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Abstract: The article presents the results of studying the effects of coated (TiN, TiAIN) and uncoated
polycrystalline cubic boron nitride (PCBN) machining blades on the key geometric structure pa-
rameters of the surface of hardened and tempered EN X153CrMoV12 steel after finish turning. A
comparative analysis of the use of coated and coated cutting tools in finish turning of hardened steels
was made. Tool materials based on polycrystalline cubic boron nitride PCBN (High-CBN; Low-CBN)
have been described and characterized. The advantages of using TiN and TiAIN-coated cutting tools
compared to uncoated were demonstrated. The lowest influence of the feed on the values of all tested
roughness parameters was noted for surfaces treated with TiN- and TiAIN-coated tools (both with
50 vol.% of CBN). For uncoated tools (60 vol.% of CBN) for feeds f = 0.2 and 0.3 mm/rev., the highest
values of R; and R, roughness parameters were found. Moreover, the lack of protective coating
contributed to the occurrence of intense adhesive wear on the flank surface, which was also in the
range of the feed values f = 0.2 and 0.3 mm/rev. The analysis of material surface after treatment
with the uncoated tools with the feed f = 0.2 mm/rev. showed the occurrence of the phenomenon of
lateral material flow and numerous chip deflections.

Keywords: roughness; coatings; finish turning; PCBN; tempered steel; tool wear

1. Introduction

Manufacturers of machine parts are increasingly replacing the traditional operation of
grinding materials in the hardened state by turning. It allows for constant technological
progress, both in the design and technological solutions used in cutting machine tools and
in the area of modern cutting materials. In the end, comparatively high machining accuracy
is achieved at a lower cost and with a lower environmental impact. This has a direct
impact on the high efficiency and productivity of this treatment method [1,2]. However, the
problem of replacing the grinding operation with turning lies in the necessity of selecting
such machining parameters and such cutting tools for which the machined surface will be
characterized by possibly low surface roughness, usually defined by the R, parameter in
the required range of 0.1-2 pm, at the same time with a high material contribution to the
roughness profile [3,4].

Finishing turning of toughened materials differs considerably from the turning of
“soft” materials, primarily due to the much higher hardness of the machined material
(normally higher than 45 HRC). The machining parameters used are significantly reduced
due to higher cutting forces compared to traditional turning. Turning of “hard” materials
is most often performed without using cooling and lubricating fluids, which results in
generated temperatures exceeding 1000 °C in the cutting zone [5].

The cutting blades used in “hard” turning machining applications must be capable of
withstanding extremely high mechanical loads and be chemically stable at high temper-
atures due to the characteristics of the process. Cutting blades based on polycrystalline
cubic boron nitride (PCBN) have found the greatest practical use in the machining of
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iron-based toughened materials. This material is characterized by high chemical stability
at temperatures exceeding 1400 °C and also has good impact strength and high thermal
shock resistance, while retaining its mechanical properties [6].

The wear of polycrystalline cubic boron nitride (PCBN) tools is one of the most
frequently undertaken research topics in the field of machining of hardened materials. Two
groups of PCBN-based tool materials can be distinguished [7-10]:

e  High-CBN (CBN-H), containing a large (70-95%) volume of CBN in the tool material,
most often with a metallic binder;

e  Low-CBN (CBN-L), containing a smaller (40-65%) volume of CBN in the tool material,
most often with a ceramic binder (e.g., TiC, TiN).

Global cutting tool manufacturers offer both coated and uncoated CBN cutting inserts
commercially. The most common commercial coatings on this type of tools include TiN,
TiAIN and, less commonly, Ti(C,N), applied using physical vapor deposition (PVD) method.
Coated PCBN tools, compared to uncoated ones, provide improved cutting performance,
like higher resistance to blade wear (especially crater wear) and to the destructive effects
of high temperature occurring in the cutting zone [11-13]. This applies specifically to the
machining of steel in the toughened state, during which temperatures in the cutting zone
exceed 800 °C [14]. According to [15-18], TiN and TiAIN coatings on CBN blades provide a
30% (TiN) to 40% (TiAIN) higher tool life, compared to uncoated CBN tools. TiAIN coating
applied on cutting tools, which is a TiN improved by adding aluminum, provides higher,
than TiN coating, resistance to oxidation at high temperatures [19]. TiN oxidation process
takes place at about 400 °C., while TiAIN oxidizes at temperatures above 600 °C [20,21],
which increases the TiAIN-coated tool life.

