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Abstract

This study is an attempt (a) to observe the wear characteristic of diamond tool with 200 km cutting distance and to study the
effects of wear on the surface roughness and cutting forces and (b) to optimize various cutting parameters such as depth of cut, feed
rate, spindle speed and phosphorus content. The experimental results showed that tool wear was not so significant although some
defects on rake face were observed after cutting 15.6km. Further cutting showed that the surface roughness increases with cutting
distance, and that the cutting forces were larger than thrust force at the beginning of cutting, but after cutting 130km thrust force
became larger and increased rapidly. It was also observed that forces increase with the increase of depth of cut, spindle speed and feed
rate, and decrease with the increase of phosphorus content of the plating. Depth of cut has no significant effect on surface roughness,
while it increases with increase of feed rate and decreases with the increase of percentage of phosphorus content in the workpieces. In
case of spindle speed, surface roughness decreases with the increase of spindle speed up to a certain value and then starts to increase

with the increase of spindle speed.
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1. Introduction

Diamond tools are commonly used in ultra-precision
machining of a number of hard materials to achieve nanometric
surface finish. Tool wear in such applications is a very important
factor as small tool wear can lead to significant degradation of
surface quality. In die and molding applications, it was found that
diamond tools are suitable for machining of Nickel-phosphorus
plated molds to obtain mirror surface finish [1] and some studies
have been carried out on machining of electroless nickel
regarding tool wear characteristics for short cutting distance and
changing workpiece materials. Some researchers [2] studied wear
characteristics of two diamond tools with different infrared
absorption quality for 70,000 feet (20.9km) cutting distance of
electroless-nickel and others [3] tried to make clear the relations
of wear to various crystal orientations as well as to surface
roughness in cutting aluminum alloy and nylon with the diamond
tool. However, for very long cutting distance’ wear
characteristics of diamond tool and effects of cutting parameters
and tool wear on surface finish and cutting forces are not well
investigated, despite significant importance. The objectives of
this paper are to study the performance of a single point diamond
cutter at long cutting distance and to see the effect of various
cutting parameters on the cutting performance; especifically
surface roughness and cutting forces, on electroless-nickel plated
die. The four parameters under study include depth of cut, feed
rate, spindle speed and phosphorus content.

2. Experiments

In this study machining has been carried out on a TOSHIBA
ultra precision machine Model ULG-100 using artificial diamond
cutting tools with approximately 2mm nose radius, 0° rake angle,
7° clearance angle and 110 crystal orientation under cutting
condition given in Table 1.

Table 1

Cutting conditions for wear test.
Depth of cut Feed rate Spindle speed | %P content
4pum 10 pm/rev 1000rpm 9-13 w/w

The workpiece material was electroless-nickel of 100um plating

thickness, which was plated on Starvax disc of 100mm diameter
with a recess of Smm diameter at the center. During cutting the
tool was moved from the periphery to the center of workpiece and
experimental data were taken after 1%, 2" 5" 10" 20™ 50"
passes and then after every 15 passes up to 260" pass and manual
observation was performed after every pass.
To see the influence of the depth of cut, feed rate, spindle speed
and different phosphorus contents on the surface finish and
cutting forces same machine and cutting tool were used with
facility of rotating the cutting tools laterally so that different
portions of the cutting edge can be employed for each cutting
pass to minimize the effects of tool wear. The parameter matrixes
for the experimental studies are given in Table 2.



Vacuum suction and spray mist (Kerosene based) were used for
proper cutting and removing of chips during experiments.

Table 2
Machining conditions to see the effects of cutting
arameters.

Exp | Depth | Feedrate | Spindle | Phosphorus
No. | ofcut | (um/rev) speed content
(um) apm) | (%w/w)
1 2 10 1000 9.57
2 4 10 1000 9.57
3 7 10 1000 9.57
4 10 10 1000 9.57
5 4 2 1000 8.47
6 4 10 1000 8.47
7 4 30 1000 8.47
8 4 50 1000 8.47
9 4 10 100 10.23
10 4 10 500 10.23
11 4 10 1000 10.23
12 4 10 1500 10.23

For all the experiments, measurements and observations made
included:

a) Plunge cuts on oxygen free high conductivity copper
were performed before and after every experiment to
observe any change in tool profile during cutting.

b) Measurement of hardness (Hv) to see its effects on
machining,

¢) Optical observation of the cutting tools and electroless-
nickel surface with nomarski microscope.

d) Every machined surface was measured with a telystep
stylus profiler with an added computer data acquisition
system for calculation of the arithmetic mean surface
roughness (R,) and the flatness (P,).

e) Cutting force and thrust force were measured during
machining with a Kistler piezoelectric 3-componenet
dynamometer in conjunction with a Kistler 3-channel
charge amplifier and a recorder to record the forces.
The dynamometer was set for a maximum cutting force
of 5.0 Newton.

