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Abstract A study was undertaken to investigate the wear
characteristics of polycrystalline cubic boron nitride
(PCBN) cutting tools and surface integrity during
machining of STAVAX (specialised stainless steel) with
and without coolant. Plastic deformation and formation
of overtempered martensite and white layer (untempered
martensite) were the dominant subsurface and surface
defects. It was found that decreasing the hardness of the
STAVAX from 55 HRC to 40 HRC could result in
fracture on the flank face, leading to a deterioration of
the surface finish. It was observed that low CBN content
tools (60%CBN/40%TiN) exhibited greater fracture
resistance than high CBN content tools (85%CBN/
15%TiN, 90%CBN/10%Co). Although coolant could
not bring about a reduction in the flank wear, it was
effective in reducing the subsurface and surface defects,
and in preventing chipping of the tool edge, leading to
an improved surface finish. A superior surface finish
(Ra<0.3 lm) was obtained with cutting fluid using a
tool with a radius of 0.8 mm, depth of cut of 0.05 mm
and feed rate of 0.05 mm/rev.
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1 Introduction

Advances in tool technology have resulted in the
introduction of a variety of PCBN cutting tools. PCBN
tools show good performance during machining of
hardened steels owing to their high hot hardness,
chemical stability and fracture toughness. The potential

of hard machining in increasing productivity, as well as
its competitiveness with grinding process, has signifi-
cantly increased the potential for hard machining
applications.

PCBN tools are widely used to turn hardened car-
bon steel (>50 HRC). In the hard turning of carbon
steel, crater wear due to either dissolution/diffusion of
BN into the chip [1, 2, 3, 4] or recrystallisation of the
binder phase [5] was the main mode of wear on the tool
rake faces. In most cases, the wear on the flank face
was due to chemical interactions/reactions between the
metallurgy of the workpiece, the tools and the sur-
rounding environment. In the machining of case-hard-
ened steel at high cutting speed, Zimmermann et al. [3]
observed the formation of complex compounds at the
flank face due to a chemical reaction between the CBN
and atmospheric oxygen. This resulted in a reduction in
the hardness and hence the wear resistance of the tools.
Similarly, Shintani et al. [6] found that the temperature
rise during machining resulted in groove wear by a
process of oxidation. Chou and Evans [7] observed that
in machining hardened steel, the wear on the flank face
was due to microfracture and fatigue. At high cutting
speed, interaction between the binder in the PCBN tool
and steel constituents occurred [8]. This phenomenon
weakened the bonding strength of the tool particles,
resulting in tool wear. Barry and Byrne [9] found that a
chemical reaction between the BN phase and work
material inclusions resulted in both wear and the for-
mation of compounds that could protect the binder
phase against dissolution/diffusion wear. Klimenko
et al. [10] noted the presence of reaction products, in
the form of micron-sized dendritic spherical particles,
on the worn surfaces of the PCBN tools.

Many researchers have studied the machinability of
stainless steel by turning. However, most of the work
was performed with carbide and ceramic tools [11, 12,
13]. General assessment of the machined surface was
normally obtained by studying the effect of different
process parameters and tool wear on the surface finish,
waviness and dimensional accuracy. Recent studies have
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shown that the reliability of the machined components is
influenced by the machined subsurface condition [14, 15,
16]. The high temperature generated during machining
of stainless steel has been the primary concern because it
can reduce the tool life, and affect the surface and sub-
surface of the machined workpiece [17]. Ezugwu and
Olajire [13] studied the effect of cutting fluid on the
surface integrity during machining of stainless steel.
They found that the heat generated during machining
resulted in a reduction in the yield strength of the ma-
chined subsurface layers. Examination of the surface
machined under a dry condition revealed the existence of
a rehardened layer of the untempered martensite ’white
layer’. It was found that cutting fluid could significantly
suppress the cutting temperature, and thus the forma-
tion of a ’white layer’ and the depth of the subsurface
deformation. Tönshoff et al. [18] noted that the thickness
of the white layer and the tensile residual stress on the
machined surface increased with an increase in the cut-
ting speed. Tool wear plays a vital role in influencing the
quality of the resultant machined surface. Liu and Ba-
rash [19] found that tool flank wear caused a deeper
residual stress penetration beneath the machined surface
owing to the heating effect. Kishawy and Elbestawi [1]
demonstrated that the machined surface and subsurface
conditions were significantly dependent on the cutting
parameters used. It was found that surface and subsur-
face defects could be reduced by increasing the cutting
speed using a sharp tool.