However, surfaces machined with coated blades are characterized by a relatively
constant height of micro-roughnesses [22].

Poulachon et al. [23] examined the effect of the microstructure of the hardened
X155CrMoV12 steel on Surface Geometric Structure (SGP) and chip parameters for vari-
able finish turning parameters with CBN-L and CBN-H tools. He found that the highest
percentage of M7C3 carbides, which had a hardness of more than twice the hardness of
the martensitic matrix of the tested material (800 HV), had the greatest influence on SGP
parameters [24]. This affects the formation of the so-called a white layer on the chip surface,
an example of which is shown in Figure 1.

White layer

200 pm

Figure 1. An example of a “white layer” on the chip surface after processing improved steel [21].

The analysis of the obtained results proved that in the case of continuous and semi-
interrupted processing, greater durability was recorded for the CBN-L tool. CBN-H tools
showed better properties in the case of interrupted cuts, which is a direct result of much
higher strength, heat resistance and higher ductility of these materials compared to CBN-L.
The authors of the cited studies concluded that the microstructure of hardened steel had
the main impact on the wear of the tested PCBN tools. These conclusions coincide with
those of the current work [25-27].
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The above research was continued in many studies [28-30], extending it with a V¢
variable cutting speed. CBN 7015 with a TiN coating was used as cutting materials (tested
Vc: 150, 250 m/min.) and uncoated CBN 7025 (tested Vc: 150, 195 m/min.). For continuous
machining carried out with a lower Vc value, the main wear mechanism of both types
of tools was abrasive wear, though was diffusion wear for higher Vc. For interrupted
machining, in both cases intense abrasive and diffusion wear was noted, while the flank
wear for the CBN 7015 tool was on average 3 times higher than for the 7025.

Another issue analyzed in the area of machining of hardened materials is the influence
of protective coatings on the durability and wear of PCBN cutting tools.

Coelho et al. [18] analyzed the effect of anti-wear coatings on PCBN tool wear when
machining AISI 4340 (EN40NiCrMo?7) hardened steel. Three different TiN and TiC-based
coatings were used for the tests. The analysis of the results showed that the tested coatings acted
as a thermal barrier between the contact surface of the tool and the grains of the tool material.

The research results presented in the study [31] showed that the coatings on PCBN
tools generally increase the chemical stability of the tool material, thus ensuring greater
resistance to adhesive wear.

The authors of the work [32] stated, however, that at present the knowledge regarding
the direct influence of protective coatings on the durability and wear of PCBN tools is insuf-
ficient to determine their usefulness in turning materials in an improved or hardened state.

The authors of the study [33] analyzed the condition of TiN and TiAIN coated cutting
tools after finish turning of AISI D2 steel (EN X153CrMoV12). The lowest wear determined
by the VB parameter was noted for TiN coated tools containing 50% of CBN in the tool
material. On the other hand, the highest values of the tested parameter were obtained for
TiAIN-coated tools with a CBN content of 65%.

The performed analysis showed that there is no clearly defined dependence of the
influence of the type of tool material and protective coatings on the wear of PCBN cutting
tools and the condition of the surface layer of the processed material.

When organizing cutting processes in a manufacturing system, the most complex
problems arise when assessing the efficiency and reliability of machining with the use of
specific cutting tools, including finish turning tools for improved AISI D2 tool steel (EN
X153CrMoV12).

High quality requirements of the machined parts determine technological dam-
age, which is the main object of research in the theory of technological system relia-
bility [18,30,31]. During operation, the technological system is subject to thermal and
mechanical effects, which cause damage and change the parameters of its initial state. Dur-
ing the operation of tools, along with the general principles of wear, special ones appeatr,
often leading to their damage. Admittedly, the guides provide the permissible wear values
at which the tool should be replaced, but they may differ significantly from those at which
the cutting potential is fully used [25,26]. The dominant factor influencing the optimal
conditions of tool operation is mainly damage caused by the wear of its cutting surfaces.

