutting time set up to 10
seconds (=0.166min).

The chips produced during each cut were collected and stored for chip length ratio
measurement. It has been expected that the chip thickness may vary at the beginning and
at the end of a cut even for continuous chips. Thus to avoid the influence of such error
sources on the expected results it has been decided to take the three samples of various chip
lengths from the middle part of a given chip. The corresponding chip length ratios were
evaluated using the ‘weight method’ for each particular cut. The chips of measured lengths
were weighed using a ‘Sartorius’ high precision chemical balance. A major focus was on the
identification of the type of chip formation at the different cut thickness, rake angle and
cutting speed tested in addition to the chip length ratio measurements.

3. RESULTS AND DISCUSSION

Qualitative and quantitative effects of the three different coatings and uncoated tools
for the orthogonal cutting process have been examined by comparison of results relating
cutting force components and derived basic cutting quantities over the range of cutting
conditions tested. This approach allowed to compare the cutting performance of the three
different coatings between themselves, and also against a Type M35 uncoated HSS tools.

Graphical comparison of the force values has been made for all the coated and
uncoated tools examined in the orthogonal cutting tests. Some of the typical graphical
patterns have been presented in the following Figures 4 (a-f) and 5 (a-f).
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Figure 4. Comparison of force component values for the coated and uncoated tools for different tool
rake angles and a cutting speed of 4.23m/min. Note: # - uncoated tools; O - TiN coated tools; < -
TIAIN coated tools; £ - TiCN coated tools; [18].
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Figure 4 (a-f) shows graphically the quantitative differences in force trends between the
coated and the uncoated tools. A typical comparison of trends and magnitudes of the ‘as
measured’ cutting quantities for the force components Fr/b and Foi/b is presented for the
cutting speed of 4.23m/min and positive tool rake angles of 30° in Figure 4 (a and b), 20° in
Figure 4 (c and d) and 10° in Figure 4 (e and f) over eight cut thickness values ranging from
0.025mm/rev to 0.2mm/rev. The same trends between the uncoated and the coated tools
have been observed for the cutting speed of 12.5m/min. Figure 4 (a-f) confirms that the
linear force functions (Fe/b versus t, and Fqi/b versus t) for the whole sets of coated HSS tools
were shallower than those for the uncoated HSS tools resulting in lower forces for the coated
tools.

Figure 5 (a-f) shows comparisons of trends and magnitudes of the ‘as measured’ cutting
quantities Fre/b and Fou/b for the coated tools examined at a cutting speed of 30m/min,
positive tool rake angles of 30° in Figure 5 (a and b), 20° in Figure 5 (c and d), and 10° in
Figure 5 (e and f), and the eight cut thickness values ranging from 0.025mm/rev to
0.2mm/rev. Similar qualitative differences between the coated tools have been observed
graphically for the cutting speed of 12.5m/min. The same Figure 5 (a to f) suggests that all the
three coatings produced qualitatively the same force patterns and quantitatively very similar
force component values.
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Figure 5. Comparison of force component values for the coated tools for different positive tool rake
angles and a cutting speed of 30m/min. Note: O - TiN coated tools; < - TIAIN coated tools; = - TiCN
coated tools; [18].

Graphical comparison of n, B and t values has been made for all the uncoated and the
coated - Type M35 HSS - tools examined for different tool rake angles, cutting speeds and
cut thickness values in the orthogonal cutting tests. Some of these graphical patterns are
presented in Figure 6 below.

From Figure 6 it is evident that the uncoated tools exhibited higher mean values of chip
length ratio n and the friction angle B than the coated tools, as expected from similar
observations published in the literature [21]. By contrast the shear stress t was not affected by
the tool material or coating.

