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Chemical vapor deposited diamond films have many industrial applications but are assuming increasing
importance in the area of microengineering, most notably in the development of diamond coated micro-
grinding tools. For these applications the control of structure and morphology is of critical importance. The
crystallite size, orientation, surface roughness, and the degree of sp3 character have a profound effect on
the tribological properties of the films deposited. In this article, we present experimental results on the
effects of nitrogen doping on the surface morphology, crystallite size, and wear of microgrinding tools. The
sp3 character optimizes at 200 ppm nitrogen, and above this value the surface becomes much smoother and
crystal sizes decrease considerably. Fracture-induced wear of the diamond grain is the most important
mechanism of material removal from a microgrinding tool during the grinding process. Fracture occurs
as a consequence of tensile stresses induced into diamond grains by grinding forces to which they are
subjected. The relationship between the wear of diamond coated grinding tools, component grinding
forces, and induced stresses in the model diamond grains is described in detail. A significant correlation
was found between the maximum value of tensile stress induced in the diamond grain and the appropriate
wheel-wear parameter (grinding ratio). It was concluded that the magnitude of tensile stresses induced in
the diamond grain by grinding forces at the rake face is the best indicator of tool wear during the grinding
process.
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1. Introduction

Diamond has a unique combination of excellent physical
and chemical properties, which makes it ideal for numerous
applications (Ref 1-3). It can be used in biomedical compo-
nents, cutting tools, optical components, microelectronic cir-
cuits, and thermal management systems. A number of methods
were investigated to deposit diamond in thin form to various
substrates, the most common being silicon and tungsten car-
bide cemented with a small amount of cobalt metal (Ref 4-6).
Arguably, the most successful method of depositing polycrys-
talline films of diamond is chemical vapor deposition (CVD).
In this study, we investigated a variant of the basic CVD pro-
cess known as hot-filament CVD for the deposition of dia-
mond. It is generally agreed that the properties of the films,
such as morphology, quality, and adhesion determine the suit-
ability for use in a particular application (Ref 7). In the case of
microgrinding tools, extremely small particles of diamond that
are blocky in form are required so that cutting of metals and
other materials can be performed with relative ease. Both the
diamond nucleation stage and the CVD process conditions
critically affect the structure and morphology. Abrasion of the
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Nomenclature

a diamond wedge half-space, mm
a, b, c, d constants related to stress functions associated

with a diamond wedge that has distributed
loading

C constant
Ft tangential force, N
FY equivalent tangential grinding force, N
FZ equivalent normal grinding force, N
G grinding ratio, mm3/mm3

n force multiplier, or coefficient
P point load, N
r radial polar coordinate
t thickness of diamond wedge, mm
VS volume of diamond surface layer removed, mm3

VW volume of workpiece material removed, mm3

� rake angle of wedge (diamond grain)
� stress function
� angular polar co-ordinate
� coefficient of friction
�1 principal stress, N/mm2

�3 principal stress, N/mm2

�c compressive strength of diamond, N/mm2

�r radial stress, N/mm2

�t tensile strength of diamond, N/mm2

�� circumferential, or hoop stress, N/mm2

�r� shear stress, N/mm2

� angle between point load and apex of diamond
wedge
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substrate material with diamond powder prior to deposition is
commonly used to enhance the diamond nucleation density
(Ref 8-10). However, such abrasion methods damage the sur-
face in a poorly defined manner. Thus, more controlled meth-
ods of nucleation such as biasing prior to standard CVD are
becoming increasingly common (Ref 11, 12) and can even en-
able heteroepitaxial growth of diamond films (Ref 13, 14). The
gas-phase environment during deposition also affects the qual-
ity and morphology of the resulting diamond films. The addi-
tion of nitrogen (Ref 15, 16), boron (Ref 17), and phosphorus
(Ref 18) containing gases to the standard methane/hydrogen
gas mixtures can radically change crystal grain size and its
faceting. The effect of changing the stoichiometric balance of
the mixture of gases has a significant effect on the development
of wear in micro grinding tools.