The aim of the study was to determine the technological feasibility of replacing
the grinding operation of improved AISI D2 tool steel (EN X153CrMoV12) with turning
machining using commercially available PCBN cutting blades. The article describes the
effect of TiN and TiAIN coatings applied on PCBN-cutting tools on the condition of
surface layer and the condition of cutting tools after hard turning. It shows a number
of disadvantages of using uncoated tools for turning of a given material, e.g., related to
shorter tool life or the occurrence of adverse phenomena on the machined surfaces (chip
adhesion, the side flow phenomenon), which negatively affect the shape of the bearing
area curves, and thus affected the operational properties of the machined surfaces.

2. Materials and Methods

The research included AISI D2 (EN X153CrMoV12) high-carbon high-chromium cold
work tool steel, which is most often used as a material for dies, punches and forming
rolls [26]. Its chemical composition is presented in Table 1. Samples in the form of rolls
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with a diameter of & = 50 mm, / = 20 mm were subjected to volume quenching in oil
at a temperature of 1020 °C and tempering at a temperature of 150 °C to the assumed
hardness of 63 &+ 2 HRC. The obtained material structure is characterized by the presence
of large primary (1) and secondary (2) carbides formed during tempering (Figure 2), the
microhardness of which is even three times higher than the hardness of the obtained
martensitic matrix of the strip-like material [34,35].

Table 1. Chemical composition of AISI D2 steel (EN X153CrMoV12) [36].

Chemical Composition (mas.%)
C Si Mn Cr Mo A\
1.5-1.7 0.15-0.4 0.15-0.45 11-13

O‘."l
RIEE LT !'.<9 Tjs égg .1mm
(a) (b)

Figure 2. The structure of the material used in research where: (a) magnification 500 x, 1—primary carbides, (b) magnifica-
tion 5000 %, 2—secondary carbides.

'@

The machining was performed using the CTX 510 machining centre (DMG Mori,
Nagoya, Japan) with the following cutting parameters: Vc = 160 m/min, ap = 0.2 mm,
f=0.1;0.2; 0.3 mm/rev. The PDJNR2020K11 holder knife was used in the research (kr = 93°,
a =6°,v = —6°) with DNGA 110408 replaceable inserts (re = 0.8 mm). The material of the
cutting tools is presented in Table 2.

Table 2. Material of the cutting tools adopted for the test.

Material Type T1 T2 T3 * T4* T5
.. .Contm.uous and Continuous Continuous Continuous Continuous
Machining type slightly interrupted .y L. e iy
. machining machining machining machining
machining
60% CBN in a 50% CBN in a 50% CBN in a 50% CBN in a 65% CBN in a
PCBN structure . L . . . . L .
ceramic binder ceramic binder ceramic binder ceramic binder ceramic binder
Coating type NONE TiN (PVD) TiAIN (PVD) TiAIN (PVD) TiAIN (PVD)
Coating thickness - 14 pm 2-4 um 2-4 um 2-4 um
Coating hardness - 2100-2600 HV 2400-2800 HV 2400-2800 HV 2400-2800 HV
Chamfer BN = 0.1 mm BN = 0.1 mm BN = 0.13 mm BN =0.13 mm BN =0.12 mm
GB =20° GB = 30° GB =25° GB =25° GB = 25°
Cutting edge radius ** 21.7 pm 17.17 pm 25.26 pm 2412 pm 22.02 um

where: BN—chamfer width, GB—chamfer angle; *—different manufacturers; **—average of 3 measurements.
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A JEOL JSM-6400 scanning microscope (Tokyo, Japan) was used for metallographic
examinations. The condition of the surface layer of machined surfaces (R;, R;, RS, pa-
rameters, bearing area curves) and cutting tools was assessed on the three-axis optical
measurement system Alicona Infinite SL coupled with the IF-Laboratory Measurement
Module (Graz, Austria).

A ZWICK ZHV10 microhardness tester (Wroclaw, Poland) was used to test the depth
and degree of material reinforcement. HV0.01 microhardness was measured by keeping the
distance between the impressions in each direction of no less than 2.5 of impression diagonal.

Due to the requirements of the tool manufacturers, the machining of “hard” materials
with PCBN tools is always performed “dry”.

A new cutting tool and a new sample was used for each operation. A lack of roughness
measurement results for turning with a T5 blade with a feed f, = 0.2 mm/rev. resulted
from surface layer damage during turning.

