JMEPEG (2004) 13:398-405
DOI: 10.1361/10599490419900

©ASM International
1059-9495/$19.00

lon Implantation of Superhard Ceramic Cutting Tools

Y. Kevin Chou and Jie Liu

(Submitted February 10, 2004)

Despite numerous reports of tool life increase by ion implantation in machining operations, ion implan-
tation applications of cutting tools remain limited, especially for ceramic tools. Mechanisms of tool-life
improvement by implantation are not clearly established due to complexity of both implantation and
tool-wear processes. In an attempt to improve performance of cubic boron nitride (CBN) tools for hard
machining by ion implantation, a literature survey of ion-implanted cutting tools was carried out with a
focus on mechanisms of tool-wear reduction by ion implantation. Implantation and machining experiments
were then conducted to investigate implantation effects on CBN tools in hard machining. A batch of CBN
tools was implanted with nitrogen ions at 150 keV and 2.5 x 107 ions/cm? and further used to cut 61 HRc
AISI 52100 steel at different conditions. Results show that ion implantation has strong effects on part-
surface finish, moderate effect on cutting forces, but an insignificant impact on tool wear. Friction coef-
ficients, estimated from measured cutting forces, are possibly reduced by ion implantation, which may
improve surface finish. However, surprisingly, 2-D orthogonal cutting to evaluate tribological loading in
hard machining showed no difference on contact stresses and friction coefficients between implanted and

nonimplanted CBN tools.

Keywords cubic boron nitride, friction, hard machining, ion
implantation, surface finish

1. Introduction

Due to increasing concerns about protecting the environ-
ment, manufacturing technologies that generate waste or cause
any ecological impact have been critically evaluated in industry
for process alternatives. Grinding is a traditional finishing op-
eration for precision components; however, this process is not
environmentally benign and costly in some applications. In
contrast to machining that has well-defined cutting geometry,
grinding employs randomly shaped/oriented grits, bonded
around a wheel core, to cut materials. Thus, grinding is always
associated with low material removal rate, high-energy con-
sumption, and the need of coolant, a waste source. With de-
velopment of advanced ceramics, i.e., superhard cubic boron
nitride (CBN), machining hardened steel (>55 HRc), a term
known as hard machining in industry, has been studied to offer
an alternative to grinding.”"! With two decades of research,
although hard machining using CBN tools has been used to
replace some rough grinding, its use of hard machining remains
limited due to short tool life and relatively high tool cost,
especially in finishing. Thus, improving CBN tool performance
has been one of the keys to widen adoption of hard machining.
This research investigated ion implantation of CBN tools for
finish hard machining. The intent was to partially transform
CBN to hexagonal boron nitride (HBN), a solid lubricant, at the
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tool surface and thus modify tribological conditions in machin-
ing.

Ion implantation involves bombardment of high-energy ions
into the workpiece surface layer to form metastable nanostruc-
tures, which usually have high hardness and properties that
could not be otherwise obtained.”” The depth profile of im-
planted ions usually ranges from several nanometers to a few
hundred nanometers, depending primarily upon the ion species,
ion energy and dose, and target materials. Implanted ions will
alter chemical composition and cause violent microstructural
changes in the implanted zone. Moreover, due to radiation-
enhanced segregation and diffusion, the region of microstruc-
tural changes such as point defects and dislocation loops can
extend far beyond the implanted area, resulting in the implan-
tation-affected zone in the order of microns. The substantial
changes of chemical, mechanical, and microstructural proper-
ties of the implanted surface in turn modify tribological char-
acteristics. Advantages of ion implantation include such factors
as no dimensional change, functional gradient properties, no
adhering issue, and low process temperature. However, there
are also limitations in ion implantation, e.g., shallow implanted
zones, restricted peak concentration, and a line-of-sight pro-
cess.

Ion implantation has been widely used in wafer fabrication
in the semiconductor industry. It has also been used in wear-
resistance applications, including mechanical components as
well as biomedical applications such as surgical prostheses. In
addition, metalworking tooling has also embraced ion implan-
tation for tooling improvement. Beginning in the mid-1980s,
researchers started to explore ion implantation as a method for
improving cutting tools for machining. Numerous studies have
reported significant tool-life increases. A body of literature
(more than 50 references) exists on high-speed steel, cemented
carbide, and coated tools, but only few on ceramic tool mate-
rials. Nevertheless, structural ceramics have recently been im-
planted for tribological applications. Following is a review of
ion implantation of cutting tools and ceramics. The purpose is
to identify mechanisms of tool-life improvement by ion im-
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plantation and serve as a reference for future studies of ion
implantation for cutting tools.

