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Abstract

This study investigates the effect of high speed cutting on the crater wear behaviour of PCBN tools in continuous
cutting. Turning tests were performed using two PCBN grades, one high CBN content (PCBNH) and one low CBN
content (PCBN-L) at two cutting speeds (150 and 300 m/min). The tool life of each grade at both speeds was
determined and the associated crater wear progression charts were generated. Examination of the wear surfaces in
the SEM was used to study the wear mechanisms. In order to measure crater depth and evaluate the effect of wear
on the tool geometry, the cross-section profile of each cutting edge was replicated. As expected, PCBN-L was found
to be the most suitable grade for continuous cutting of hardened steel. While it was the most wear resistant grade, it
is also the most sensitive to cutting speed. Flank and crater wear increase with increasing cutting speed. The wear
behaviour of PCBN-H is very different; flank wear is significant but is not so sensitive to cutting speed. Crater wear
decreases with increasing cutting speed. The results of the machining tests in conjunction with analysis of the wear
scars suggest that the wear behaviour of PCBN-L is dominated by chemical wear and diffusion with adhesion and
abrasion making a secondary contribution. This ranking is reversed for PCBN-H where abrasion and adhesion are
the primary wear mechanisms but during high speed cutting, plastic deformation also contributes to the wear
process.
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1. Introduction

Polycrystalline cubic boron nitride (PCBN) is a composite material made by sintering CBN particles together with
ceramic and/or metal phases, which are collectively known as the binder material. There are several degrees of freedom
when producing a PCBN material, including the percentage CBN, the CBN grain size and the composition of the
binder. These variables determine the material properties of the PCBN composite and make it possible to engineer
PCBN materials for specific applications. Since PCBN was introduced as a cutting tool material over forty years ago,
there has been a significant amount of research dedicated to understanding the cutting mechanisms and tool wear. This
has allowed the application areas of PCBN to expand and cutting conditions to become more aggressive. In parallel,
the quality and integrity of the machined parts has improved, with superior surface finish and the capability to achieve
high tolerance dimensions. In response to the requirement for higher cutting speed the number of commercially
available PCBN grades is increasing, with many being tailored to meet these requirements. Even though there is a
wide variety of PCBN materials available on the market today targeting different workpieces and cutting conditions,
they are broadly divided into two categories; high CBN content and low CBN content. It must be noted that as PCBN
material design evolves and becomes more sophisticated, it becomes more difficult to categorise the materials in this
way. Traditionally, high CBN content materials are primarily used in machining grey cast iron and low CBN content
materials are used across the wide range of hardened steels from case-hardened steels to some tool steels. However,
the application area of PCBN also includes stainless steels, powdered metals and superalloys. Several factors are
known to determine the tool life of PCBN materials. The composition of the PCBN material is an important
consideration but the workpiece, tool geometry, cutting conditions and machine setup also have significant influence
on the cutting operation and quality of the finished part. The definition of cutting tool performance is also important
as there are usually several different criteria that must be achieved by an individual process. This is particularly true
for finish hard turning there are standards such as tool life, surface finish and part accuracy. Other considerations
include machine down-time, material removal rates and the number of parts produced.

2. PCBN Tool Wear Modes

Similar to conventional cutting tool materials, PCBN tool wear is most often discussed in terms of flank and crater
wear. Traditionally, tool life is defined by flank wear due to the significant effect this parameter has on the surface
finish, integrity and dimensional accuracy of the machined part. Crater wear has a strong influence on process
reliability as it can cause abrupt failure due to chipping or fracture of the tool edge and consequently, unpredictable
tool life. Tool failure due to crater wear is usually an instantaneous event, which damages the part being machined and
potentially even the machine tool. In contrast, failure due to flank wear is gradual and predictable since it is very often
defined by a maximum allowed wear or surface finish requirement. Where crater wear is dominant it becomes more
difficult to predict tool life with any degree of accuracy and consequently such processes are considered less reliable.
PCBN tools used in hard turning operations generally have a negative edge geometry to provide a strong cutting edge
capable of withstanding the high temperatures and loads in the contact area between the tool and the workpiece. Crater
wear causes the tool to become sharp and may even lead to the development of an effectively positive rake. For this
reason, it is important to analyse the effect of the crater wear behaviour in conjunction with the crater wear progression
and the resultant changes to the edge geometry. Therefore, an understanding of the development of crater wear during
hard turning will enable improved process control. A review of the available literature found that the theories regarding
the mechanisms responsible for PCBN tool wear in hard turning are many and varied. While these are diverse and
sometimes contradictory, there is consensus that PCBN tool wear cannot be sufficiently explained by any one single
mechanism. Those most commonly used to explain the wear of PCBN tools include abrasion, adhesion, diffusion and
chemical or tribochemical wear as described by Katuku (2010) and others.