3. Results and Discussion

The analysis of the geometric structure of the machined surfaces was carried out by
comparing the values of the key roughness parameters: R,—arithmetical mean height,
R;—maximum height of profile and RS,,—mean width of the profile elements [36,37].

Figure 3 shows the obtained results of measurements of selected roughness parameters
R;, R; and RSy, depending on the f feed value and the type of tools.

For feeds f1 = 0.1 mm/rev. and f3 = 0.3 mm/rev. the roughness parameter R, values
for all tested cutting tools are similar and have a downward trend (Figure 3a). For the feed
f2 =0.2 mm/rev. for the only uncoated tool T1 among the tested, a sudden increase in
the analyzed parameter was noted. The same dependence can be noticed for the results
of the R, parameter measurement (Figure 3b). The microscopic analysis of the tool T1
condition showed the most intense adhesive wear occurring on the flank surfaces after
machining with feeds f; = 0.2 mm/rev. and f3 = 0.3 mm/rev. (Figure 4a,b). For all coated
tools, especially T2 and T3, these phenomena occurred with much less intensification
(Figure 4c,d).

For feed f; = 0.2 mm/rev., the occurrence of numerous chip sticking and the phe-
nomenon of material side flow occurring on the T1 tool-machined surfaces was also noted
(Figure 5a,b). Both phenomena could be caused by different tribological properties of the
tested tools and different heat distribution in the cutting zone. The uncoated T1 tools,
characterized by a higher coefficient of friction than the coated ones, generate a higher
temperature in the cutting zone [38]. This, in turn, might have resulted in the plastification
of the processed material, leading to the phenomenon of material side flow as well as
frequent chip sticking on the processed surface [5], which caused the abnormal increase of
roughness parameters (Figure 3). These phenomena did not occur on surfaces machined
with coated blades, an example of which is shown in Figure 5c,d.

The largest decrease and, at the same time, the lowest value of all tested parameters of
the roughness of the machined surfaces were recorded for the TiAIN coated tools T3 for the
feed f» = 0.2 mm/rev. These tools were the only ones that recorded a decrease in the value
of the RS;; parameter, including for the feed f; = 0.2 mm/rev., while for all other tools, the
value of this parameter increased. However, the T3 tools were the only ones to record an
increase in all tested roughness parameters for the feed f3 = 0.3 mm/rev., which, according
to the tool’s manufacturer, is the upper limit of the working range for this type of tool.

The smallest differences in the measurement results of the tested roughness parameters
depending on the feed value characterize the T2 tools as the only ones with a TiN coating
and show them to characterized by the highest shear angle among the tested tools, i.e., 30°.

In general, it should be assumed that the lowest values were recorded for the material
treated with T3 tools, and for the material treated with T1 tools, the highest values of the
tested roughness parameters were noted.
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Figure 3. Values of selected parameters of surface roughness depending on the value of f feed and
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Figure 4. (a,b): T1 tool after machining with the feed value f3 = 0.3 mm/rev., magnification 500 x ;
1—adhesive wear, 2—abrasive wear; T2 (c) and T3 (d) tool after machining with the feed value
f3 =0.3 mm/rev., magnification 200x; 1—adhesive wear.

Figure 5. (a,b): The surface treated with an uncoated T1 tool with the feed value f, = 0.2 mm/rev.;
1—side flow of the material, 2—chip glued on the surface; (c,d): the surfaces treated with coated T2
(c) and T3 (d) tools with the feed value f, = 0.2 mm/rev.; magnification 200x.
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All the average measurement results of the roughness parameters R, and R; for the
f1 feed significantly exceed the theoretical values given by the manufacturers of individ-
ual tools.

Figures 6-8 show the bearing area curve for the surfaces processed with the tested
tools and for the entire range of the tested feeds.

[} 1
0 50 100%
[km]
3&
| |
0 50 100%

[um]

Figure 6. Bearing area curves for the surfaces processed with the T1-T5 tools with feed f1 = 0.1 mm/rev.: (a): T1; (b): T2;
(c): T3; (d): T4; (e): T5.

lwznl [um]

Figure 7. Bearing area curves for the surfaces processed with the T1-T4 tools with feed f, = 0.2 mm/rev.: (a): T1; (b): T2;
(c): T3; (d): T4.
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Figure 8. Bearing area curves for the surfaces processed with the T1-T5 tools with feed f3 = 0.3 mm/rev.: (a): T1; (b): T2;

(c): T3; (d): T4; (e): T5.