Hard turning is more cost effective than grinding,
especially when parts with complex features are to be
machined. PCBN tools are widely used in the ultra-
precision turning of spherical/aspherical profile on
mould inserts fabricated from stainless steel (such as
STAVAX) with a hardness of between 40 HRC and 55
HRC. Recently, Ding et al. [20] and Liew et al. [21]
investigated the wear of PCBN tools in the turning of
STAVAX at low cutting speeds using an ultra-precision
machine. It was found that the tool wear was controlled
essentially by the mechanical process; the tools were
predominantly subjected to abrasion resulting in either
fracture or groove wear depending on the hardness of
the machined workpiece. In this study, experiments were
carried out to investigate the performance of PCBN
tools in the turning of STAVAX on a conventional
lathe. In particular, the wear characteristic of PCBN
tools, and the surface and subsurface of the machined
workpiece were investigated.

2 Experimental Procedure

Investigation on the wear of PCBN tools in the machin-
ing of STAVAX was carried out by turning. Machining
experiments were performed on a Okuma CNC machine
without and with an emulsified water-based coolant
(5–9% concentration) flooded over the chip and the tool
rake face. The machining was conducted at a cutting
speed of 100 m/min. Unless specified, the experiment
results were obtained using a feed rate and depth of cut of
0.1 mm/rev and 0.1 mm respectively. The tangential (Ft)
and radial (Fr) forces acting on the tool during machining
were continuously measured using a dynamometer. Ft

and Fr are the forces in directions normal and parallel to
the rake face of the tool, respectively.

All experimental data was obtained on STAVAX
workpieces (composition by wt% 0.38% C, 0.9% Si,
0.5% Mn, 13.6% Cr, 0.3% V, balance Fe) of 100 mm
diameter and 200 mm length with hardness of 40 and 55
HRC. This alloy is widely used as the moulding tool
material on account of its high strength, corrosion
resistance and machinability. The heat treatment process
used to produce workpieces to these hardness consists of
the following steps: The workpieces were heated to
650�C and 850�C and held at each temperature for
30 min. They were then further heated to 1030 �C and
soaked at this temperature for 45 min for formation of
homogeneous austenite. Gas nitrogen was used as a
quenching media to quench the workpieces. To obtain
workpieces with a hardness of 40 HRC, they were
tempered twice at 550�C for 3 hours after quenching.
Workpieces with a hardness of 55 HRC were obtained
by tempering them twice at 200�C for 2 hours. The
PCBN tools used in this work were commercially
available grades BN 100, BN 300 and BN 600. The
material properties of the tools are listed in Table 1. All
the cutting tools used have a 30� chambered cutting edge
and conform to ISO designation TPGW 160408 (nose
radius=0.8 mm, clearance angle=11�).

3 Results and discussion

3.1 Tool Wear

Figure 1 and Fig. 2 show the change in the width of the
flank wear with cutting distance in the machining of
STAVAX. It can be seen that increasing the hardness of

Table 1 Properties of PCBN tools

Tool type Grain size Type of binder PCBN Hardness TRS KIC k
(lm) (vol %) (HV) (GPa) (MPa(m)0.5) (W/(mK))

BN 100 3 TiN 85 4000–4500 0.80 Not available 217
BN 300 0.5 TiN 60 3300–3600 1.10–1.20 4.0 54
BN 600 0.5 & 4 Co 90 3900–4200 0.95–1.10 5.2 360

TRS: Transverse rupture strength
KIC: Fracture toughness
k: Thermal conductivity
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the workpiece from 40 HRC to 55 HRC results in a
marked reduction in the tool wear. The cutting forces
(see Fig. 3) and the flank wear obtained under wet and
dry conditions were essentially the same, indicating that
the flank wear could not be reduced using cutting fluid.
It was found that the wear resistance of tool grade BN
100 was much lower than that of tool grades BN 300 and
BN 600. The tests carried out with tools grade BN 100
were halted after machining for 1.88 km due to high
flank wear. Tool grade BN 300 exhibited greater wear
resistance than tool grade BN 600.