Wear mechanisms in microgrinding tools appear to be simi-
lar to that of single-point cutting tools, the only difference being
the size and nature of swarf particles generated. Microgrinding
tools contain very small sharp abrasive grains with blunted cutting
edges (known as wear flats) and diamond grains with sharp cut-
ting edges that are released from the grinding tool before they
have a chance to remove material from the workpiece. The gen-
eral form of the wear curve is similar to that of a single-point
cutting tool. The wear behavior observed is similar to that found
in other wear processes; high initial wear followed by steady-state
wear. A third accelerating wear regimen usually indicates the
occurrence of catastrophic wear of the tool. This type of wear is
usually accompanied by thermal damage to the surface of the
machined workpiece, which reduces fatigue strength and the life
of the component. The performance index used to characterize
wear resistance is the grinding ratio, or G-ratio, and is expressed
as the ratio of the change in volume of the workpiece ground �vw

to the change in the volume of the surface of the tool removed �vs

and is shown in Eq 1:

G = �vw��vs (Eq 1)

Grinding ratios cover a wide range of values ranging from less
than one for vanadium-rich high speed steels (Ref 19) to over
60,000 when internally grinding bearing races using cubic bo-
ron nitride abrasive wheels (Ref 20). Attempts have been made
to address the problems related to the wear of abrasive grains
in terms of the theory of brittle fracture (Ref 21). The conclu-
sions of various researchers lead us to believe that the variety of
different and interacting wear mechanisms involved, namely,
plastic flow of abrasive, crumbling of the abrasive, chemical wear,
etc., makes grinding tool wear too complicated to be explained
using a single theoretical model (Ref 22). The following analysis
of diamond grains represented by single-point loaded wedges as-
sumes that diamond grain fracture is the dominant wear mecha-
nism in a set of grinding tools operating under various grinding
conditions. In this study, we show that the addition of nitrogen to
methane and hydrogen process gases may be used to influence the
surface morphology and structure of the films such that they be-
come suitable for use on microgrinding tools. We also discuss the
effects of substrate biasing and abrasion on the nucleation and
growth of N-doped diamond films and their influence on the wear
of micro grinding tools.

2. Analysis of Stress in a Single-Point Loaded
Wedge

Diamond grains are angular and possess sharp cutting points
prior to grinding workpiece materials. When deposited on a

tool substrate, these grains can be considered to be represen-
tative infinite wedges. An infinite wedge represents the cutting
point of a diamond grain in contact with the workpiece material
(Fig. 1). The wedge is loaded at the apex by a load P in an
arbitrary direction at angle � to the axis of symmetry of the
wedge. Resolving the force into components P cos � in the
direction of the axis, and P sin � perpendicular to that the
stresses due to each of these forces can be evaluated from a
two-dimensional elastic theory (Ref 23). The state of stress in
the wedge, due to force P cos �, can be obtained from the stress
function:

� = C r � sin � (Eq 2)

where r and � are polar coordinates at the point N in Fig. 2, and
C is a constant. The stress function yields the following radial,
tangential, and shear stress components:

�r = �2C
cos �

r
(Eq 3)

�� = 0 (Eq 4)

�r� = 0 (Eq 5)

To determine the constant C, the equilibrium of forces along
the Y-axis is

P cos � − �
a

a
�r cos�dA = 0 (Eq 6)

where dA is an element of cross sectional area within the
wedge. If t is the thickness of wedge:

cos � P = �
a

a
2C

cos �

r
t r cos�d�

= 2Ct �
a

a
cos2�d� = Ct�2a + sin 2a� (Eq 7)

Therefore,

C =
P cos �

t�2a + sin 2a�
(Eq 8)

and

�r = −
2P cos� cos�

r t�2a + sin 2a�
(Eq 9)

Fig. 1 Single-point, loaded infinite wedge
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Note that the negative sign denotes that the stress is compres-
sive in this region. The state of stress in the point-loaded
wedge, due to force P sin �, can be obtained from the follow-
ing stress function:

� = C� r �� sin �� (Eq 10)

Therefore,

�r = −2C
cos ��

r
(Eq 11)

and,

�� = 0 (Eq 12)

�r� = 0 (Eq 13)