Each of these mechanisms causes the tool to wear in a different way, and by understanding the features specific to
these mechanisms, the wear surfaces can be analysed to reveal the details of the wear process. PCBN tool wear is
complex, with wear mechanisms acting concurrently, and the dominant wear mechanism can change over the life of
the tool, depending on the temperature at the cutting edge and the forces acting there. The conditions at the contact
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area between the tool and the workpiece determine the wear mechanisms and there are a number of contributing
factors. While the composition of the PCBN tool material and the steel workpiece are obviously very significant, other
factors such as the tool edge geometry and machine tool stability are also critical to tool performance.

3. The Mechanisms Contributing to Crater Wear

In the literature, several wear mechanisms have been identified as contributing to crater wear on PCBN cutting
tools. It has long been known that abrasion occurs as the chip flows across the rake face and is very often confined to
an area close to the cutting edge such as described in studies by Chryssolouris et al (1982), and Poulachon et al(2001)
who reported that the binder is most susceptible to this form of wear. Then, when the binder is abraded, CBN grain
pull-out occurs more easily. Remadna et al (2006) and Mahfoudi et al. (2008) observed that crater wear is very sensitive
to cutting speed; it increases in response to increasing cutting speed, due to the associated increase in cutting
temperature. Angseryd et al. (2011) in a later study also reported this. Cutting speed has the most significant effect
on temperature which is the most likely explanation for the strong relationship between cutting speed and crater wear
rate. Molinari and Nouari (2002) and Farhat (2003) observed that diffusion makes a significant contribution to crater
wear, and this becomes increasingly dominant as cutting temperature increases. Poulachon (2004) and others have
attributed this to a repeated cycle of layer deposition, adhesion and subsequent removal.

The effect of PCBN material composition on crater wear has not been addressed in great detail by the research
reported in the literature. An early study carried out by Hong (1990) and a more recent work by Bushlya et al. (2014)
studied tool wear using a high CBN content material while all the others in the literature tested with low CBN content
materials. In this research, both types of PCBN material were used in metal cutting tests, which will add to the current
understanding of the crater wear behaviour of high CBN content materials and also allow a comparison of the wear
mechanisms causing crater wear on the different materials. The analysis of the tools used in the tests described in this
study will show how CBN content influences crater wear behaviour. A clear conclusion of this review is that the
degree of crater wear increases with increasing cutting speed. However, while the literature as a whole covers a wide
range of cutting speeds, within the individual tests, each set of experiments was restricted to a relatively narrow range.
The change in crater wear behaviour when there is an increase in cutting speed from moderate, conventional cutting
speeds to high speed machining conditions has not been investigated to date. Considering the current trend in industry
towards increased cutting speeds (> 200 m/min), it is critical to understand the effects of this on PCBN tool
performance.

4. Experimental Method and Procedure

The metal cutting tests conducted for the research presented here used cutting speeds of 150 m/min and 300 m/min
which are considered moderate and high respectively, for a hard turning operation. A constant value of feed rate and
depth of cut was maintained for all tests. Therefore these results do provide a clear evaluation of the effects of increased
cutting speed and also the consequences of changing from conventional to high speed machining. Even though it is
well known that low CBN content materials offer the best performance in finish hard turning operations, as explained
previously a high CBN material was also included in these experiments. The composition of the PCBN materials in
terms of CBN content and binder type as summarised in Table 1.

Table 1 Composition of the PCBN materials used in the experiments.