Figures 4,5,6,7 and 8 show the SEM images of tool
grades BN 300 and BN 600 used to machine STAVAX.
When STAVAX workpieces were machined under dry
condition, the rake face and the edge of the tool was
prone to fracture and chipping (see Figs. 4a,b, 6a, 7a
and 8a). The fracture on the rake face could have been
initiated at the chamfer due to high thermal stress. The
brown gold coloured chips, produced in dry machining,
indicate the extreme heat generation at the tool-chip
interface [22]. The chips obtained in wet cutting had a
silver colour (similar to the colour of the workpiece)
suggesting that the cutting fluid acted efficiently in dis-
sipating the heat from the chip. Under wet conditions,
no fracture/chipping occurred (see Figs. 5a-b, 6b, 7b and
8b) and this could be attributed to the cooling brought
about by the cutting fluid. When STAVAX with a
hardness of 40 HRC was machined, notch wear occurred
on the tool rake face at the DOC (depth of cut) zone.
This could be due to the sawing action of the sharp
‘‘teeth’’ at the edge of the chip (see Fig. 9a). Casto et al.
[12] also observed a similar notch wear on the rake faces
of carbide and ceramic tools used to turn AISI 310 steel.
In the machining of STAVAX with a hardness of 55
HRC, no sharp ‘‘teeth’’ appeared at the edge of the chips
(see Fig. 9b) and the rake face of the tool virtually
showed no evidence of notch wear.

In the machining of STAVAX, notch wear also oc-
curred on the flank face of the tools (see Figs. 4, 5, 6 and
8). This could be due to abrasion by the sharp edge of
the machined surface as illustrated in Fig. 10. The wear
region on the flank faces of the tools grade BN 100 and
BN 600 used to machine STAVAX with a hardness of 40
HRC under both dry and wet conditions consisted of
surface damage due to removal of material by brittle
fracture (see Fig. 7). This mode of wear was not ob-
served when cutting was carried out with a tool grade
BN 300 (see Figs. 4 and 5) and in the machining of
STAVAX with a hardness of 55HRC (see Fig. 8). When
tools grades BN 600 and BN 100 were used to machine
STAVAX with a hardness of 40 HRC, in the initial stage
of machining, flank wear increased rapidly and eventu-
ally surpassed the notch wear. The low wear resistance
of the tools grade BN 100 could be attributed to their
low toughness owing to their low content of TiN binder
[23]. The flank face of the tool grade BN 600 exhibited
lower fracture resistance although this tool had greater
toughness and hardness than the tool grade BN 300 .
This could be due to the fact that when compared to TiN

Fig. 1 Flank wear of PCBN tools grades BN 100, BN 300 and BN
600 in the machining of STAVAX with a hardness of 40 HRC

Fig. 2 Flank wear of PCBN tools grades BN 100, BN 300 and BN
600 in the machining of STAVAX with a hardness of 55 HRC

Fig. 3 Variation of tangential and radial forces in the machining of
STAVAX with PCBN tools grade BN 300
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(the binder in the tool grade BN 300), Co (the second
phase in the tool grade BN 600) had a greater interaction
with the steel constituents at the elevated temperature

[8, 24]. Interaction between the second-phase material/
binder in the tool and the steel could weaken the
bonding strength of the PCBN tool particles, resulting

Fig. 4 SEM of the PCBN tool
grade BN 300 used to machine
STAVAX with a hardness of 40
HRC for a distance of 5.65 km
under dry condition

Fig. 5 SEM of the PCBN tool
grade BN 300 used to machine
STAVAX with a hardness of
40 HRC for a distance of
5.65 km under wet condition

Fig. 6 SEM of the PCBN
tools grade BN 300 used to
machine STAVAX with a
hardness of 55 HRC for a
distance of 5.65 km; a under
dry condition; b under wet
condition

