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1. Introduction

Diamond tools have various unique physical and mechanical
properties compared to other cutting tools, but its intense
chemical wear in direct cutting of many important metal alloys,
particularly steel, has strongly limited its wider industrial
application. The short tool life is considered to be mainly caused
by the metal-catalysed graphitization, due to the intimate contact
between carbon atoms on the diamond cutting edge and metal
atoms on the freshly cut surface [1].

To reduce the chemical tool wear in diamond cutting, several
approaches have been applied by researchers to lower the
chemical reaction rate between carbon and metal atoms, including
cryogenic cooling [2], surface modification of tool [3], surface
modification of workpiece [4] as well as ultrasonic vibration
cutting (UVC) [5]. Among these technologies, UVC is most
thoroughly studied, and has already been successfully adopted
by optics manufacturing industry to enable direct ultra-precision
cutting of stainless steel molds for replacement of conventional
nickel-phosphorus plating. However, its tool wear suppression
mechanisms have still not been fully understood, due to the
difficulty in studying the state of chemical reaction happening on
the micron-scale interface at an ultrasonic frequency.

Chemical wear of diamond tools during mechanical removal of
metal alloys is a complex chemical reaction process, which occurs on
the metal-carbon interface with loaded abrasive friction and varying

zone is considered under near vacuum condition, where ambien
is restrained from getting into the interface between solids
comparison, as a controlled high-frequency intermittent cut
process, UVC regularly forms a physical gap between tool and un
workpiece material, which allows ambient air or mist to penetrat
and triggers its potential reaction with the exposed reactive m
atoms. Such reaction may lead to the formation of other chem
bonds besides metal-carbon complexes, which could pose sign
cant effect on the catalytic efficiency of metals for graphitizatio

As oxygen is the most reactive gas in the air and also makes
the second largest portion, to better understand the diamond 

wear suppression mechanisms in UVC, in this study the effec
gas shielding with different oxygen concentration is investiga
for cutting of different metal alloys. Oxygen shielding is realized
using an oxygen concentrator that supplies concentrated oxyge
the cutting zone. Based on a group of oxidation experiments 

subsequent quantitative analyses, scientific explanations 

provided for the observed phenomena.

2. Existing theories for chemical wear suppression in UVC

Compared to continuous cutting, UVC, under properly selec
cutting and vibration parameters, usually leads to intermittent t
chipcontacts,reducedcuttingforce, improvedcuttingdynamicsasw
asenhancedphysicalpenetrationofairormist.Asthechemicalreac
rate between two solids could be affected by many environme
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Ultrasonic vibration has been applied to reduce intense chemical tool wear in ultra-precision diam
cutting of steel and other alloys since a few decades ago. But still, its tool wear suppression mechani
have not been fully understood. In this paper, the effect of oxygen in suppression of diamond tool wea
ultrasonic vibration cutting is investigated. Experimental results show that the wearing rate is reduce
applying oxygen shielding to the cutting zone in comparison with air and argon. Scientific explanat
are also provided for the observed phenomenon through low-pressure metal oxidation experiments
X-ray photoelectron spectroscopy surface analyses.
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thermal gradient. In a conventional cutting process, due to the
continuous plastic deformation of metal material resulting from the
non-interrupted tool-workpiece motion, the reaction at the cutting
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factors, like contact time and temperature, considering the uni
characteristics of UVC, two theories have been proposed to explain
suppressed diamond tool wear. Moreover, several enginee
approaches for further reduction of the tool wear rate by chang
cutting and vibration conditions were also proposed, as shown in F

Although the existing two theories can well explain the res
of enhanced tool wear suppression, both have not considered
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hitization process from the chemistry point of view. Besides
ting the contact time and cutting temperature, it is believed

 the listed approaches shall also create different states of gas-
al-carbon interface and change the abrasive friction condition
een the cutting edge and the metal material, which hence

 influence its catalytic efficiency of graphitization accordingly.
nderstand the underlying chemical reaction mechanism, it is
ssary to evaluate the effect of different ambient gases in such a
ner that the contact time and the cutting temperature remain
anged during the experimental investigation.
xygen is a highly reactive gas, but it is not a necessary element in
lysing the graphitization of diamond, because, with or without the
lvement of oxygen, the metal-catalysed chemical wear still
eeds through the formation of a metal-carbon complex. For
inuous diamond cutting of steel, although it is speculated that the
ence of oxygen may accelerate the chemical tool wear [1], cutting

 reported in literature have given contradictory results [6,7]. In
parison, UVC provides physical access for ambient oxygen to enter
utting zone, which could significantly strengthen its influence on
chemical reaction happening at the gas-metal-carbon interface.
ever, both theoretical and experimental studies on the effect of
en on diamond tool wear in UVC are still missing.