5. Grade 6. CBN content 7. Average CBN grain | 8. Binder
size

9. PCBN-L 10. 50% 11. <2 pym 12. TiC

13. PCBN-H 14. 85% 15.<2 pym 16. Co-W-Al
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PCBN-L designates the low CBN content grade while PCBN-H is considered to be a high content CBN material (
80%). The selected grades are interesting since the CBN grain size is the same in both, eliminating this as a variable.
Many high CBN content materials have relatively coarse CBN grains, in the region of 10 pm, while finer sizes,
generally in the range of 1 um to 3 pm are used in low content materials. The average CBN size in both materials is
the same, less than 2 um, but the binder systems differ, with PCBN-L having a ceramic type titanium carbide-based
binder while PCBN-H has a metallic binder containing compounds of cobalt, tungsten and aluminium. The workpiece
material used in these tests is a low alloy steel, AISI 4340. This steel is particularly suitable for laboratory tests because
it is through hardened (54 — 56 HRC) and therefore the entire workpiece can be used. It is possible to use one melt of
steel and a single heat treatment to provide sufficient workpieces for this set of experiments. The use of one steel melt
and a single heat treatment reduced the possibility of variation in the test results due to the workpiece. The workpiece
used in these tests was in the shape of a hollow tube (dimensions shown in Figure 1) which was used to further ensure
consistent hardness.

l— 120Mmm .1
I I

Figure 1 Shape and dimensions of the AISI 4340 steel workpieces used in the experiments.

The tools were examined optically throughout the metal cutting tests to identify any possible damage to the tool
and ensure cutting edge integrity and thereafter in the SEM for detailed analysis to study the mechanisms leading to
crater wear. In summary, the wear behaviour was characterised as follows;

Measurement of tool life.
Mapping the wear progressions
Investigation of the wear modes and mechanisms using scanning electron
microscopy.
e Recording the change in edge geometry due to tool wear.
The effects of high speed cutting on the wear behaviour of the two PCBN grades were determined by analysing
these aspects of the tool performance.

4. 1 Machining Test Setup

A dry facing operation was performed on an Ebosa CNC140 lathe using a constant feed (f) of 0.15 mm/rev and
depth of cut (ap) of 0.2 mm. As stated previously, two cutting speeds (vc) of 150 m/min and 300 m/min were used.
Each pass of the workpiece face corresponded to 62.45 m cutting distance. The Ebosa CNC140 lathe had maximum
power of 10 kW with spindle speed of 80-6000 rev/min. The tools and toolholder used conformed to the ISO
designations SNMN(090308 S0220 and CSRNL 2525M09 respectively. The resultant rake angle and angle of
inclination were both -6°.
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4.2 Establishing Tool Life

The first step was to determine the average tool life of each PCBN grade at cutting speeds of 150 m/min and 300
m/min. For this purpose, three tools of each grade were tested to failure at these two cutting speeds. Tool failure was
defined as edge chipping, edge fracture or flank wear, VBC max. greater than 200 um. The tools were removed at
regular intervals for optical examination to ensure cutting edge integrity, to observe the wear progression, to check for
damage such as chips or cracks and to measure flank wear to identify when failure was imminent. The cutting process
was also closely monitored in order to detect any signs of tool failure such as “sparking” of the chip. When a tool
failed, the number of passes completed was recorded, optical images of the cutting edge were captured and any
observations regarding the wear scar or the machining operation were recorded.

4.3 Generation of Wear Progression Charts

Once the average tool life was established for each PCBN grade at both cutting speeds, appropriate intervals for
measuring the wear progression were selected. The general approach was to have the first test point close to 50% of
the average tool life with sufficient points between these two limits to map the wear development. Two tools were
tested at each point. The number of tools tested at each cutting speed and the intervals used are summarised in Table
2.

Table 2 Test matrix showing the number of tools tested.

17.CBN  Grade & | 18. No. of | 19. Wear Progression | 20. 21. Total No. of
Cutting Speed Tools Tested | Points passes) Tools Tested
to Failure
22.PCBN-H at 150 23.3 24.3,6,9,12 25. 26. 11
m/min
27.PCBN-H at 300 28.3 29.2,4,6 30. 31.9
m/min
32. PCBN-L at 150 m/min | 33. OF 34. 100, 300, 450, 600 35. 36. 8
37. PCBN-L at 300 m/min | 38. 3 39. 40, 55, 70, 85, 100 40. 41.13

13 tools tested. Tool failure not achieved after the maximum machining time of 600 passes.

The maximum width of the flank wear land (VBC max.), maximum crater depth (KT) and length of notch wear
(VBN) when present were measured each time. These parameters are illustrated in Figure 2. In this test setup all cutting
takes place on the nose of the tool which is denoted by the subscript “c”.
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Figure 2 Illustration of tool wear and associated measurements as defined by the standard ISO 3685.