2. Literature Review

2.1 High-Speed Steel

Different types of high-speed steel tools, mostly M2, have
been investigated for ion implantation.*'" Typically, nitrogen
ions were implanted with a few cases using carbon (C).[>'!]
Implanted ion energy ranged from 5 to 200 keV, and dose from
1 x 10" to 4 x 10'® jons/cm?. Moreover, with advancement of
implantation technology, plasma-source ion implantation has
also been used for high-speed steel tools,™! especially benefi-
cial to complex tool geometry. Implanted high-speed steel tools
have been tested in different machining operations such as
turning, drilling, and sawing. Tool-life increase, evaluated by
tool wear land, has been consistently reported, and in some
cases a 200% increase of tool life can be achieved.'® The
mechanisms of tool-wear reduction has been attributed to two
factors: (1) increased microhardness due to formation of com-
plex hard nitride (e-Fe,, N and vy'-Fe,N) in the implanted
layer'® (2) reduced friction due to precipitation of elementary
C substance.””! Mindl et al.""” observed the implantation-
affected zone, called hard diffusion layers, to a depth of about
25 pm, which may sustain the implantation effect. Further-
more, Woods and Lambert™® indicated that during cutting, im-
planted species may migrate into a deeper zone due to thermo-
mechanical loading and, thus, retain implantation effects even
after the implanted layer has worn out. Yan et al.'! claimed
increased toughness by implantation by formation of amor-
phous structures embedded with nanocrystalline carbides that
may also improve wear resistance. Jihrling et al."'!! reported,
in the carbon implantation, that formation of e-carbides in the
implanted surface may change tool-wear mechanism from ad-
hesion to abrasion. Other than tool-wear reduction, Onikura et
al.®! also indicated that ion-implanted high-speed steel tools
can improve part quality: accuracy and surface finish, probably
due to lower cutting forces. On machining parameter effects,
Woods and Lambert observed that implanted tools would per-
form better only at low or medium cutting speed;®! however,
contradictorily, Bradbury et al. reported that ion implantation
effects would be more effective at high cutting speed.'!

2.2 Cemented Carbides

Several research groups have investigated ion implantation
of cemented tungsten carbide tools.!'*'*! A variety of ion spe-
cies have been implanted, including metallic ions [magnesium
(Mg), aluminum (Al), titanium (T1i), nickel (Ni), tungsten (W),
etc.] as well as nonmetallic [C, nitrogen (N), fluorine (F), chlo-
rine (Cl), bromine (Br), etc.], and in some examples, dual ions
have also been used. Ion energy used to implant cemented
carbides ranged from 30 to 150 keV, and the ion dose is gen-
erally on the order of 10'” ions/cm? Reports show that ion
implantation increases tool life in a wide range, from 50% to
four times in machining of different work materials, primarily
steel and titanium alloys. Different hypotheses have been pro-
posed to explain tool-life increase. Radiation-induced disloca-
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tion networks and hardening (carbide grains or cobalt binder)
result in a microhardness increase in the implanted layer and
implantation-affected zone and enhance abrasive-wear resis-
tance.!'*'>1 Moreover, microstructural changes (e.g., disloca-
tions) due to implantation can alter residual stresses from ten-
sile to compressive at the tool surface and, therefore, may
reduce chipping wear."? Another hypothesis is friction reduc-
tion by implantation, especially in Cl implantation.®’

It was argued that implanted CI ions may diffuse into the
tool-chip and tool-workpiece interface rapidly during machin-
ing and react with titanium at elevated cutting temperatures,
providing a lubricating film at the interfaces. Vesnovsky'”!
proposed that ion implantation may reduce diffusion wear due
to implanted metastable structures and grain size modification.
Kanazawa et al.l'?! indicated that ion implantation may change
carbide tool wear mechanisms from adhesion and chipping/
breakage to uniform abrasive wear. On the other hand, Treglio
et al.'”! reported no change of tool-failure mode by implanta-
tion; rather, implanted structures may favorably delay chipping
onset. Vesnovsky et al."'* reported cutting forces and indicated
little change on the tangential component, but significant de-
crease of the radial/axial components by implantation. The au-
thors argued that radial/axial components strongly depend upon
tool surface properties that may be modified by ion implanta-
tion. Poletika et al.''*! also claimed that implantation modified
chemical zone may migrate toward the bulk during cutting and
extend the effective duration.