xperimental methods

n this study, gases with different oxygen concentration (concen-
d oxygen, air and pure argon) were supplied through a gas flow
er and a customized laminar flow nozzle (see Fig. 2). Oxygen-
lded UVC is realized using an oxygen concentrator and an in-house
loped vibration cutting attachment, which drives the tool to
te in ultrasonic frequency along the nominal cutting direction.

 tool was inspected using a microscope after a cutting test, and its
 wear was measured for five times to obtain the averaged value.

4. Experimental results

4.1. Effect of oxygen shielding in UVC of stainless steel

The initial cutting tests were conducted on Stavax stainless steel
using Polycrystalline Diamond (PCD) tools under different gas
shieldings. Stavax is a commonly used mold material by industry
for injection molding of plastic optical lenses. Fig. 3 shows the
comparative results of flank wear for the used cutting tools. As
atmospheric argon plasma is well known for its capability of
enhancing surface activation at room temperature due to the
existence of high-energy ionized particles, its influence on the
chemical tool wear is also investigated here by supplying the gas
phase plasma to the cutting zone with the same flow rate. It can be
observed that the diamond tool wear rate with oxygen shielding is
significantly lower than the other three types of gases.

Compared to Single Crystalline Diamond (SCD) with uniform cubic
lattice structure, PCD is a composite fabricated by sintering micro
diamond particles together with binder. Although its mechanical
properties are dominated by diamond as the major constituent
material, thetool wearmechanismisnotexactly thesamecomparedto
that of SCD due to the involvement of metallic binder in the chemical
and abrasive wear as well as the significant difference in edge radius.

Table 1
Experimental conditions.

Parameters Values

Tool Polycrystalline Diamond Nose radius 0.4 mm, rake 0�,
clearance 7�

Single Crystalline Diamond Nose radius 0.2 mm, rake 0�,
clearance 15�

Workpiece Stainless steel
(Hardened)

Iron 84%, chromium 14%, others 2%,
435 HV

Iron 99.95%, 101 HV
Chromium 99.95%, 145 HV
Tungsten 99.97%, 440 HV

Depth of cut, ap 4 mm
Feed per revolution, fr 3, 15 mm/rev
Cutting distance, Lc 50, 100, 250, 500 m
Nominal cutting speed, vc 1.25, 2.5 m/min
Spindle rotation speed (Varying), n 40–200, 80–400 rpm
Vibration frequency, f 40 kHz
Vibration amplitude, a 1, 1.25, 1.5 mm
Gas flow rate (Oxygen, air and argon) 10 L/min
Gas velocity at the nozzle outlet 2 m/s
Concentration of supplied oxygen 90 � 3%
Concentration of supplied argon 99.9%

. Existing two theories of diamond tool wear suppression for UVC of steel and
us engineering approaches to further extend the tool life.

. Experimental setup for oxygen-shielded UVC.

Fig. 3. PCD tool wear after UVC of stainless steel with different shielding gases.
Cond.: fr= 3 mm/rev, Lc = 250 m, vc = 2.5 m/min, a = 1 mm.
t is necessary to note that the method to implement oxygen
lding in this study may not guarantee identical oxygen
entration at the cutting point with that from the oxygen
entrator, because the supplied gas may mix with the ambient air
 a different oxygen level (21%) once it has left the nozzle. Due to
elatively low shielding gasvelocity (see Table 1) compared tothe
lowing velocity of conventional spray mist (about 50 m/s and
er), the tool was installed facing downward, to allow formed
s to drop themselves as a result from gravity, instead of stacking
e rake face and affecting the cutting and vibration performance.
Hence,anothergroupofcuttingtestswereconductedonthesamesteel
but using SCD tools. The results are shown in Fig. 4. It can be observed
thatoxygenshieldingconsistentlyleadstoasmallerdiamondtoolwear
compared to air shielding, indicating that a higher oxygen concentra-
tion around the cutting zone is beneficial to the tool wear suppression
in UVC of hardened stainless steel.

4.2. Effect of oxygen shielding in UVC of pure iron and chromium

Stainless steel is corrosion resistant due to the addition of a
significant amount of chromium. As it is an alloy made from two major
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constituting elements (iron and chromium), it is necessary to
differentiate the effect of oxygen concentration on each element,
because they may have different chemical affinity with oxygen and
carbon atoms, which hence leads to a varying catalytic efficiency for
graphitization.