Unlike the procedure followed when determining the average tool life, the tools tested for a specified cutting length
were not removed for examination during cutting until the required number of passes was completed. The cutting
process was also monitored to assist detection of any premature failure but there was no occurrence of this. There was
one exception to this procedure; PCBN-L at cutting speed of 150 m/min, which because of its extremely long tool life
required a slightly different approach. At this cutting speed, this grade completed 37,470 m (600 passes) of the
workpiece without failure. Since the machining time was over 7 hours, these tools were examined at intervals to inspect
for damage such as microchipping or spalling which can be difficult to detect during cutting. Also it was necessary to
use two workpieces to complete this cutting distance and the tools were examined before cutting commence on the
second workpiece. Considering time and workpiece limitations, three tools of PCBN-L were tested to this point and
all completed 37,470m (600 passes) without failure due to crater or flank wear. To generate the wear progression
curve, the other points selected on the cutting distance axis were 18,735 m (300 passes) and 28,103 m (450 passes).
As described for the other grade and cutting speed combinations, two tools were tested at each point. In addition, a
further two inserts were used to complete 6,245 m (100 passes). This was the maximum cutting distance on the wear
graph of PCBN-L at the high cutting speed of 300 m/min and testing at this point allowed a direct comparison of the
effect of cutting speed on the wear behaviour of this PCBN grade.

4.4 Wear Scar Analysis

Following completion of the metal cutting tests, all the used tools were examined in a Joel 5900 scanning electron
microscope (SEM) and high magnification (100X and 400X) images of each wear scar were obtained in secondary
electron mode (SEI) mode. These are necessary for a detailed study of the wear scar topography which is a source of
information regarding the wear mechanisms leading to tool wear.

4.5 Measurement of crater depth

The magnitude of maximum crater depth KT, was measured at each interval. Since crater shape can contribute to
tool failure, this was also monitored to determine if any patterns evolved.

Two conventional methods for measurement of crater depth were evaluated during the course of this research.
While the accuracy of a stylus profilometer would be considered acceptable for many test requirements, it did provide
sufficient resolution for this particular investigation where the focus is on the crater wear progression. The results
presented in the following sections show that some of the craters produced in these experiments were particularly
shallow, less than 10 um in depth and the increments in crater depth were of the same magnitude as the accuracy of
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the instrument. Therefore it provided insufficient resolution to identify such small changes in crater depth. A Wyko
Surface Profiler (optical profiler) using white light interferometry was the second method evaluated for the purpose of
measuring crater depth. While it did provide useful and relevant data and had the capability to present this in 2D and
3D images, it did not always capture all of the crater area of interest. Dawson (2002) made a similar observation and
reported that the quality of the data and the image obtained by white light interferometry depends on the light reflected
from the surface being analysed. In contrast to the contact method, deep craters presented the most difficulties for the
optical profilometer. Therefore for the purposes of this research, an alternative method was devised whereby the tool
was cut through the wear area using a wire electron discharge machine (WEDM) to expose the cross-sectional area.
Dimensional analysis was then performed using a digital microscope at high magnification.

4.6 Crater Cross-Sectioning

When the SEM analysis was completed, the tools were sectioned, cutting in a direction perpendicular to the flank,
through the nose radius and the crater on the rake face using a wire electron discharge machine (WEDM) with brass
wire. Cutting was performed at the midpoint of the tool nose, taking into account the material loss due to the EDM
process, equivalent to the wire thickness which is 0.15 mm (see Figure 3). One complete half of the tool was retained
for dimensional analysis, while the material loss due to the EDM cutting was confined to the other section as illustrated
in Figure 3. Each tool was setup individually and aligned for cutting in the EDM machine to maintain accuracy and to
ensure that both sections of the tool were retained as a pair.

Material loss due to
EDM process

X -0.15mm X
A——

EDMwire = « | This part of the tool
thicknessis | is retained for wear
0.15mm measurements

Figure 3 Alignment of tools for WEDM cutting.

This method exposes the cross-section of the crater and allows for detailed dimensional and optical analysis. Images
of each crater cross-section were obtained using a Keyence VHX-100 digital microscope at magnification of 245X.
An example of the images obtained is shown in Figure 4. The quality of these images was sufficiently well defined to
perform measurements, thus eliminating the requirement for polishing or any other surface preparation. This had the
added benefit of minimising the possibility of chipping or fracturing the tools, which are more easily damaged after
the EDM process.