The relationship between the shear angle ¢ at the shear zone and friction p at the tool-
chip interface has been considered as an important characteristic of the orthogonal cutting
process and thin shear zone (plane) model. This relationship enables the shear angle ¢ to be
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predicted from the tool rake angle y, and tool chip frictionp. The literature provides various
relationships between shear angle ¢ and friction $, but, in general, it has a form, ¢,=C;-C,(B-y)
as presented by Armarego in the literature [16] and Verezub [22], where Ci1 and C: are
constants for a given tool-work piece material.
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Figure 6. Comparison of the r;,  and t values for the uncoated and the coated Type M35 HSS tools
for different tool rake angles, cutting speeds and cut thickness values; [18].

The shear angle relationships with different p-y, for the uncoated and the coated HSS
tools are plotted in Figure 7 (a) and 7 (b-d), respectively, with reference to different tool rake
angles and cutting speeds as shown below.

Figure 7 (a-d) suggests; (a) that the shear angle ¢ decreased approximately linearly
with increases in (B-y,), and (b) that both variables ¢ and (B-y,) are subjected to error and
scatter. Bearing this in mind, it has been decided to employ Mandel’s method as reported in
the literature [22 and 23] in order to obtain the regression coefficients C: and C: of regression
lines for the test data obtained from the orthogonal cutting tests. The equations of regression
lines for the uncoated and three coated HSS tools are given bellow in Table 6.

Table 6. Shear angle relationships for the uncoated and coated tools and Bisalloy 360 steel
work piece material; after Audy [18].
¢ (uncoated tools) = 60.60 - 1.07 (B-y,) ¢ (TIN coated tools) = 40.75 - 0.57 (B-vy,)
¢ (TIAIN coated tools) = 41.36 - 0.61 (B-y,) ¢ (TICN coated tools) = 36.95 - 0.51 (B-y,)

The aforementioned equations suggest that the slope, represented by C: values, was
negative for the whole test conditions, and the shear angle relation appeared to be linear for
both the coated and the uncoated tools tested. Furthermore, the coefficients (intercepts
and slopes) were different for the coated and the uncoated tools suggesting that the
different equations will apply for the coated and the uncoated tool-work piece material
combination. Surprisingly, the group of coated tools showed very similar intercepts (40.75,
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41.36, 36.95) as well as the slopes (-0.57, -0.61, -0.51) indicating that the same equations may
apply for all the three coatings treated as the one ‘combined’ group, if statistical analysis
confirm this observation.

TiN coated Type M35 HSS Tools

Uncoated Type M35 HSS Tools

50 7

40 7

¢ [deg]

30

20 7

10

-10 0
a)

10 20
(B0 [deg]

30 40 10 20 30
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2rake of 20 [deg]; =12 .3mAinin

Brake of 10 [deg];, w=4 23m//min
Orake of 0 [deg]; v=12.5minin
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Figure 7. Shear angle relationship for the uncoated and the coated HSS tools examined
in the orthogonal cutting tests; after Audy [18].
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The regression lines for the shear angle relationship for the coated and the uncoated

Type M35 HSS tools, at the whole set of cutting conditions, have been presented for the clarity

and illustration, as shown in Figure 8. The regression lines of § on p—yn have been determined
by using Mandel’s method.

s Figure 8 shows clearly that the uncoated tools
&0 4 produced a higher shear angle relation intercepts

» uncoated than the coated tools, while for the group of the
504 ecoated

coated tools the shear angle was similar in terms of
the slopes and intercepts for all the three coatings
investigated.