Fig. 5 shows the comparison of tool flank wear under different
gas shieldings and cutting conditions using SCD tools. The tool
wear rate for UVC of chromium is found several times higher than
that for iron. This phenomenon indicates that, although chromium
constitutes a minor portion of the Stavax stainless steel (see
Table 1), its contribution to the chemical tool wear in UVC of such
iron-chromium alloy could be more significant. For UVC of iron,
although argon shielding leads to a slightly larger tool wear than
oxygen and air, the effect of varying oxygen concentration and
cutting distance is less obvious. In comparison, the tool wear rate
for cutting of chromium consistently increases with the decreasing
oxygen concentration and increasing cutting distance.

4.3. Effect of oxygen shielding in UVC of pure tungsten

Tungsten is another important metal material for optics
manufacturing industry, due to its superior mechanical properties at
elevated temperature. UVC of tungsten alloys has been utilized as an
alternative technique for replacement of conventional ultra-precision
grinding of ceramics in precision glass molding [8]. Similar to iron and
chromium, tungsten also has a strong chemical affinity with diamond,
which accordingly causes intense chemical wear during cutting even
with the assistance of ultrasonic vibration. To investigate the
effectiveness of oxygen shielding in UVC of tungsten, different gas

5. Discussion

5.1. Effect of oxygen pressure on growth of metal oxide

The oxygen concentration of the supplied shielding gas towa
the cutting zone is in direct correlation with the oxygen par
pressure for the gas-carbon and gas-metal interfaces. Gener
diamond is relatively stable in gaseous oxygen at room temp
ture due to the high kinetic energy barrier for its oxidation, wh
only occurs when the temperature reaches 600 �C and ab
Compared to diamond, most metals are more reactive with oxyg
and an oxide film will be formed on any metal surface after 

exposed to air, except some noble metals.
The initial oxide formation on a clean metal surface starts fr

initial adsorption of molecular oxygen by an electric field and
subsequent dissociation from molecule into chemisorbed ato
oxygen, which interacts with the metal atoms to form cova
bonds. The thickness of formed oxide film increases with ti
until its gradually increasing work function is large enough
impede the emission of electrons. The growth rate of metal ox
can be illustrated by the following direct logarithmic model [

dg
dt

¼ Ae�
E
RTP0:6e�

gg
RT

where, g is the thickness of oxide, t is time, Ae�
E
RT represents

reaction rate coefficient, A is a pre-exponential constant, E is
activation energy for oxidation reaction of specific metals, R is
molar gas constant, T is the absolute reaction temperature, P is
oxygen pressure, and g is the increase of the free activation ene
with coverage. As described in this equation, the rate of ox
growth is directly influenced by the activation energy and 

oxygen pressure, which are determined by the substrate mate
and the ambient gas respectively. Hence, it can be predicted 

both, metal element and oxygen concentration shall play imp
tant roles in the formation of metal oxides, in accordance with
results of diamond tool wear rate.

To investigate the effect of metal elements and oxygen press
quantitatively, a group of low-pressure oxidation experiments usi
custom designed X-ray photoelectron spectroscopy (XPS) at ro
temperature (20 �C) were conducted, as shown in Fig. 7(a). Thin pl
with 1 mm thickness made of the same three pure metals (see Tabl
were polished to mirror surface and then cleaned with acetone. Be
eachoxidationstep, thesamplesurfaceswerecleanedbyafewcycle

+

Fig. 4. SCD tool wear after UVC of stainless steel with oxygen shielding and air
shielding. Cond.: fr= 3 mm/rev, Lc = 500 m, vc = 2.5 m/min.

Fig. 5. SCD tool wear after UVC of pure iron and chromium with different shielding
gases. Cond.: fr = 3 mm/rev, vc = 2.5 m/min.

Fig. 6. SCD tool wear and machined surfaces after UVC of tungsten with diffe
shielding gases. Cond.: fr = 15 mm/rev, vc = 1.25 m/min.
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shielings and cutting conditions were tested. Due to the significantly
faster tool wear rate in cutting of tungsten compared to the other
metals,arelativelylargerfeedrateisusedtoreducethecuttingdistance
for each face turning operation, so as to prevent the cutting edge from
wearing off before it reaches the centre of workpiece.

