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ABSTRACT

The machining of polymers is an area which is not well understood. Most
polymer machining is undertaken under the assumption that it is valid to use
tooling and machining parameters which have been designed for the machining of
alloys. This assumption is often shown to be invalid, as it ignores the time and
temperature dependent viscoelastic behaviour of polymers, and their unique chip
formation mechanisms. The result of this assumption is often that machining is
carried out under suboptimal conditions, causing poor surface finish, poor
dimensional accuracy, and undesired burr formation. In an industrial setting this
causes rejected products, leading to increased waste and reduced productivity.

In order to effectively characterise the machining of polymers, an extensive
measurement chain is required. This measurement chain must collect data on
cutting forces, cutting temperatures, chip formation mechanisms, and surface
roughness of finished parts. In addition, the tool used must be characterised,
through measurement of rake angle, edge radius/sharpness, and surface roughness
of the rake face. The data collected must then be processed in order to allow
meaningful conclusions to be made from the experiments conducted. This paper
details the development of a measurement chain to meet these requirements.
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1. INTRODUCTION

Polymers are extremely versatile materials with a wide variety of
applications, such as use in orthopaedic implants for total knee replacements, as
shown in Figure 1. While traditional polymer processing techniques are well
understood, there are some applications where surface roughness and dimensional
accuracy requirements call for further finishing operations, such as machining.

There is little information available on the machining of polymers, with
much of the knowledge of suitable machining parameters being proprietary [1].
As a result, cutting conditions designed for metal cutting are often used, with
suboptimal results. The first work to acknowledge that the machining of polymers
is fundamentally different from that of metals was authored by Kobayashi [2, 3]
in the 1960s. Kobayashi measured cutting forces over a range of rake angles, and
characterised the types of chip formation experienced when machining polymers.
His later work involved stress intensity factors [4], crack propagation [5-10] and
creep behaviour in polymers [11].
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Figure 1: Knee prosthesis system (left), and illustration of implant in service (right)

One of the main challenges in the machining of polymers is the viscoelastic
nature of the stress-strain relationship [12], which is dependent on both
time/strain rate and temperature [13, 14]. This complex behaviour leads to unique
chip formation mechanisms [3, 15, 16], and to problems with viscous deformation
of the workpiece, which can cause dimensional accuracy issues when machining.
Kobayashi identified the concept of a critical rake angle [17], where the thrust
force into/out of the workpiece is zero. At this rake angle, which is unique for
each set of cutting conditions, deformation of the workpiece is minimised. This
deformation is illustrated in Figure 2, with the high rake angle shown in (a)
having far less deformation than the negative rake angle shown in (c).

'
e ]

Figure 2: Deformation of workpiece for a range of rake angles [2]



As part of his work Kobayashi published a table of factors and their effects,
part of which is reproduced in Table 1.

Factor Has major effect on

Tool
Rake angle Chip formation
Point Radius Roughness of cut surface
Machining conditions
Depth of cut Chip formation and roughness of cut
Cutting speed surface

Table 1: Factors and their effects [2]

While this table notes the factors involved, it does not give a measure of
their relative importance, or the exact nature of their effect on the machining
operation. It is clear that fundamental work is required to quantify the exact
nature of these effects, thus facilitating the selection of better machining
conditions. In order for this work to be undertaken a suitable experimental setup
and measurement chain must first be developed [18].

2. DEVELOPMENT OF MEASUREMENT CHAIN
2.1 Methodology
The experimental methodology shown in Figure 3 was applied. This paper

concentrates on the development of the in process measurement chain, with the
addition of chip analysis and surface roughness measurements.
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Figure 3: Experimental methodology for machining investigations on
polymers

2.2 Force measurement

A dedicated force measurement solution was implemented using a Kistler
type 9602 force sensor [19] mounted in a custom toolholder, as shown on the left
in Figure 4. The Z axis of the sensor corresponds to the cutting force, and the
resultant of the X and Y axes to the tangential force. A calibration curve for the X
axis is shown on the right in Figure 4.
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Figure 4: Custom toolholder (left), and sample force sensor calibration curve (right)

2.3 Temperature measurement

Tools were ground from High Speed Steel blanks, and a 1mm diameter
hole was drilled in each to accommodate a K type thermocouple, as shown on the
left in Figure 5. In addition, an IR temperature sensor [20] was placed to measure
the temperature of the rake face of the tool, 20mm from the cutting edge. The spot
size characteristic of the IR sensor is shown on the right in Figure 5.
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Figure 5: Thermocouple placement (left), and IR temperature sensor spot size (right)

2.4 High speed imaging

A Pixelink type 782 high speed camera [21] was mounted to the toolholder
using a 3 axis linear stage to provide adjustment for position and focus of the
picture. A Schott light source [22] was used to provide the lighting required for
capture of high speed video.