Equilibrium of forces along the X-axis (Fig. 2) yields the fol-
lowing solution for the constant C:

P sin � − �
	�2−a

	�2+a

�r t r cos ��d�� = 0 (Eq 14)

P sin � − �
	�2−a

	�2+a

2C
cos ��

r
t r cos ��d��

= 2Ct �
	�2−a

	�2+a
cos2 ��d�� = −C t �2a − sin 2a� (Eq 15)

∴ C =
P sin �

t�2a − sin 2a�
(Eq 16)

Thus,

�r = −
2P cos �� sin �

r t�2a − sin 2a�
(Eq 17)

Expressing in terms of the angle � (where �� is negative), yields:

�r = −
2P cos � sin �

r t�2a − sin 2a�
(Eq 18)

Therefore, the combined stresses are:

�r = −
2P

r t �cos � cos �

2a + sin 2a
+

sin � cos �

2a − sin 2a� (Eq 19)

It follows that the radial stress �r vanishes for angle �o defined
using the expression:

tan �o =
1

tan �



2a − sin 2a

2a + sin 2a
(Eq 20)

This equation corresponds to a straight line through the apex as
shown in Fig. 3. This natural axis separates the regions of
compressive and tensile stresses in the wedge. It can be seen
that for values of angle � which gives, |�o| > |a|, provides a
neutral axis that lies outside the included angle of the wedge.
This means that the whole area of the wedge will be under
stresses of uniform sign. Expressing Eq 19 in terms of the rake
angle of the diamond grain, �, and force components Ft and nFt

(Fig. 3), yields:

�r = −
2Ft

r t ��n cos�a − �� + sin�a − ���cos �

2a + sin 2a

Fig. 2 Single-point, loaded infinite wedge showing force components and the point N within the wedge at polar coordinates r and �
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+
��cos�a − �� − n sin�a − ���cos ��

2a − sin 2a � (Eq 21)

It is observed that

tan � =
cos�a − �� − n sin�a − ��

n cos�a − �� + sin�a − ��
(Eq 22)

In the simple case of a wedge with the normal force nFt along
the wedge axis, a is equal to �, hence,

tan � = 1�n (Eq 23)

It is interesting to examine the radial stresses on the left-hand
face of the wedge, which corresponds to the leading face of
idealised wedge. Thus, for the left-hand face, � is equal to –a,
and from Eq 19:

�r = −
2P

r t �cos � cos a

2a + sin 2a
+

−cos a sin �

2a − sin 2a � (Eq 24)

This stress is zero, i.e., the neutral axis coincides with the
left-hand limit of the wedge, when,

1

tan �
=

sin a�2a + sin 2a�

cos a �2a − sin 2a�
(Eq 25)

Thus if a � �, then:

n =
sin a

cos a



2a + sin 2a

2a − sin 2a
(Eq 26)

a − � � 	/2 − a (as is the case when Ft is parallel to the
right-hand face of the wedge).

From Eq 23,

tan � =
sin a − n cos a

n sin a + cos a
=

sin a − n cos a

n sin a + cos a
(Eq 27)

and substituting in Eq 25 yields:

n sin a + cos a

sin a − n cos a
=

sin a

cos a



2a + sin 2a

2a − sin 2a
(Eq 28)

Therefore,

1

2
n sin 2a + cos2 a

sin2 a −
1

2
n sin 2a

=
2a + sin 2a

2a − sin 2a
(Eq 29)

1

2
n sin 2a�2a − sin 2a� + 2a cos2 a − cos2 a sin 2a =

= 2a sin2 a + sin2 a sin 2a −
1

2
n sin

2a�2a + sin 2a�
1

2
n sin 2a�2a − sin 2a + 2a sin 2a�

= 2a�sin2a − cos2a� + sin 2a n 2a sin2a
= −2a cos 2a + sin 2a

Hence,

n =
1

2a
− cot 2a (Eq 30)