The shear angle relationship for the uncoated tools
and coated tools are presented below:

$ =gl
&

Coated tools:
Uncoated tools:

$=60.6-1.07(B-y»)
$=39.7-0.56(B-7,)

-] [d
0 t [ t ][:Eg]: t t t
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Figure 8. Comparison of Shear Angle
Relationship for the Coated and the

Uncoated M35 HSS tools; [18].
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3.1. A BRIEF SUMMARY OF QUALITATIVE TRENDS

The qualitative trends for the directly measured and derived basic cutting quantities for
the uncoated and the coated HSS tools and Bisalloy 360 steel work piece material have been
established with respect to the cut thickness, rake angle and cutting speed. All the trends
from the orthogonal cutting tests have been found to be similar and matching to the general
single edge ‘classical’ orthogonal test trends presented, for example, by Armarego in the
literature [15] for a number of common work-piece materials. The qualitative evaluation of
the effect of all the three coatings, namely TiN, Ti(Al,N) and Ti(C,N), has generally confirmed
an anticipated outcome, that the coatings themselves may not have major effects on the
qualitative behavior of the directly measured and derived cutting quantities with respect to
the cut thickness, rake angle and cutting velocity, and hence on the orthogonal process as
whole and the modified mechanics of cutting mathematical analysis. In summary, both
cutting force components increased with cut thickness, and had the positive force intercepts
that represented the ‘edge’ force components. The chip length ratio and the derived basic
cutting quantities have been shown to be independent of cut thickness values. Decreases in
the rake angle increased the forces and decreased the chip length ratio and the friction
angle. Since no significant pattern was observed in the shear stress at different rake angles it
has been concluded that the t values were probably affected by some scatter from the chip
length ratio measurements. Changes in speed appeared to affect the forces and slopes for
both the coated and the uncoated tool materials. In general it appeared that the mean
values of the chip length ratio increased, and the friction angle decreased, slightly with
speed rises. A linear shear angle relationship was established for both the uncoated and the
coated tools suggesting that the slopes, Cz, and the intercepts, Ci, are different, and hence,
are not only work-material dependant, but also dependent on the tool coating examined.

From the aforementioned it is evident that the qualitative trends for the ‘as measured’
and for the basic cutting quantities of both the uncoated and the coated tools have been
successfully established. It should be noted that although the trends for different tool
materials are comparable qualitatively, it is expected that quantitative differences between
the corresponding ‘as measured’ and derived quantities may occur. Thus, the quantitative
effects of the coated and uncoated HSS tools were studied in detail and the most important
findings are presented in the next section below.

3.2. A BRIEF SUMMARY OF QUANTITATIVE TRENDS

Analysis of covariance was employed to determine statistical differences, if any, in the
effect of tool-coatings-material on the force-cut thickness (Fee-t and Fqi-t) trends in the
orthogonal cutting tests. The differences in the force functions were estimated by comparing
the corresponding regression lines for the Fp/b force component and for the Fo/b force
component. A similar statistical analysis has been carried out to determine the quantitative
differences, if any, between the three different coatings i.e. TiN, Ti(Al,N) and Ti(C,N). Anova or
Welch tests were employed to examine r, p and t in relation to different cut thickness values.

The comparison of quantitative differences between TiN, Ti(Al,N) and Ti(C,N) coatings
showed that Ti(Al,N) coating appeared to produce the smallest force components and
‘edge’ forces of all the three coatings, however, the statistical comparison of the respective
pairs of the force-cut thickness regression lines have shown that in the majority of cases the
lines could be considered parallel and single at 95% confidence level so all the three
coatings produced statistically ‘equal’ forces and basic cutting quantities when cutting a
Type 360 Bisalloy steel work-material. The quantitative differences between the three different
coatings have been assessed and statistically analysed. The results obtained in this way
showed no statistically significant difference in the forces and the derived basic cutting
quantities r, B and 1t produced by the three different coatings used to cut a Type 360 Bisalloy
steel work-material.

Quantitative evaluation of the three different coatings against a Type M35 uncoated
HSS tools showed that all the quantities — forces (Frv/b, Fou/b), friction angle (B), the shear
angle (¢) and machining power (P) - for the three coatings were statistically lower than those

67



W ANNALS OF THE FACULTY OF ENGINEERING HUNEDOARA — JOURNAL OF E'%‘J'% oF B

1 E] RO
ENGINEERING. TOME VI (year 2008). Fascicule 1 (ISSN 1584 — 2665) gﬂum e

for the uncoated tools at 95% confidence level, while the shear stress t was not affected by
the tool substrate material and coatings.