2.3 Coated Tools

Though there are several reports of ion implanta-
tion of coated carbide tools in the literature, the majority of
contributions is from A.J. Perry and his research associates.
Treglio et al.!'” reported dual implantation of Ti and Ni, at 70
keV and 5 x 10'® ions/cm?, on coated carbide cutting tools and
showed a more than 200% increase of tool-life in machining of
AISI 4140 steel. The authors argued that tool life improvement
by ion implantation was due to formation of dislocation net-
work structures or amorphous structures. On the other hand,
compressive residual stresses caused by implantation has also
been suggested for tool-life increase. Perry et al.**! studied
residual stresses of implanted TiN coating and found that ion
implantation may alter residual stresses from tensile to near
zero or compressive on TiN coating. However, the authors
suggested that tool-life increase by ion implantation is not due
to change in residual stresses, but rather that microhardness and
tribological properties (cohesion) through the coating contrib-
ute to tool improvement.”®'! It has also been shown that mi-
crohardness increase, mainly associated with dense dislocation
by radiation, may extend to a few microns of the implantation-
affected zone.

Bull et al.*¥! characterized the implanted TiN coating and
concluded that grain refinement and surface composition
change lead to friction reduction and wear-mode changes.
More interestingly, the authors discovered a large amount of C
onto the TiN surface from the implanted system, which may
contribute to friction and wear reduction. Manory et al.**
studied ion implantation of TiN coatings and claimed an opti-
mal implantation for machining requires a combination of suf-

[17.18,20-23]
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ficient amorphicity for good friction and a sufficient amount of
unaffected TiN for a hard supporting layer.

2.4 Ceramics

Only two articles™1?! dated in the late 1980s, about ceramic
tool implantation have been identified. Krishnamurthy™ stud-
ied nitrogen implantation of oxide ceramic tools (white alu-
mina). The applied implantation energy was 90 keV and dose
was 1 x 10'® jons/cm?®. Machining of cast iron and EN 8 steel
was conducted to examine implantation effects, evaluated by
tool flank wear. The results showed that implanted ceramic
tools performed better than unimplanted counterparts due to,
suggested by the authors, reduced adhesion between the tool
and work material. Ion implantation seemed to reduce spalling
at the tool rake face that consistently appeared on unimplanted
tools. Kanazawa et al."* studied nitrogen-implanted ceramic
tools, at 90 keV and 3 x 10'7 or 5 x 10'7 ions/cm?, in inter-
rupted cutting. The finding was that ion implantation reduced
the probability of the cutting-edge fracture. However, ion im-
plantation showed no effect on cutting-edge chipping or edge
fracture in long cutting.

Ion implantation has also been used to modify ceramic sur-
faces for different applications such as wear resistance. Most
studies®*?” concluded friction reduction as the main mecha-
nism for wear decrease. Friction reduction by ion implantation
may be due to formation of thin layers of lubricious oxide **
or amorphous structures.””®! Yu et al.”?®! implanted nitrogen
ions into boron carbide (B,C, a candidate of cutting tool ma-
terials) with 25 keV at a dose of 4 x 10'7 ions/cm? and ob-
served HBN formed at B,C surface, which reduces surface
friction.

Ton implantation of thin CBN films has also been stud-
ied,'**% showing that ion implantation may transform CBN to
HBN, a solid lubricant, at the surface. Despite the evidence of
HBN formation at CBN surface by ion implantation, the for-
mation mechanism of HBN is not clearly understood. Trehan et
al.”?*' reported that N3 bombardment to CBN changes the local
bonding environment of B and N from sp>-type to sp>-type
characteristic of hexagonal phases. Using MeV He and Xe
ions, Ullmann et al.,% however, suggested that displacement
density (induced by implantation) controls the transformation
of CBN to HBN network.