3. Result and discussion
3.1. Cutting tool wear and cutting distance

Diamond is the hardest material and electroless-nickel is
chemically inert, the inertness arises from the absence of
geometric defects, as has been suggested to explain the high
resistance which some materials exhibit in amorphous state [5],
so possibility of any wear is very low. However, some wear had
appeared at rake face and flank face and spread to some extent
with a sequence of repeated cutting, for total cutting distance of
202km. The possible wear progression process at rake face can be
seen in Fig. 1. It is clear from the picture that the defect arose at
rake face after cutting 7.8km and the wear developed clear shape
after cutting 39km and after this the defective zone was nearly
unchanged up to 202.8km cutting distance. This type of wear at
rake face is quite interesting which is difficult to classify. The
EDX analysis showed no material deposition at rake face and it is
not possible to get a complete surface topography of the wear

zone as the area is too large for the AFM (Atomic Force
Microscope) and too small for telystep stylus profiler. The causes
and nature of this type of wear are under investigation.

Fig. 1. Rake face (X500) at different cutting distance. (From
Nomarsky microscope)

In case of the flank face some wear appeared after cutting
15.6km as a bright line through the cutting edge at flank face,
which was not detectable by SEM. Some groves spaced at 10pm
were also noticed across the bright line of cutting edge. This type
of wear may be termed as wear of stepped form. Uncut portion of
workpiece due to worn cutting edge causes the growth of stepped
wear in the following manner. As the cutting distance increases, a
portion of cutting edge worn out and the uncut or low depth of cut
potion arise on the workpiece. This portion of workpiece is then
removed by adjacent cutting edge, thus a secondary wear zone is
created. The width of material removal is identical as feedrate is
same but depth of cut for first wear zone is higher than that of
second wear zone [3]. With the increase of cutting distance
groves were more evident. The pattern of wear progression is
shown by the picture sequence of Fig. 2, and the behavior of wear
can be shown by the graph at Fig. 3.

After cutting 202.8 km the amount of wear is only 4um, the
wear increase with the increase of cutting distance.

3.2. Machined surface and cutting distance

The machined surface is nothing but replica of tool profile
and any change in cutting edge profile will affect the machined



surface. The effect of cutting distance on surface can be clearly
viewed from Fig. 4. At the start of cutting the surface carries
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Fig. 2. Flank face (X500) at different cutting distance. (From
Nomarsky microscope)
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Fig. 3. Effects of cutting distance on flank wear.

only feed marks but after cutting 156km, some lines appear
between feed marks and these lines became more prominent at
the end of cutting. These lines may be the result of stepped wear
at the cutting edge of flank face as this portion of cutting edge is
associated with surface finish, residual stress, friction and
subsurface plastic flow [4].
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Fig. 4. Picture of surface (X500) at different cutting distance.
(From Nomarsky microscope)

The theoretical surface roughness for a machined surface can
be calculated for single point diamond tool approximately by the
formula,

R,=f/8R, R,=0.032f/R

Where f = feed rate, R = tool nose radius and R, = maximum
individual peak to valley height. R, = average roughness.

In general, the surface roughness depends on many other factors
such as tool wears, workpiece material, machine stiffness, cutting
edge sharpness, machining conditions etc. In this section we are
concern only with tool wear that is very much dependent on
cutting distance assuming other factors constant. The effect of
cutting distance on surface roughness can be presented by the
graph at Fig. 5. From the figure it is clear that the rate of increase
of average roughness (R,) is very small with the cutting distance
but in increasing mode.
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Fig. 5. Effects of cutting distance on surface roughness.

R, is showing a little irregular behavior with the cutting distance
and does not give any conclusive result but it can be said that R,



is also in increasing mode if all the points are added by best-fit
curve.

3.3. Machining forces and cutting distance

Fig. 6 shows the relation of machining forces and cutting
distance. From the graph it is clear that initially cutting force was
higher than thrust force but after cutting nearly 110km thrust
force crossed the line of cutting force and it became higher than
cutting force. In the whole cutting distance cutting force did not
change so much, it was more or less constant but thrust force
increased much after cutting around 110km and it was in
increasing mode. With the increase of cutting distance the cutting
edge radius may have increased because of wear and this
increased cutting edge radius creates negative rake which makes
the thrust force higher as described in the Fig. 7. The Fig. 7a
shows the cutting geometry at the start of cutting and 7b shows
the cutting geometry after cutting 110km where F, and F. are
thrust force and cutting force respectively.