Fig. 7 SEM of the PCBN
tools grade BN 600 used to
machine STAVAX with a
hardness of 40 HRC for a
distance of 5.65 km; a under
dry condition; b under wet
condition
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in an increase in tool wear. The presence of a white layer
on the surface machined under dry condition indicates
that the cutting temperature could be in excess of
1030�C (see Sec. 3.2). This temperature is high enough to
bring about a chemical interaction between the tool and
the workpiece constituents. The heat conducted through
the tool can weaken the binder/second phase of the tool
and thus reduce the wear resistance of the tool [11, 25].
Therefore, the low fracture resistance exhibited by tool
grades BN 100 and BN 600 could also be attributed to
the greater heat adsorption (owing to their high thermal
conductivity) of the cutting tools. The fact that the flank

wear obtained under wet and dry conditions is essen-
tially the same suggests that the coolant is not able ac-
cess the flank face to suppress the high temperature and
thus tool wear. The limitation of flood coolant has been
discussed in details in Ref. [26].

Several researchers [4, 27] investigated the machin-
ability of carbon steel with various hardness and ob-
served changes in the tool wear with the hardness of the
steel (in the range from 30 HRC to 55 HRC). The tool
wear was found to be sensitive to changes in both the
cutting temperature and the strain hardening of the work
material. They found that the cutting temperature and
the ability of the alloy to strain harden during machining
increased with a reduction in the hardness of the ma-
chined workpiece. Strain hardening can result in an in-
crease in the strength of the work material and thus tool
wear. The heat generated during machining effectively
softened the work material which in turn, led to a
reduction in the cutting forces and the tool wear. On the
other hand, the heat generated during machining can
also promote wear as discussed earlier. In the machining
of STAVAX with a hardness of 40 HRC, the flank wear
was much higher than that obtained in the machining of
STAVAX with a hardness of 55 HRC, although the
tangential force was essentially the same (the radial force
was lower). This result suggests that the high tool wear in
the machining of STAVAX with a hardness of 40 HRC
cannot be solely due to the fact that the material exhibits
a high degree of strain hardening during machining.
Therefore, it can also be attributed to the high cutting
temperature owing the high ductility of the material.

Fig. 8 SEM of the PCBN
tools grade BN 600 used to
machine STAVAX with a
hardness of 55 HRC for a
distance of 5.65 km; a under
dry condition; b under wet
condition

Fig. 9 SEM of the chips
obtained under dry condition;
a in the machining of 40 HRC-
STAVAX ; b in the machining
of 55 HRC-STAVAX

Fig. 10 Diagram to illustrate the formation of notch wear on the
flank face due to abrasion by the sharp edge of the machined
workpiece
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The experimental results obtained in this work were
very different from those obtained using an ultra-pre-
cision machine [20, 21]. When this alloy was machined
on an ultra-precision machine, the wear resistance of the
flank face of all the these tool types were essentially
the same. In ultra-precision machining, the difference in
the performance of these tools was observed on the rake
faces in which the tool grades BN 300 and BN 600
exhibited greater fracture resistance than tool grade BN
100. In addition to this, the flank wear obtained in the
machining of STAVAX with a hardness of 40 HRC was
lower than that obtained in the machining of STAVAX
with a hardness of 55 HRC. The different results can be
due to the difference in the tool geometry and the cut-
ting parameters used and thus emphasise the need for
independent research to investigate tool performance in
ultra-precision and conventional machining.

3.2 Surface and subsurface condition

Figures 11 and 12 show SEM images of the surfaces of
the STAVAX workpieces machined with tool grade BN
300. Both the workpieces with hardness of 40 HRC and
55 HRC machined under wet conditions were burnished
and had undulating surface with spacing equal to the
feed rate (see Figs. 11b and 12b). However, when cutting
was carried out without coolant, metal debris that had
been subjected to deformation appeared on the
machined surface (see Figs. 11a and 12a). The metal

debris might have been formed as a result of chipping of
the tool edge. When chipping takes place, the chip
material may strongly bond to the tool and continuously
plough into the surface of the workpiece. When it be-
comes unstable, it may detach from the tool and adhere
onto the workpiece [26].