In summary, the literature evidently supports ion implanta-
tion effects on tool-life improvement. However, due to various
implantation and cutting conditions, previous research only
provides qualitative information on the effectiveness of ion
implantation of cutting tools. Microhardness increase, com-
pressive residual stresses, and lubrication seem to be the three
main mechanisms for tool-life increase by ion implantation.
Due to sophistication of both microstructural changes by im-
plantation and tool-wear process, there is no straightforward
relation between implantation parameters and application
ranges. Furthermore, it is puzzling how a shallow modification
may lead to wear reduction in such an extreme tribological
contact as in machining. It has been suggested that an implan-
tation-affected zone could be a few microns and implanted
species may migrate deeper during machining, though there is
no systematic proof so far. Moreover, each machining opera-
tion is uniquely characterized by loading and materials, and
therefore it is necessary to tailor implantation to gain tool-life

400—Volume 13(4) August 2004

Ion beam

ylr CBN tip v _-CBNtp
NJ45° 0 58°

558

Top view Side view
(1)
Ion beam Ton beam
AT V CBN tip ¢ CBN tip

O

Top view AA cross-section

(b)

Fig. 1 Positioning and orientation of CBN inserts for ion implanta-
tion for (a) turning and (b) orthogonal cutting

improvement in individual cases. In this research, the objective
was to test ion implantation effects on CBN tools in finish hard
machining.

3. Experimental Procedures

3.1 Cutting Tools and lon Implantation

A CBN tool material that has 70 vol.% CBN, 0.5 pm av-
erage grain size, and titanium nitride binder was used in this
study. Cutting inserts, CBN tips brazed on tungsten carbide
substrates, included square and triangular types for turning and
orthogonal cutting, respectively. The CBN inserts used had a
chamfered cutting edge (25° x 0.1 mm), and the cutting edge
radius was about 10 wm. Ion implantation of CBN cutting tools
was performed using a commercial implantation provider. Ion
species was N3, ion energy was 150 keV, and ion dose 2.5 x
107 ions/cm?; the dose rate was kept below 1.4 x 10"3 ions/s
to avoid abrupt temperature rise at the tool surfaces. As ion
implantation is a line-of-sight process, the cutting tools were
positioned so that both the rake and flank surfaces were equally
exposed to the ion beam (Fig. 1a and b for turning and or-
thogonal cutting).

Color changes on CBN inserts after implantation was ob-
served. Implanted CBN tools were further examined by SEM
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Fig. 2 Part surface finish from implanted and nonimplanted CBN
tools; NI: nonimplanted and II: implanted (V = 1.5 m/s, f = 15
pm/rev)

on morphology; however, there were no noticeable changes.
XPS was used to analyze the surface chemistry of implanted
CBN inserts. A survey spectrum revealed peak patterns similar
to those of nonimplanted CBN tools. However, a detailed mul-
tiple analysis of boron (B) 1s peak showed existence of -plas-
mon loss peak, which is associated with only HBN, but not
CBN, according to literature.”” Such a minute distinction,
however, is not significant enough for quantitative evaluation.

3.2 Turning Tests

Both implanted and nonimplanted CBN tools were used to
turn hardened steel on a precision CNC lathe. The workpieces
were round bars made of AISI 52100 steel (1 wt.% C, 1.4 wt. %
Cr), hardened and tempered to 60 to 62 HRC. The tool holder
and cutting inserts resulted in cutting geometry of a —30° rake
angle and a 5° relief angle; the tool nose radius was 0.8 mm.
Machining parameters were 1.5 and 3 m/s of cutting speed (V),
15 and 45 pm/rev of feed rate (f), and a constant depth of cut,
50 pm. No coolant was used in machining.

A combination of two speeds and two feed rates was ar-
ranged to investigate implantation effects on hard machining
using CBN tools. Each test was conducted until flank wear-
land width (VB) reached 0.1 mm and repeated two times. In the
machining tests, part-surface finish (in R, along the tool feed
direction) and tool flank wear land width (in VB) were peri-
odically measured by profilometery and optical microscopy,
respectively. After machining tests, tool-wear conditions were
also examined by scanning electron microscopy (SEM). A tri-
axial piezoelectric sensor with a data-acquisition system was
used to measure three components of cutting forces in machin-
ing: tangential, radial, and axial in the workpiece coordinate.
Cutting-force signals were then processed to calculate average
cutting forces. Then R,, VB, and cutting forces were compared
to evaluate implantation effects on CBN tools in finish hard
turning.