Equation 25 expresses the condition for the whole of the
wedge’s cross-sectional area to be under the influence of a
compressive stress. It can be seen that this depends not only
upon the rake angle, �, but also upon the force ratio, n. In
general, the relative size of the region of compressive stresses
to the region of tensile stresses depends upon � and n as Eq 20
and 22 indicate. Also, from Eq 21, the magnitude of the stress
on the left-hand face of the wedge is found to be dependent
upon the tangential force component Ft and the force compo-
nent ratio n. Referring to Eq 19, it can be seen that for constant
stress, �r � constant:

r C1 = C2 cos � + C3 sin � (Eq 31)

where C1, C2, and C3 are constants. Equation 31 represents, in
polar coordinates, the circumference of a circle tangent to the
line. Therefore,

C2 cos � + C3 sin � = 0 (Eq 32)

i.e., to the neutral axis at the point when r � 0. However, the
point r � 0 must be considered separately because the stress at
that point approaches infinity, since by definition P is a point
load. The central point of these circles are of constant radial
stress, and so the point of constant maximum shear stress must
lie on a line perpendicular to the neutral axis at the point where
r is equal to zero. The radius of each of those circles depends
upon the magnitude of the radial stress �r. Maximum values of
stress were computed for a variety of loads and then correlated
to the relevant wear parameter, grinding ratio, for a variety of
micro grinding tools.

2.1 Development of Wear Model

Brittle materials exhibit high strength properties when
loaded in compression than in tension. The ratio of rupture

Fig. 3 Stress analysis of a single-point loaded wedge
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strengths is usually between 3:1 and 10:1 (Ref 24). The exis-
tence of relatively low tensile stresses in the diamond grains
may cause failure by fracture to occur. To alleviate fracture, it
is possible to use larger grains that reduce the stress levels in
the grain when subjected to grinding forces. Changing the
amount of nitrogen in the gaseous mixture when creating dia-
mond grains has the effect of changing morphology and the
size of grains. Therefore, special attention must be paid to
deposition conditions that will optimize the size and shape of
diamond grains that will resist negative tensile stresses estab-
lished in the grains when grinding takes place. Therefore, pro-
cessing conditions determine the life of diamond grains when
subjected to large grinding forces. To measure the effective-
ness of the deposition process, it is required to model the ef-
fects of tensile stresses on the fracture properties of diamond
grains deposited in various gaseous environments to quantify
the effects of nitrogen on the life of micro grinding tools.

To model the action of the grinding tool, we must consider
a single active cutting point to be classed as a wedge of con-
stant width loaded at its inverted apex with point loads F, and
nF, which represent the radial and tangential force components
with reference to the grinding tool in which the grain is sup-
ported, and P is the resultant force (Fig. 4). The stress distri-
butions within point-loaded wedges can be determined analyti-
cally, and the results of such an analysis indicate that if tensile
stresses exist within the wedge, it will occur at its maximum
along the rake face. The existence of a tensile stress depends on
the magnitude of the force ratio n. If the ratio is especially
small, such that a tensile stress exists in the wedge, then for a
specific force ratio the tensile stress is proportional to the tan-
gential grinding force F. Stresses of this nature would extend to

and beyond the diamond grain-substrate interface. The fracture
of diamond grain and the interface between the substrate de-
pends on the particular grinding tool used and the magnitude of
the tensile stress induced during grinding. Grains of diamond
are typically 7-10 times stronger in compression than in ten-
sion, and therefore the probability of grain fracture is likely to
increase with an increase in tensile stress exerted in the grain,
although the magnitude of the stress may be slightly higher
than one-fifth the magnitude of the maximum compressive
stress in the grain. A significant barrier to the acceptance of
stress patterns evaluated for such situations arises because
point loads applied to perfectly sharp wedges produce infinitely
high stresses at, and about, the point of contact. Therefore, the
loads must be applied over a finite area. This implies that
compressive stresses dominate over the finite area. Experimen-
tal results (Ref 24) show that rake face stresses are compressive
over the entire length of chip-tool contact but are tensile out-
side of this region. The zone of fracture initiation points were
located in the tensile zone at about two to two-and-a-half times
the chip-tool contact length.