When STAVAX with a hardness of 40 HRC was
machined with a tool grade BN 600, although the cut-
ting fluid was able to prevent chipping/fracture at the
tool edge, it did not result in an improvement in the
surface roughness of the machined surface (see Fig. 13).
This result indicates that the surface roughness of the
machined surface is not governed by this wear mode,
which is the case when machining is carried out on
STAVAX with a hardness of 55 HRC (see Fig. 14).
From Fig. 13, it can be seen that the surfaces of the
workpieces with a hardness of 40 HRC machined under
both dry and wet conditions consist of grooves of much
higher density. Examination of the machined surface
using an energy dispersive X-ray spectrometer (EDS)
revealed that there were numerous CBN particles
embedded on the machined surface. It is possible that
when fracturing occurs on the flank face of the tool, the
CBN particles are dragged along the machined surface,
ploughing grooves. Since the cutting fluid could not re-
duce the severity of the flank wear, the density of
grooves on the surface machined under wet conditions
was similar to that obtained under dry conditions. In the
machining of STAVAX with a hardness of 55 HRC,
where no fracture occurred on the flank face, the surface

Fig. 12 SEM of the surface of
the STAVAX with a hardness
of 55 HRC after machining for
a distance of 5.65 km with
PCBN tools grade BN 300;
a under dry condition; b under
wet condition

Fig. 11 SEM of the surface of
the STAVAX with a hardness
of 40 HRC after machining for
a distance of 5.65 km with
PCBN tools grade BN 300;
a under dry condition; b under
wet condition
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finish was much superior than that obtained in the
machining of STAVAX with a hardness of 40 HRC
(compare Fig. 13 with Fig. 14). A surface with a
roughness of 0.3 lm (Ra) was obtained when STAVAX
was machined under wet conditions with a tool grade
BN 300 using a depth of cut and a feed rate of 0.05 mm
and 0.05 mm/rev respectively.

Figure 15 shows the microstructure of the workpiece
after machining. In both dry and wet cutting of STAV-
AX with hardness of 40 HRC and 55 HRC, in which
grain boundary deformation was observed within a
depth of 10 lm from the machined surface. A white layer
(untempered martensite) with a thickness of less than
3 lm was observed on the surface machined under dry

Fig. 14 SEM of the surface of
the STAVAX with a hardness
of 55 HRC after machining for
a distance of 5.65 km with
PCBN tools grade BN 600;
a under dry condition; b under
wet condition

Fig. 15 SEM image of the
subsurface of the STAVAX
workpiece with a hardness of 40
HRC after machined with tools
grade BN300 for a distance of
5.65 km; a under dry condition;
b under wet condition

Fig. 13 SEM of the surface of
the STAVAX with a hardness
of 40 HRC after machining for
a distance of 5.65 km with
PCBN tools grade BN 600;
a under dry condition; b under
wet condition
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conditions. A white layer may form when the cutting
temperature exceeds the austenisation temperature (to
cause phase transformation of ferrite to austenite) fol-
lowed by a rapid cooling. Overtempering (which may
result in a reduction in the hardness) can take place be-
low the machined layer where the heat is not high enough
to cause a phase transformation. The hardness values
indicate that there is a soft structure below the surface of
the workpiece (see Fig. 16). The lower cutting tempera-
ture when machining with coolant is indicated by the
lower depth of affected sublayer and the virtual absence
of the white layer. The thickness of the soft structure
obtained in the machining of STAVAX with a hardness
of 55 HRC was lower than that obtained in the
machining of STAVAX with a hardness of 40 HRC. This
could be due to that in the machining of STAVAX with a
hardness of 55 HRC, the cutting temperature was lower
owing to a lower flank wear and ductility of the material.

4 Conclusions

Experiments were carried out to study the wear of
PCBN tools tools and the surface integrity during
machining of STAVAX under both dry and wet condi-
tions. Plastic deformation and formation of overtem-
pered martensite and a white layer were the dominant
surface and subsurface defects. It was found that
decreasing the hardness of the STAVAX from 55 HRC
to 40 HRC could result in flank wear by a process of
brittle fracture, leading to a deterioration of the
machined surface. It was observed that the low CBN
content tools exhibited greater fracture resistance than
the high CBN content tool. Coolant was effective in
preventing the formation of white layer and chipping of
the tool edge, and reducing the depth of the subsurface
defect.
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