3.3 Orthogonal Cutting

Triangular CBN inserts implanted with the same param-
eters, but a different beam direction (Fig. 1b), were tested in
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Fig. 3 Surface finish increasing rates using implanted CBN tools
compared with a nonimplanted one at different cutting conditions,
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Fig. 4 Tool wear (VB) versus cutting time of implanted and nonim-
planted CBN tools (V = 1.5 m/s, f = 15 pm/rev)

2-D orthogonal cutting to investigate tribological contact in
hard machining. Workpieces were from a batch of 58-60 HRc
AISI 52100 steel tubing, 38.1 mm outside diameter and 1.7 mm
wall thickness. The tubing end was turned by CBN inserts with
a straight cutting edge, normal to the cutting direction, to obtain
2-D orthogonal cutting.”*'! Cutting speed (V) was 1.5 or 3 m/s,
uncut chip thickness (h) ranged from 2-15 pwm, and the width
of cut was constant (1.7 mm as wall thickness). Very small
uncut chip thickness was purposely selected to be comparable
to turning tests where the uncut chip thickness is determined by
feed rate, depth of cut, as well as tool-nose radius.??! Cutting
forces (cutting and thrust components) and chip-tool contact
length at the rake face were also measured.

4. Results and Discussion

4.1 Turning Tests

4.1.1 Surface Finish. Figure 2 shows part surface finish,
R,, versus cutting time at low cutting speed and low feed rate.
Error bars represent the ranges of two tests. It is observed that
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Fig. 5 Scanning electron micrographs of (a) nonimplanted and (b) implanted CBN tools at VB = 0.1 mm (V = 1.5 m/s, f = 15 pm/rev)

as the cutting time increased, surface finish affected by ion
implantation is evident. In particular, the maintainable surface
finish was significantly improved; R, was below about 0.2 pm
for over 35 min cutting time, or 0.1 mm VB. For other cutting
conditions, surface finish was also affected by ion implanta-
tion, but less noticeably. To quantitatively correlate implanta-
tion effects on surface finish at different cutting conditions, the
R, versus cutting time results were approximated in a linear
manner. The linearized R, increasing rates (myg, ;) were further
normalized by that of nonimplanted CBN tools (my, ny). Figure
3 compares implantation effects on surface finish increasing
rates (mg, /mg, Ny at different machining conditions. It seems
that ion implantation is more effective at low cutting speed and
low feed rate conditions, yet may be detrimental at high speed
and high feed.

4.1.2 Tool Wear. Figure 4 shows tool flank wear land
width, VB, increasing with cutting time at 1.5 m/s and 15
pm/rev. Ion implantation seemed not to affect tool-wear size.
Tool wear at other cutting conditions was not affected by ion
implantation either. Figure 5 shows scanning electron micro-
graphs of both nonimplanted and implanted CBN tools cut at
1.5 m/s and 15 pm/rev for about 35 min. Both CBN tools show
similar wear features except that the implanted tools have
seemingly more transferred layers on the tool flank wear land,
especially around the tail-cutting edge. Thus, current N3 im-
plantation may not be intensive enough to alter wear mecha-
nisms of CBN tools in hard machining.

4.1.3 Cutting Forces. Measured cutting forces also
showed dependency on ion implantation. Figure 6 shows both
the tangential and radial components of cutting forces at 1.5
m/s and 15 pm/rev. The tangential component showed minor
changes, indicating that specific cutting energy is not signifi-
cantly modified by ion implantation. On the other hand, the
radial cutting forces show more remarkable changes by ion
implantation. Similarly, cutting forces at other machining con-
ditions were also influenced by ion implantation; however, to
less extent.

Radial cutting forces seem to be correlated with surface
finish, and thus it is suggested that friction conditions at the
cutting edge and rake face may be altered by ion implantation
and may affect part-surface finish. Three components of cut-
ting forces were used to estimate the nominal friction coeffi-
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Fig. 6 (a) Tangential and (b) radial components of cutting forces of
nonimplanted and implanted CBN tools (V = 1.5 m/s, f = 15 pm/rev)

cients'®! at the rake face along the cutting time, assuming that

the percentages of wear land contribution to all three compo-
nents are the same.