=]

@ Thrust Force &
4 Cutting Force

Forza(M)

0 a0 100 1460 200
Ciztanceldim)

Fig. 6. Effect of cutting distance on machining forces.
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Fig. 7. Effect edge radius on cutting mechanism.
3.4. Effect of depth of cut on surface finish

Surface roughness (R,) was observed with the variation of
depth of cut keeping other factors constant and the plot of surface
roughness versus depth of cut is given in Fig. 8. The figure shows
very irregular behavior of surface roughness with depth of cuts
and it seems that depth of cuts do not play any important role on
surface roughness in this range.

Observation under the nomarski microscope did not show
any surface damage. Electroless-nickel is a brittle material and
for such materials there is a critical depth of cut for transition to
brittle mode from ductile mode cutting [6,7]. In this instance it

seems that the critical depth of cut for electroless-nickel is above
10micron.
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Fig. 8. Effect of Depth of Cut on Surface Roughness.
3.5. Effect of feed rate on surface finish

Feed rate plays a very important role in machining
economics and surface finish. In the facing operation, the surface
roughness profile across the diameter of the workpiece is
determined by tool geometry and feed rate. The surface
roughness profile can be considered as successive movements of
the tool profile at intervals of tool feed. Surface roughness of
ultra-precision machining is largely influenced by machine
kinematics at high feed rate, but significantly influenced by other
factors at lower feed rate [8]. In this study surface roughness
increases rapidly with the increase of feed rate and the plotting of
surface roughness (Ra) versus feed rate is shown in the fig. 9.
With the increase of feed rate the tool profile marks become
prominent on the surface, as the cutting of preceding profile by
the successive cutting is less, which results in poor surface finish.
It is also believed that with the increase of feed rate elastic
deformation increases and cutting process goes toward brittle
mode machining [9].

3.6. Effect of spindle speed on surface roughness

The effect of spindle speed on surface roughness (Ra) is
shown in Fig. 10. In the first stage, the surface roughness is in
decreasing trend by very high rate with the increase of spindle
speed and after certain limit surface roughness increases very
slowly with the increase of spindle speed.
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Fig. 9. Effect of Feed rate on Surface Roughness.



With the increase of spindle speed, the width of shear zone
decreases, which leads to less stress propagation, small
deformation zone and ductile mode cutting [4]. However with
further increase in spindle speed, the vibration of the machine
may increase, hence adversely affecting the cutting process
resulting in a poor finish.
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Fig. 10. Effect of Spindle Speed on Surface.
3.7. Effect of phosphorus content on surface finish
Fig. 11 shows that surface roughness decreases with the
increase of phosphorus content and this may be due to less

hardness and more ductile behavior of electroless-nickel with
high phosphorus content [2,10].
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Fig. 11. Effect of phosphorus content on roughness.

The phosphorus in the electroless-nickel is likely to act as
lubricant and this may be a consideration for using higher
phosphorus content to get a better surface finish.

3.8. Forces during machining

The two components of forces measured were- (a) Cutting

force; normal to cutting tool face, and (b) Thrust force; normal to
work piece surface. Both of these forces are presented in fig. 12
to Fig. 15, which show the variation of these forces with the
machining parameters at the beginning of each cutting pass.
The figures indicate that both of these forces increased with the
increase of depth of cut, feed rate and spindle speed, and forces
decreased with the increase of phosphorus content of workpieces.
With the increase of depth of cut and feed rate, more stresses are
created on the cutting tool as greater forces are required to
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Fig. 12. Effect of Depth of cut on Forces.
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Fig. 15. Effect of Phosphorus Content on Forces.

remove more materials from the workpieces. For the increase of
spindle speed, the material removal rate increase resulting in the



increase of machining forces. Increased phosphorus content of the
workpiece makes it softer, which causes low machining forces
with higher phosphorus content.

4. Conclusions

The behavior of a diamond cutter with long cutting distance
and it’s effect on surface roughness and machining forces have
been studied. The effect of four experimental parameters (depth
of cut, spindle speed, feed rate and phosphorus content) also has
been studied in this work. The conclusions that can be drawn
from this study are:

a) Long distance (up to 200km) diamond cutting of electroless-
nickel is possible. At the end of machining the surface
roughness is still mirror finish and very low tool wear has
been observed at flank face.

b) Surface roughness of electroless-nickel (phosphorus content
9.59 percent w/w) is not affected significantly by variation
of depth of cut (1um-10um). Higher phosphorus content
gives better surface.

¢) Surface roughness increases rapidly with the increase of feed
rate.

d) There is a critical value of spindle speed for which best
surface finish can be achieved.

e) It seems that after cutting some distance the cutter edge
radius increases resulting in negative rake angle hence
developing higher thrust force.

f)  Cutting force and thrust force increase with the increase of
depth of cut, spindle speed and feed rate but decrease with
the increase of phosphorus content.
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