It seems likely that higher tensile stresses are associated
with higher grain fracture probability resulting in rapid loss of
diamond grains and, consequently, lower grinding ratios. The
wear model should incorporate the fact that the loads are spread
over a finite area. This implies that single-point loads are re-
solved into multiple point loads along the rake face, or are
indeed, applied directly along the rake face of the cutting tool.
The model should allow the relationship between the wear rate
of a grinding tool and the general nature of stresses established
in active diamond grains subjected to grinding forces to be
examined.

Fig. 4 Ideal wedge-shaped cutting point and grinding force diagram
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2.2 Stress Analysis of Single Diamond Grain

The assumed geometry of an ideal grain in the vicinity of its
cutting edge is a simple symmetrical wedge of constant width
with an included angle of 70° that results in a rake angle of
−35°. There is no wear flat on the model cutting grain. A finite
element method is used to evaluate stresses in the wedge, the
wedge was subdivided into 210 diamond-shaped elements with
a total of 251 nodes. Forty-one nodes were constrained at the
boundary of the wedge and the leading five nodes on the rake
face were loaded (Fig. 5). The tangential and normal grinding
point loads were replaced by a series of multiple loads (FY and
FZ) acting perpendicular to (normal load) and along (shear
load) the rake face of the wedge.

The loads at the five nodes are representative of the distrib-
uted and normal loads acting on the rake face over the diamond
grain-chip contact length. The normal force distribution on the
rake face was taken as being a maximum value at the cutting
edge and decreases linearly to zero at the end of the diamond
grain-chip contact length. The shear force was taken to be
constant over the first half of the contact length, decreasing
linearly to zero over the contact length. Grinding loads were
also applied directly to the rake face and at the tip of the
diamond without applying multiple loads along the rake face.
This was performed to compare and contrast the effect of dif-
ferent force distributions on the stresses generated within the
diamond wedge.

To measure the value of using the maximum tensile stress as
a way to estimate grain fracture tendency, the correlation be-
tween the two sets of data were calculated for each set of data.
The region of fracture initiation was also located using Grif-
fith’s criterion of fracture (Ref 25), which is applicable to the
fracture of brittle materials. For

�c

�t
�1 + �3 � 0 (Eq 33)

Then,

�1 = �t (Eq 34)

But for,

�c

�t
�1 + �3 � 0 (Eq 35)

Then,

�	�1	 − 	�3	�
2 + 8�t�	�1	 − 	�3	� = 0 (Eq 36)

where �1 and �3 are the principal stresses, assuming that �1 >
�3, �t is the ultimate tensile strength of the abrasive grain, and

Fig. 6 Hot filament CVD apparatus

Fig. 7 Micro grinding machine tool showing tetrahedral spaceframe
surrounding the precision x-y-z table and the extremely high-speed air
turbine spindle

Fig. 5 Finite element assemblage with grinding loads applied at the
rake face nodes
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�c is the ultimate compressive strength. For diamond, the ratio
of �t and �c is approximately 0.1.

3. Experimental Method

3.1 Hot Filament Chemical Vapor Deposition

The hot filament CVD system is composed of a water-
cooled stainless-steel vessel, which is connected to a rotary
pump enabling a vacuum to be produced. The hot filament
CVD apparatus is shown in Fig. 6. Gas flow rates are con-
trolled using MKS mass flow controllers (MKS Instruments,
Inc., Wilmington, MA) to accurately control the amounts of
gases flowing into the reactor. The system allows independent
bias to be applied between the substrate and filament. The
filament consisted of a coiled tantalum wire of diameter 0.5
mm to activate the reaction mixture. The filament temperature
was measured using an optical pyrometer with values between
2200 and 2500 K. Substrate temperatures were measured using
a K-type thermocouple in direct thermal contact with the sub-
strate. After abrasion, the samples were ultrasonically cleaned

with acetone prior to deposition. The diamond films were
grown on preabraded WC-Co substrates for 4 h under standard
deposition conditions (Ref 4). To investigate the effects of
changing the gas-phase environment different concentrations
of nitrogen, from 50 to 100,000 ppm, were added to the stan-
dard 1% methane in hydrogen gas mixture. This is equivalent
to varying the N/C ratio from 0.01 to 20. The film morphology,
growth rate, and quality were characterized using Raman spec-
troscopy (Kaiser Holo Probe, 532 nm, Nd: YAG laser, Kaiser
Optical Systems, Ann Arbor, MI) and scanning electron mi-
croscopy (SEM).