The quantitative reductions in the two force components, Frt and Fqt, the friction angle,
B, and the shear angle, ¢, due to the tool coatings were estimated in terms of the percentage
deviation to show quantitative improvement of the coated tools against the uncoated tools.
% deviation = (value for a particular coating - value for the uncoated tool) divided by value
for the uncoated tool multiplied by 100.

For the purpose of comparison of the cutting efficiency of the coated and the
uncoated tools it has been decided to treat the coated tools as one group since it has been
statistically proved that there were no significant differences between the coatings
themselves.

The resulting grand average and the distribution are shown, in Figure 9, in the form of
histograms, individually for Fr/b, Foi/b, B, and ¢.

FQt/b (mean) = -24.9% FPt/b (mean) = -14.5% Friction angle (mean) = -16.4% ¢ (mean) = -11.06%
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Figure 9. Histograms of percentage deviations between the quantities for the coated and uncoated
tools for each individual cut, with negative values indicating lower levels for the coated tools; after
Audy [18].

From Figure 9 it is evident that the group of coatings was able to reduce ‘on average’
FQt/b values by 24.9%, FPt/b values by 14.5%,  values by 16.4% and ¢ values by 11.06%.

4. CONCLUSIONS

Increasing demand for PVD coated cutting tools, such as drills, has resulted in
development of many coatings with both complex chemical compositions and structures
such as single layers, multi-layers and nano-compaosites. Such coatings are claimed to
reduce forces and power at the tool chip interface via reduced tool-chip friction; increase
tool-life through reduced degradation of cutting tool substrate material from high heat
generated during machining and improve tool wear; and reduce machined surface
roughness due to reduction in tool-chip friction and-built-up-edge-formation. However, it is
difficult to quantify such improvements because research studies have shown that there are
very few papers on the effect of hard coatings on the forces and power none of which have
quantified reductions in forces and power nor estimated the tool-chip friction. Furthermore,
only very recently some attempts have been made to study the effect of hard coatings on
the cutting process as a whole through the ‘classical’ orthogonal and oblique cutting
operations, to estimate reductions in forces, power and tool-chip contact friction.
Fortunately, relatively recently the effect of tool surface coatings on the chip formation
process and mechanics of cutting mathematical analyses for ‘classical’ orthogonal and
oblique cutting operations as well as many practical machining operations, such as drilling,
have been studied by different researchers, and when reviewed for the purpose of this study
it showed that the ‘Unified Mechanics of Cutting Approach* to force and power prediction
initially developed for the uncoated tools by Armarego and his group members should also
be applicable to coated tools.

The present study investigated and compared the performance of TiN, Ti(C, N) and Ti(Al,
N) coatings via analysis of the chip formation, basic cutting quantities, forces and power in
orthogonal machining of Bisalloy 360 steel for the three coatings and one M35 tool substrate
material used in drill production. The major findings indicated that:
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4+ Pattern of forces and basic cutting quantities produced by the uncoated and the
coated tools tested showed qualitative agreement and quantitative differences at
95% C. L.

+ When comparing the effect of different coatings, one with another, the quantitative
differences in various performance measures namely forces, power, friction angle,
shear angle, shear stress and chip length ratio values were statistically equal at 95%
C. L, i.e. there were no qualitative or quantitative differences between the three
coatings.

+ The group of coated tools reduced Fpt by 14.5%, Fqt by 24.9%, B by 16.4%, ¢ by 11%
and P (power) by 14.5% in comparison with the uncoated tools. The highest
reduction was in the thrust force Fqt not in the power force Fp:t.

The above knowledge can be used directly, for example, in development of databases
for the force predictive models in practical machining operations such as drilling, tapping,
miling and turning, for prediction purposes when incorporated into adequate force
predictive models.
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