4.7 Generation of Profiles

The profiles of the craters were replicated by importing the images of the tool cross-sections

Into a graphics software package and tracing over the outline of the tool wear surface as shown in Figure 4(b).
When all the individual profiles were completed, they were compiled to illustrate the wear progression of each PCBN
grade at both cutting speeds (see Figure 8 and Figure 11).
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Crater Wear

Flank

(a)

Figure 4 Images of a tool cross-section showing the wear on PCBN-H after cutting distance of 526 m at speed of 150 m/min. (a) The outline of
the new tool prior to testing is included. (b) The outline of a tool profile

5. Results of Metal Cutting Tests
5.1 Tool Life

The tool life results are summarised in the in Figure 5. As expected, PCBN-L the low CBN content material displays
the best performance at both cutting speeds. At a cutting speed of 150 m/min, the tool life is 44 times greater than that
of PCBN-H and at cutting speed of 300 m/min that difference is reduced to a factor of 16. The tool life of PCBN-H
exhibits a proportional relationship with cutting speed; the average tool life decreases by approximately half when the
cutting speed is doubled. The effect of cutting speed on the behaviour of PCBN-L is more extreme, as the tool life is
more than 6 times greater than at 300 m/min. As noted previously, at a cutting speed of 150 m/min, three PCBN-L
tools completed a cutting distance of 37470 m (equal to 600 passes of the workpiece) without meeting any of the
failure criteria defined prior to testing; VBc max. > 200 um or edge chipping.

7470 37470 37470

N
I r T

25000 .- S .

40000 | | |

20000 4

. r_r— 1 ]

10000 4 ——|____|_____

Cutting Distance (m)

5000 =
| g1z 937 @12 | 375 500 437

Tool Life (m) at Vo =
300m/min

150m/min 300m/min 150m/min
PCBN-L

Tool Life {(m) at Ve = Tool Life (m) at Ve = ‘ Tool Life (m) at Ve =

PCEN-H

Figure 5 Tool life values achieved by both PCBN grades at cutting speeds of 150 m/min and 300 m/min.Three tools of each grade were tested

at each cutting speed.
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5.2 Crater Wear Progression of PCBN-L

The chart in Figure 6 shows the crater wear progression of PCBN-L at the two cutting speeds used in these
experiments, displaying the mean values at each interval. It is evident that crater depth is greater at 300 m/min and
also at each cutting speed, crater depth increases as cutting proceeds.

Crater Wear Progression PCEN-L

==\Vc 150 m/min

—=—\/c 300 m/min

Crater Depth KT (pm)

1] 5000 10000 15000 20000 25000 30000 35000 40000
Cutting Distance (m)

Figure 6 Crater wear progression of PCBN-L at cutting speeds of 150 m/min and 300 m/min.

The magnitude of the crater depth and the width of the flank wear land increases in proportion to the increase in
cutting speed. On average, over the tool life, both parameters double when cutting speed is increased from 150 m/min
to 300 m/min. At 150 m/min the crater depth measurements range from 5 - 12 um increasing to 13 — 19 um at 300
m/min. Both sets of data have an R2 value of 0.9, indicating that they closely correspond to a linear relationship. The
wear rates also increase but more significantly. The rate of crater wear development increases by a factor of 7 and the
rate of flank wear increases by a factor of 14 when the cutting speed is doubled. The large increase in the flank and
crater wear rates at the high cutting speed accounts for the significantly shorter tool life. Nonetheless, PCBN-L is
considered to have good wear resistance to crater wear at both cutting speeds with a maximum crater depth (KT) of
just 18um reached at the higher cutting speed. A possible explanation for this is that an adhered layer develops on the
crater as cutting progresses. Luo et al (1999), and Lin et al (2008) both suggest that this layer can protect the tool from
wear and in this way the tool wear rate may be reduced.

5.3 Effect of High Speed Cutting on the Tool Wear of PCBN-L

A comparison of the PCBN-L tools tested to 6245 m (100 passes) at both cutting speeds offers further insight into
the effect of high cutting speed on the wear behaviour of this material. These images are presented in Figure 7.