The analysis of the bearing area curves shows the advantage of increasing the feed
value during the turning process of the tested material. The progressive nature of the
curves, indicating good operational properties of the processed material—in particular
its high abrasion resistance [39]—was observed for all surfaces processed with a feed of
f3=0.3 mm/rev.

The desired shape of the bearing area curve, after turning with a feed of f, = 0.2 mm/rev,,
was only observed for the surface processed with the T3 tool. The remaining curves,
including all those obtained after turning with a feed of f1 = 0.1 mm/rev. have a digressive
shape, which possibly indicates insufficient operational properties for these surfaces [40].

Figure 9 shows the results of research on the depth and degree of strengthening of
the surface layer of the processed material with the feed value f3 = 0.3 mm/rev. Figure 10
presents the surface hardening rate of the surface layer after machining with the same
feed value.

The greatest changes in the microhardness of the material occur for the surface layer
depth of approximately 100 um. For all tested surfaces, the hardness of the material core
was achieved at a depth of 400-500 um from the outer border of the processed material
(Figure 9). The presented test results prove a very similar degree of material tempering for
all tested cutting tools (defined as the percentage difference between the microhardness of
the surface and the material core—as shown in Figure 9).

The lowest degree of tempering (10.05%) was obtained for the material treated with
the T1 uncoated tool. The largest one (14.39%) was the material treated with the T5 TiAIN-
coated tool. The reason for this could have been the largest (65%) share of CBN in the
composition of the T5 tool material out of all the examined tools, resulting in less heat
being transferred to the tool and more heat being passed on to the processed material. This
can be confirmed by the sudden decrease of microhardness at the surface layer depth of
about 50-60 pm, which may indicate the presence of high temperatures causing material
tempering at this depth. However, it should be taken into account that the measurement
value could have been influenced by the structure of the material obtained during thermal
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improvement, characterized by both an uneven primary and secondary distribution of
carbides that was much harder than the matrix.

900

850

800

—O=T1 =t=T2 =x=T3 =0=T4 =0=T5 750

200 700
880
860 ||
840
820
800
780
760
740 ||
720
700

o} 100 200

HV0.01 kg

250 300 350 400 450 500
I [um]

Figure 9. Microhardness of the material processed with the feed f3 = 0.3 mm/rev. depending on the
tested tool where: T1-T5—tool type.

HT1 HT2 ET3 BT4 ET5
14

10 i I
0

Figure 10. Surface tempering rate of the material processed with the feed f3 = 0.3 mm/rev. depending
on the tested tool where: T1-T5—tool type.
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4. Conclusions

In the presented research, the influence of anti-wear coatings applied on PCBN cutting
tools on selected parameters characterizing the condition of the surface layer after finish
turning of AISI D2 tool steel (EN X153CrMoV12) was analyzed. The performed analysis
allows drawing the following cognitive conclusions:

e a positive effect of the use of anti-wear coatings on PBCN tools has been shown to
reduce the values of the roughness parameters tested compared to uncoated tools,

e the lowest influence of the feed on the values of all tested roughness parameters was
noted for surfaces treated with TiN-coated T2 tools (50 vol.% of CBN) and TiAIN-
coated T3 (50 vol.% of CBN) tools,

e the lack of protective coating contributed to the occurrence of intense adhesive wear
on the flank surface on the uncoated T1 tools, in the range of the feed values f = 0.2
and 0.3 [mm/rev.],
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e the analysis of material surface after treatment with the uncoated T1 tool with the feed
f =0.2[mm/rev.] showed the occurrence of the phenomenon of lateral material flow
and numerous chip deflections,

e for all tested tools, the greatest changes in the microhardness of the structure after
the turning process with a feed f = 0.3 [mm/rev.] were obtained for a depth of up to
100 um, and the hardness of the material core for all tested tools was achieved at a
depth of 400-500 pm from the outside material boundary,

e the most optimal parameters of the surface layer, equivalent to parameters after the
grinding process, for all analyzed materials were obtained after processing with a feed
value of f = 0.3 mm/rev.
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