3.2 Measurement of Wear of Diamond Tools

The measurement of the wear of diamonds on a single layer
deposited to the grinding tool requires grinding various work-
piece materials on a specially constructed machine tool. The
machine tool was constructed using a tetrahedral space frame
design that attenuates vibrations generated during grinding.
The grinding tool is held in an air turbine spindle capable of
rotating the grinding tool in excess of speeds of 350,000 revo-
lutions per minute. Figure 7 shows the microgrinding machine
tool complete with three axes of motion in the x, y, and z

Fig. 8 Diamond nucleation on the unabraded surface prior to depo-
sition for 6 h at 0 and 200 ppm nitrogen addition

Fig. 9 Diamond growth: (a) without surface abrasion and (b) with
surface abrasion with a diamond powder.
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directions. A fourth axis capable of rotary motion can also be
used on the machine tool. The machine tool was used to mea-
sure the performance of the grinding tools machining materials
such as medium carbon steels (hypoeutectoid) and high carbon
tool steels (hypereutectoid). Grinding experiments were con-
ducted using a number of grinding tools coated with diamonds
that were produced in a hot filament CVD reactor containing
gases with varying amounts of nitrogen in a methane/hydrogen
mixture. The grinding ratio was measured in accordance with
that stated in Sec. 1. However, to correlate the magnitude of
tensile stress in the diamond grains to the grinding ratio, it is
required to know the number of active cutting grains on the
surface of the grinding tool.

The number of active cutting grains on the grinding tool
surface is found quite simply by driving a grinding tool into a

piece of soft metal that has a length equal to the grinding tool’s
circumferential length. The depth to which the grinding tool is
driven into the length of soft metal is equal to the depth of cut.
The impression that the grinding tool produces in the length of
soft metal is equal to the number of cutting points that are
active during the grinding stroke at that particular rate of cut.
However, the grinding tool must be prepared by simulating the
grinding conditions used during the experimental conditions.
Once the grinding tool has stabilized at its optimum grinding
condition, the tool is removed from the machine tool and
driven into the soft metal that simulates one grinding revolution
into the workpiece material. The force components are then
applied to a “model” diamond grain by dividing the grinding
force data generated using a dynamometer into the number of
active cutting grains over an area that simulates the diamond

Fig. 10 Scanning electron micrograph showing the effects of biasing time on the nucleation density.
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grain-workpiece contact area over one revolution. Stresses es-
tablished in this area are calculated using finite elements. The
wear of the grinding tool, expressed in terms of a grinding
ratio, and its relationship to the stresses set up in the model
grain are compared.

4. Results and Discussion

4.1 Diamond Deposition

Figure 8 shows CVD diamond growth on unabraded WC-
Co substrate for 6 h. A striking increase in diamond nucleation
density is observed with the presence of nitrogen in the process
gas. It is evident that nitrogen enhances the nucleation of dia-
mond. However, even after 6 h, it not sufficient on its own to
cause the growth of a continuous diamond film. Hence, surface
abrasion or another form of substrate preparation is necessary
in the creation of nucleation sites for the growth of diamond
films. Figure 9 shows CVD diamond growth with and without
surface abrasion. It is evident that without abrasion even after
4 h of deposition only isolated crystals of diamond appear on
the surface of the substrate. However, surface abrasion results
in a continuous film of diamond with the nucleation density of
about 9 × 108/cm2. Mixed crystals of 〈111〉 and 〈100〉 orien-

tation are formed, which are typically 1-3 �m in diameter. The
film is continuous with no evidence of pin-holes or cracks. For
micromilling cutting tools, a highly controlled method of sur-
face treatment is desirable. Even though surface abrasion is
very effective in creating nucleation sites, it does not allow a
high degree of precision and control of surface preparation and
therefore bias enhanced nucleation has been investigated as an
alternative.