Figure 7 SEM images of tool wear on PCBN-L after cutting distance of 6245 m at cutting speeds of 150 m/min and 300 m/min.
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As noted in the previous section the magnitude of both flank and crater wear increase with increasing cutting speed.
There is notch wear on the depth of cut and trailing edges at 150 m/min and in both locations the notch extends beyond
the flank wear. Only trailing edge notch wear was present at 300 m/min and this did not occur until near end of life.
There are deeper abrasion grooves on the crater at 300 m/min and also a pattern of hills and troughs which has been
associated with diffusion and similar to the pattern reported by Camargo et al (2014). The surface of the crater at 300
m/min has a polished appearance, also indicative of diffusion or some form of chemical wear. There are similar
amounts of deposited layer on the tool rake at both cutting speeds. At 150 m/min there is also a deposited layer on the
flank which is not present at 300 m/min. The adhered layer on the crater at 300 m/min is very thick at the base and
back wall of the crater. At 150 m/min it is more porous and patchy and is accumulated around the periphery of the
crater. This adhered layer is most likely due to chemical reaction or diffusion which accelerates at the elevated
temperatures generated at the high cutting speed. Klimenko et al.(1992), and Chou et al (2002) both suggest that the
deposited layer could be the products of the reactions in the contact area which are expelled due to the high forces. In
summary, the SEM analysis of the wear surfaces indicates that there are a number of mechanisms contributing to the
tool wear. These occur simultaneously, but the dominant mechanism changes over the life of the tool and also when
the cutting conditions change. There is evidence of abrasion, adhesion, diffusion and chemical wear at both cutting
speeds but the increased temperature conditions due to the high speed cutting promotes diffusion and other forms of
chemical wear.

5.4 Crater Shape of PCBN-L

The profiles of the cross-sections of the PCBN-L tools tested at 150 m/min (shown in Figure 8a) confirm the
observation made from the wear progression charts and the SEM analysis, that there is very little flank or crater wear.
There is minimal change to the original edge geometry (refer to Figure 4). The flank wear resembles a large edge hone.
At the high cutting speed (Figure 8b), the wear alters the edge geometry more significantly. There is volume loss from
the crater and particularly the flank but the wear progression is gradual over the life of the tool.

=

| 6245 m | Jsam

;18?35:t| | 100 pm Aam | 100 um

| 28103 m | e 5308 m

ST4T0OmM | ee— 6245 m

Figure 8 Cross-section profiles of the worn cutting edges on the PCBN-L tools tested at 150 and 300 m/min. Each profile corresponds to a
specific cutting distance as indicated by the legend. (a) Crater depth measurements range from 5 to 13 yum and flank wear from 25 to 45 um at 150
m/min. (b) Crater depth measurements range from 11 to 21 um and flank wear from 42 to 93 pym at 300 m/min

These profiles clearly show that the craters are relatively shallow, and even though the geometry of the cutting edge
is changed, the craters are not sufficiently deep to weaken it to such a degree that severe fracture might occur. Fracture
is most likely when the crater is deep and a thin wall develops at the nose of the tool.
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5.5 Crater Wear Progression of PCBN-H

The results of the tool life testing (Figure 5) clearly show that PCBN-H is less wear resistant than PCBN-L in this
application. Furthermore, the behaviour of PCBN-H is somewhat different, in that the deepest craters are formed at
the lower cutting speed as evident from the chart in Figure 9.

Crater Wear Progression PCBN-H
50

45

40 A

35 -
204 =0=Ve 150m/min
25 ——\/c 300m/min

20 A

Crater Depth KT (pm)

0_/

0 100 200 300 400 500 600 700 200
Cutting Distance (m)

Figure 9 Crater wear progression of PCBN-H at cutting speeds of 150 m/min and
300 m/min.

The maximum cutting distance reached at speed of 300 m/min is 375 m, which equates to a cutting time of less
than 2 minutes. It is known that cutting temperature has a significant influence on crater wear and this is a possible
explanation for the relatively shallow craters on PCBN-H at 300 m/min. Cutting time may have been too short to
achieve sufficiently high temperatures for crater development. Similar to the trend observed with PCBN-L, the flank
wear rate increases with increasing cutting speed but the change is not as significant. The flank wear rate of PCBN-H
doubles during high speed cutting, whereas the flank wear rate of PCBN-L increases by a factor of 14.