From the results shown in Fig. 6, the tool wear rate for UVC of
tungsten is found several times higher than that for chromium and
an order of magnitude higher than that for iron, respectively.
Similar to stainless steel and chromium, an increased oxygen
concentration is found apparently beneficial to the suppression of
diamond tool wear for UVC of tungsten.
Ar sputtering in the ultrahigh vacuum (UHV) analysis chamber u
existing oxide was fully removed. Oxidation was performed sequ
tially under three different pure oxygen pressures for identical t
(1000 s) in the reaction chamber, monitored by a vacuum gauge.

After each oxidation step, the samples were transferred bac
the analysis chamber, and photoelectron spectra of the oxidi
surfaces were obtained, as shown in Fig. 7(b). By analysing 

spectra of each metal surfacewith different oxidation conditions
thicknesses of formed oxide film were calculated using Ther
Avantage software, as shown Fig. 7(c). The oxide thicknes
determined using the Beer’s law equation, I = I1exp[-g/(lcosu)].
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esents the intensity ratio of metallic 2p3/2 signal from the metal
tratewith and withoutan oxide layer,l is the inelastic mean free
 of electrons, and u is the emission angle with respect to the
ple surface normal (0� in this study). It canbe observed that, even
e lowest oxygen pressure, a significant amount of iron oxide can
rmed. Moreover, with the increasing pressure, the growth rate
on oxide increases accordingly and is also significantly higher

 that of chromium oxide. No tungsten oxide was detected even
r oxidation with the highest oxygen pressure, indicating that
sten may have the highest activation energy for oxidation. With
given thicknesses of iron oxide formed at the three oxygen
sures, a relationship between its growth rate and thickness can
erived according to Eq. (1). As shown in Fig. 7(d), in the
osphere, the time required to form the first monolayer of iron
e (0.3 nm thickness) is comparable with one period of ultrasonic
ation used in the UVC test (2.5 �10�5 s).

Proposed tool wear suppression theory for oxygen-shielded UVC

ompared to metal, metal oxide is not an effective catalyst in
hesis of diamond. In fact, researchers have found that iron oxide
ring iron catalyst will lower the catalytic efficiency for diamond
th by limiting the direct contact between graphite and iron, and

 restraining effect becomes stronger with an increasing oxide
ness [10]. As catalysts enhance both, the forward and backward
tions of diamond-graphite transition by drastically lowering the
ation energy, the formation of metal oxide on clean metal surface
l also restrain the graphitization of diamond. An increased oxygen
sure that accelerates the oxide growth could strengthen such
ence. Although it is theoretically possible for carbon to extract
en from metal oxide, such reduction reaction usually requires the
ated temperature, similar to the oxidation of diamond.

Besides oxygen-shielded UVC, the proposed theory is also able
to explain the various approaches listed in Fig. 1. For example, the
three methods to achieve reduction of the tool-workpiece contact
time actually improve physical contact (in terms of time, frequency
or area) of the clean metal surface with the surrounding air or mist
per unit cutting distance, which will accordingly enhance the oxide
formation and hence the tool wear suppression. Moreover, the
approach of increasing air blowing pressure for lowering the
cutting temperature in fact leads to a higher oxygen partial
pressure around the cutting zone and acts in a similar way like the
gas shielding with concentrated oxygen.

6. Summary

Oxygen-shielded ultrasonic vibration cutting is proposed in this
paper to suppress the chemical wear of diamond tools. The effect of
varying oxygen concentration is investigated through cutting of
stainless steel and three pure metals (Fe, Cr and W) with different gas
shieldings. The results show that oxygen shielding generally leads to
a reduced tool wear rate compared to air and argon shielding. Low-
pressure oxidation experiments and subsequent X-ray photoelec-
tron spectroscopy analyses for the three metal elements show that a
higher oxygen pressure increases the growth rate and thickness of
metal oxides. Their tendency to form oxides is found different for
each material but in accordance with the corresponding diamond
tool wear rate observed in the cutting tests. Enhanced oxide
formation caused by the increased oxygen pressure around the
cutting zone is proposed to explain the suppressed chemical wear in
oxygen-shieldedUVC. This theory is foundalsocapable to reasonably
explain the other existing tool wear suppression approaches
associated with UVC. To conclude, this study provides a new view
from surface science into the chemical tool wear suppression in
ultra-precision diamond cutting for applications in optics and other
fields, and may also help science and industry to invent more
techniques for enabling direct diamond cutting of various metal
alloys or enhancing the performance of existing methods.
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