Figure 7 plots friction coefficients at the rake face for 1.5
m/s cutting speed and 15 pwm/rev feed rate. The friction coef-
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Fig. 7 Friction coefficients of nonimplanted and implanted CBN
tools along cutting time (V = 1.5 m/s, f = 15 pm/rev)

ficients, in the range of 0.6-0.9, were evidently affected by ion
implantation. The friction conditions at the cutting edge affect
the required minimum uncut chip thickness to prevent material
side flow.** The lower the friction coefficient, the smaller the
side flow, which leads to a smoother surface. Hence, reduced
friction coefficients by ion implantation may possibly improve
part surface finish.

4.2 Orthogonal Cutting

Measured cutting forces were compared between nonim-
planted and implanted CBN tools at different cutting condi-
tions. Figure 8 shows both cutting and thrust components (P,
P) as a function of uncut chip thickness at two cutting speeds.
It is noted that ion implantation does not affect cutting forces
in orthogonal cutting. Using classic cutting mechanics analysis,
friction coefficient at the tool rake can be derived from mea-
sured cutting forces and the given rake angle (=30°).”* Figure
9 plots friction coefficient versus uncut chip thickness. The
friction coefficient, again not affected by implantation, was in
the range of 0.4-0.6, slightly lower than estimates from turning.

Chip-tool contact length measured by optical microscopy
also showed no difference from implantation. Figure 10 shows
friction and normal stresses at the tool rake face (calculated
from cutting mechanics). Extremely high stress levels, on order
of GPa, are recognized.

Results from orthogonal cutting do not seem to support the
turning results. Orthogonal cutting indicated that current ion
implantation does not affect tribological loading of CBN tools
in hard machining. Implantation parameters used might not be
aggressive enough to impact the severe tribological loading in
hard machining. However, it was evident that surface finish
and cutting forces in turning were modified by ion implanta-
tion. In practical machining such as turning, the final part sur-
face profile is generated by chip formation and material flow
exclusively in the tail-cutting edge where the uncut chip thick-
ness approaches to zero and tool wear is small. Thus, it is
assumed that ion implantation may be effective in the tail-
cutting edge and improve part surface finish.

Journal of Materials Engineering and Performance

160 -

120 4
% 80 4 e
oo = XK= |.5m/s, NI
—— 1.5/, 11
40 1 = == 3mvs, NI
—s—3m/s, T
o . , . ,
0 5 10 15 20
h (pm
(@) (nm)
200
150
a 100 -
=
[
—&+— 1.5m/s, I
50 4 = =4 = 3m/s, NI
—o—3m/s, II
0 T T T
(4} 5 10 15 20
h(um
®) (nm)

Fig. 8 (a) Cutting and (b) thrust components of forces in orthogonal
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Fig. 9 Friction coefficients of implanted and nonimplanted CBN
tools in orthogonal cutting at different conditions

5. Conclusions

A literature review indicated that ion implantation may im-
prove cutting tool performance by hardness increase, compres-
sive residual stresses, and lubrication. However, implantation
applications of ceramic tools are hardly identified. In this
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Fig. 10 (a) Friction and (b) normal stresses at CBN tool rake in
orthogonal cutting

study, ion implantation of CBN tools has been experimentally
investigated in both turning and orthogonal cutting. N3 ion
implanted CBN tools consistently improve part surface finish
in finish hard machining finishing; though effects on cutting
forces are moderate, yet negligible, on tool wear. Furthermore,
implantation effectiveness depends upon machining conditions
as well. However, in orthogonal cutting, contact stresses and
friction coefficient were not affected by implantation in the test
range. It is speculated that current level of implantation does
not significantly affect tool-wear mechanism; however, ion im-
plantation may reduce friction around the tail-cutting edge,
which may result in improved surface finish. Comprehensive
characterizations of ion-implanted CBN tool surfaces on chem-
istry, mechanical, and tribological properties along the depth
would need to be studied to clarify possible applications of ion
implantation of CBN tools.
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