The actual magnitude of the PCBN-H flank wear land is the same at both cutting speeds with measurements in the
range of 100 — 250pm. This is another notable difference in the wear behaviour of the two PCBN grades. The flank
wear on PCBN-L is in the order of tens of microns.

5.6 Effect of High Speed Cutting on the Tool Wear of PCBN-H
The effect of cutting speed on the wear behaviour of PCBN-H is further investigated by directly comparing the

wear on tools which completed cutting distance of 375 m (6 passes) at both cutting speeds. SEM images of these tools
are shown in Figure 10.
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Figure 10 SEM images of tool wear on PCBN-H after cutting distance of 375 m (6 passes). The tool on the left was tested at cutting speed of
150 m/min and the tool on the right was tested at the high cutting speed of 300 m/min.

There is an increase in the magnitude of flank wear with increased cutting speed and the wear surface becomes
irregular and non-uniform. Crater depth decreases with increased cutting speed but the crater width is similar at both
speeds, with the crater extending beyond the width of the chamfer. There is very little deposited material on the
exposed tool surfaces of either of the tools but slightly more at the high cutting speed. At both cutting speeds there are
voids on the wear surfaces which may be due to pull-out of CBN grains. These grains can then contribute to further
abrasion wear. Grain pull-out occurs due to adhesion or when the binder is depleted by chemical interaction with the
chip.

The change in cutting speed had a significant effect on the morphology of the flank and crater wear surfaces. At the
lower cutting speed there is a typical abrasion pattern of fine, shallow grooves or scratches but at the high cutting
speed there was a pronounced pattern of ridges and grooves. The width of these ridges ranges from 20 to 30 pm.
Brandt (1986) and Goh et al, (1996) attributed similar features observed on ceramic tools to plastic deformation or a
chemical reaction between the tool material and built up layer (BUL). There are several wear mechanisms contributing
to the wear of PCBN-H. Abrasion, adhesion, diffusion and chemical wear are also in evidence here. The decrease in
crater depth with increasing cutting speed could be attributed to the dominance of different wear mechanisms; diffusion
and abrasion at 150 m/min and plastic deformation at 300 m/min. Plastic deformation was not observed on the PCBN-
L tools.

5.7 Crater Shape of PCBN-H

The cross-section profiles of the PCBN-H cutting edges at both cutting speeds are shown in Figure 11. Relative to
PCBN-L, there is a significant degree of crater and flank wear with associated changes in edge geometry (The original
geometry is shown in Figure 4).



S. Gordon et al. / Procedia Manufacturing 38 (2019) 1833—1848 1845

| - . . i 100 pm
asm | [ | |
ez | 100 um BTEM |

1760 M | e—

Figure 11 Cross-section profiles of the worn cutting edges on the PCBN-H tools tested at 150 and 300 m/min. Each profile corresponds to a
specific cutting distance as indicated by the legend. (a) Crater depth measurements range from 16 um to 45 um and flank wear from 96 um to 244
um at 150 m/min. (b ) Crater depth measurements range from 10 um to 19 um and flank wear from 102 pm to 216 um at 300 m/min.

At both cutting speeds, flank and crater wear increase in magnitude as cutting progresses. The tools tested at 150
m/min exhibit the deepest craters produced in all of these experiments. The tool life of PCBN-H at cutting speed of
300 m/min is extremely short (refer to Figure 5) and the difference in crater wear behaviour is evident from the profiles
(Figure 11). The profile shape at both cutting speeds is somewhat similar to those on the PCBN-L tools, in that there
is no thin wall at the cutting edge. Instead, the base of the crater is almost perpendicular to the flank, effectively
reducing the chamfer angle. This is offset to some degree by the flank wear. These tools follow a wear pattern very
similar to that observed by Poulachon et al. (2001) and Mahfoudi et al. (2008) who described the crater wear
progressing such that the deepest part of the crater moved towards the cutting edge and eventually coincided with the

flank wear land.
5.8 Comparing the Wear Behaviour of PCBN-L and PCBN-H

The flank and crater wear progressions of both PCBN materials exhibit a reasonably linear increase in response to
increasing cutting distance over the range of measurement intervals in these experiments. There is one exception to
this; the crater wear progression of PCBN-H during high speed cutting at 300 m/min which might be attributed to the
dominance of plastic deformation rather than abrasion and diffusion, leading to reduction in material loss. From a
comparison of the wear rates it is very evident that PCBN-L is the most wear resistant material in this application. The
difference is most pronounced at the lower cutting speed. At 150 m/min the crater wear rate of PCBN-H is almost 190
times greater than that of PCBN-L. The flank wear rate of PCBN-H exceeds that of PCBN-L by a factor of 350. As
noted during the SEM analysis of the worn tools, the flank wear of PCBN-L is negligible at this speed while PCBN-
H experiences severe flank wear. The crater wear rate of PCBN-H is 7 times greater than that of PCBN-L and the flank

wear rate of PCBN-H is greater by approximately a factor of 50.
6. PCBN Cutting Tool Wear Trends in Continuous Hard Turning