Application of a negative bias of –300 V to the substrate for
30 min prior to the deposition stage gives a measurable in-
crease in the nucleation density with a continuous film forming
(Fig. 10). The increase in nucleation is due to the creation of
nucleation sites arising from ion bombardment of the substrate.
However, at the pressures utilized in this study, 2660 Pa, the
mean free path is relatively small and ion acceleration appears
unlikely and an alternative explanation may be more likely.
Biasing the substrate changes the composition of the plasma
creating a higher concentration of hydrogen radicals near to the
substrate and therefore the changes in the morphology could be
due to a chemical etching effect rather than an ion bombard-
ment effect. It is evident from Fig. 11 that as the amount of
nitrogen is increased from 0 to 200 ppm, the size of diamond
crystals also increases. The addition of nitrogen is thus enhanc-
ing the growth of the diamond crystals. However, the precise

Fig. 11 N-doped CVD diamond growth at 0, 50, 100, and 200 ppm nitrogen
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reasons for this growth enhancement are still unclear and are
being investigated. Figure 12 illustrates that further additions
of nitrogen degrade the crystal structure considerably but im-
proves the surface roughness of the films.

These films were grown under the same conditions but in
separate studies. The different grain densities indicate the dif-
ficulty in obtaining absolute reproducibility, though the relative
density measurements are significant. Raman analysis confirms
this trend. For relatively small amounts of nitrogen in the gas
phase, the full width at half-maximum (FWHM) of the 1332
cm−1 absorption characteristic of diamond is reduced indicating
an increase in the diamond phase purity. For higher levels of
nitrogen, the diamond peak broadens and disappears altogether
with N2 levels above 50,000 ppm in the gas mixture (Fig. 13).
This data is consistent with films produced from microwave
diamond CVD studies (Ref 8). The changes in the surface
morphology and structure are related to the carbon supersatu-
ration, which is controlled by the supply of carbon and the
creation of growth sites at the surface (Ref 8). Small amounts
of nitrogen are able to reduce carbon supersaturation, which
leads to an improvement in crystal quality. At higher levels of

nitrogen the carbon supersaturation increases and the morphol-
ogy changes from blocky to spherical, which is accompanied
by deterioration of the diamond phase purity.

4.2 Wear of Diamonds

The wear of microgrinding tools coated with diamonds de-
posited from various gaseous environments doped with nitro-
gen appears in Table 1. Here, it is shown that the nature of the
diamond is optimised at 200 parts-per-million of nitrogen in
methane/hydrogen mixture. Beyond this value, the grinding
ratio decreases because the diamonds are becoming smaller in
size and the surface is becoming smoother. Below 200 ppm, the
diamonds are scattered in random formation producing a dis-
continuous film of diamonds leaving large areas of the tool
unable to grind the surface of the workpiece material.

The results of the two-dimensional stress analyses were
consistent with the experimentally determined stress distribu-
tion obtained by Loladze (Ref 26) when cutting soft metal with
photoelastic tools. The maximum tensile stress always occurs
at the rake face at a distance from the cutting edge ranging from

Fig. 12 N-doped diamond at 5000, 10000, 50,000, and 100,000 ppm nitrogen.
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1.5 to 4 times the abrasive grain-chip contact length, the exact
magnitude of the coefficient depends on the loading conditions
for a particular grinding event. For a given value of the tan-
gential force component F and the higher the force ratio F/nF,
the greater the distance the maximum tensile stress is away
from the cutting edge. These results indicate that mechanically
induced fracture occurs at a finite distance away from the cut-
ting edge. When using Griffith’s criterion, the influence of
mechanically induced stresses indicate that fracture initiation
zones are established. Figure 14 shows the occurrence of such
zones in an idealized wedge. The first zone is located around
the point of maximum tensile stress and is always at the rake
face.

Failure in this zone is tensile and would initiate fracture at
a point on the rake face of the order of 2-3 times the diamond
grain-chip contact length away from the cutting edge. This type
of fracture is consistent with fracture on a scale comparable
with the chip thickness and tends to produce the so-called
“self-sharpening action.” The second much smaller zone is
located at the immediate vicinity of the cutting edge. Failure is
compressive in this region and results in “crumbling” of the
cutting edge leading to the formation of a wear flat on the
diamond grain.