The changes in PCBN cutting tool wear behaviour in continuous hard turning observed during these experiments
are summarised in Figure 12. This diagram illustrates the effect of change in cutting speed and CBN content on flank
and crater wear. The effect of high speed cutting on each PCBN material was determined by a direct comparison of
the wear scars on tools that completed the same cutting distance (ref. section 5.6). Due to the significantly greater tool
life of PCBN-L at both cutting speeds, it was not possible to conduct a similar analysis to compare the grades.
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Therefore, the difference in the wear behaviour of the two PCBN materials, and hence the effect of varying CBN
content, was instead determined by a comparison of the wear rates of the individual wear modes at each speed.
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I ng::ttsil;;ed wear progression
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Figure 12 Illustration of the trends in the wear behaviour of PCBN cutting tools observed during continuous hard turning at cutting speeds of
150 m/minand 300 m/min, with one high CBN content material and one low CBN content material.

7. Conclusions
1. Effect of CBN content on tool performance
The results of these experiments clearly show that the low CBN content material, PCBN-L has the best tool life at
both cutting speeds in continuous hard machining. The tool life of PCBN-H, the high CBN content material is
significantly shorter.
2. Effect of cutting speed on tool performance
PCBN-L is the most sensitive to changes in cutting speed. The tool life decreases significantly when cutting speed
is increased. The tool life at 150 m/min is more than 6 times greater than at 300 m/min. The tool life of PCBN-H is
inversely proportional to cutting speed; the average tool life drops by 50% when the cutting speed is doubled from 150
m/min to 300 m/min.
3. Effect of cutting speed on the wear behaviour of PCBN-L

The magnitude of flank and crater wear on PCBN-L increase with increasing cutting speed. Crater depth and width
of the flank wear land increase in proportion to the increase in cutting speed. On average, over the tool life, both
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parameters double when the cutting speed is increased from 150 m/min to 300 m/min. The wear rates also increase,
but more significantly. The rate of crater wear development increases by a factor of 7 and the rate of flank wear
increases by a factor of 14.

4. Effect of cutting speed on the wear behaviour of PCBN-H

The results show that the actual magnitude of the flank wear on PCBN-H is only slightly greater at the high cutting
speed. The flank wear rate increases with increasing cutting speed but not as significantly as observed with PCBN-L.
The rate of flank wear development at 300 m/min is approximately twice that at the lower cutting speed. Crater depth
decreases with increasing cutting speed. The deepest craters are formed at the lower cutting speed. The rate of crater
depth progression at cutting speed of 150 m/min is almost four times greater than at 300 m/min.

5. Effect of CBN content and cutting speed on CBN tool wear mechanisms

Based on the observations made during the SEM analysis, it is proposed that the wear behaviour of PCBN-L is
dominated by chemical wear and diffusion, with adhesion and abrasion making a secondary contribution. This leads
to the conclusion that the elevated temperature conditions due to high speed cutting promote a greater degree of
chemical wear and diffusion, which results in the accelerated crater wear. The ranking is reversed for PCBN-H.
Abrasion and adhesion are the primary wear mechanisms but at the high cutting speed, plastic deformation also
contributes to the wear process. From this it is determined that the decrease in crater depth of PCBN-H at 300 m/min
is due to the occurrence of plastic deformation which results in reduced volume loss.

6. Effect of cutting speed and CBN content on crater wear progression and tool edge geometry

42. At the low cutting speed PCBN-L experiences minimal flank and crater wear and therefore retains the original
edge geometry for extended periods of cutting. Even though the deepest craters occur on PCBN-H at 150 m/min, this
material experiences significant flank wear at both cutting speeds. This counteracts the development of a sharp,
positive edge geometry on PCBN-H and therefore the negative geometry is retained.
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