The correlation between the magnitude of the maximum
tensile stress in the model diamond grains and the grinding
ratio (Table 2) is high and dependent on the way the forces are
applied to the grains. It would be expected that the higher the
tensile stress, the greater is the rate of grinding wheel wear and
consequently the corresponding grinding ratio. Perfect linear
correlation in accordance with this would result in a correlation
coefficient of –1. The correlation coefficient between the maxi-

mum tensile stress and the grinding ratio is significant. This is
to be expected as the force ratio may vary slightly. However, if
the tangential component of the grinding force changes signifi-
cantly without a change in force ratio, it is expected that the
maximum tensile stress will change significantly and conse-
quently reduce the grinding ratio.

The calculation and application of multiple grinding loads
along the rake face produces a lower correlation coefficient
compared with directly applied grinding loads. This implies
that grinding loads are simply not point loads acting act the tip
of the inverted apex and along the abrasive grain-chip contact
length of the grinding grain. In fact, directly applied grinding
forces produce better correlation coefficients. This means that
for perfectly sharp grinding wheels, one must apply the com-
ponent grinding loads directly to the rake face.

5. Conclusions

We have shown that the surface morphology of the diamond
films can be controlled by employing surface abrasion, sub-
strate biasing, or nitrogen addition to the gas mixture. The
application of a bias voltage during normal diamond growth
enables renucleation of the diamond film. Thus, the crystal size
and surface roughness may be controlled with no reduction in
the diamond phase purity. Addition of nitrogen to the gas phase
during diamond CVD can also be used to control the surface
morphology.

Table 1 Performance data for grinding normalized M2
tool steel

Nitrogen (ppm in
methane/hydrogen mixture) Grinding ratio

0 50
50 110
100 200
200 300
5,000 175
10,000 85
50,000 60
100,000 20

Grinding conditions: tool diameter, 750 �m; spindle speed, 350,000 rpm;
depth of cut, 10 �m; feed rate, 10 �m/min

Fig. 13 Raman spectra of N-doped diamond coatings: (a) 200 ppm,
(b) 100 ppm, (c) 5000 ppm, (d) 50 ppm, (e) 10,000 ppm, (f) 50,000
ppm, and (g) 0 ppm

Fig. 14 Griffith’s criterion applied to the idealized wedge showing
tensile and compressive fracture initiation zones
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For diamond-coated microtools, grain fracture appears to be
the dominant cause of diamond loss during a grinding opera-
tion. Grain fracture is much more likely to be caused by me-
chanically induced tensile stresses within diamond grains than
by mechanically induced compressive stresses. The best indi-
cator of microtool performance during a grinding operation
under different operating conditions is the level of tensile stress
established in diamond grains. High tensile stresses are asso-
ciated with grain fracture and low grinding ratios in perfectly
sharp micro grinding tools. Finite element models of sharp
diamond grains can be applied to microgrinding tools where
the dominant wear mechanism is grain fracture.
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Table 2 Correlation coefficient between maximum tensile stress and grinding ratio for an idealized wedge

Workpiece material Grinding ratio

Exact wedge model
with point loads

applied to apex of
the wedge

Approximate finite
element model:

multiple grinding
loads applied to

rake face of wedge

Approximate finite
element model:

grinding
forces applied
directly to the

rake face of the wedge

En2 steel (hypoeutectoid 500 −0.7 −0.82 −0.99
Normalized M2 tool steel 300 −0.54 −0.68 −0.98
En8 steel (hypoeutectoid) 250 −0.15 −0.25 −0.6
AISI 52100 (hypereutectoid) 350 −0.76 −0.86 −0.98
Annealed M2 tool steel 250 −0.8 −0.9 −0.99

Wedge simulates a grinding tool that has an optimum diamond coverage using a controlled gas atmosphere of 200 ppm nitrogen in methane/hydrogen mixture.
Comparison is also made between the methods of applying loads to the idealized wedge models.

Journal of Materials Engineering and Performance Volume 14(5) October 2005—665