Toolholder

Pixelink type 782
o 180 frames per second
o Resolution: 320 x 240

Camera

Lens  Figure 6: Digital rendering of final camera mount design



2.5 Workpiece design
Workpieces were designed as shown in Figure 7. In order to allow

orthogonal cutting assumptions to be used, the workpieces were segmented into
2.2mm wide discs. It was found from preliminary testing that chip buildup caused
the following problems:
1. Corruption of force data due to large amounts of chips sticking to the tool
2. Corruption of IR sensor data due to chips blocking the view of the sensor
As a result of these issues it was necessary to use segmented workpieces, as
shown in Figure 8. The slot cut in the workpiece prevented the buildup of chips.
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Figure 7: Workpiece design, showing Figure 8: Slot cut in workpiece
discs

2.6  Integration of measurement chain

Machining tests were carried out in an Okuma LT15-M. Data acquisition
was carried out using a National Instruments CompactDAQ 9178 carrier [23],
with analog input modules for voltage from the force sensor [24] and temperature
from the thermocouple [25]. The complete in-process sensor suite is shown in
Figure 9.
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Figure 9: Sensor suite installed in Okuma LT15-M



After machining the surface roughness of the workpiece was measured
using a Mitutoyo Surftest SJ400 portable surface roughness tester [26]. Tool
sharpness and wear was checked both before and after machining using a
Moticam 1000 [27] mounted on a toolmakers microscope, using a calibration
slide and ImageJ software [28] to measure edge radius.

3. SAMPLE RESULTS

3.1 Force measurement

Sample force data from a machining operation with zero rake angle, cutting
speed of 155 m/min, and depth of cut of 0.06 mm/rev are shown in Figure 10.
High dynamic content is evident in both signals. A closer inspection of the data is
also shown.
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Figure 10: Raw data from polymer machining investigations

It is clear from this that the dynamic content is intermittent and cyclical,
with peaks occurring at the same frequency as the rotation of the spindle, and
caused by the slot cut in the workpiece to prevent chips from building up. There
is also clear steady state behaviour of the cutting forces between the peaks. As the
machining operations are carried out at constant surface speed, the spindle speed
increases as the diameter decreases, and thus it is necessary to use a lowpass filter
to remove the dynamic content and leave steady state cutting forces. A 10 Hz



lowpass filter was used, and experiments designed to avoid spindle speeds below
600 RPM. A filtered version of the data is shown in Figure 11.
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Figure 11: Filtered data of cutting force and thrust force
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This data clearly illustrates steady state cutting forces, suitable for further
analysis, and comparison with similar results for different machining conditions,
tools, materials etc.

3.2  Temperature measurement
Sample temperature data from the same machining operation as shown
above is shown in Figure 12.
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Figure 12: Temperature data from embedded thermocouple and IR probe

The thermocouple displays a lag of approximately one second, while the IR
sensor shows a fast response, showing a spike in surface temperature quite soon
after engagement. However, the IR sensor signal does not display reliable
temperature data for the entire cutting operation, due to chips blocking the path of
the beam. Further work is required to either redirect the chips away from the
sensor, or to find another suitable location for temperature measurement during
machining.

3.3  Chip analysis
Chips for 4 different sets of cutting conditions are shown in Figure 13. On
the top left is an example of the chips from the machining operation shown in



Figures 10-12, while the remaining images show the changes in chip form as
cutting speed and depth of cut are varied.
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Figure 13: Chip analysis under various cutting parameters
It can be seen that the higher depth of cut delivers a thicker chip, as
expected, but also displays a larger radius of curl.

3.4 High speed imaging
Sample frames from the video captured during machining are shown below

Workpiece

Figure 14 ' Figure 15 Figure 16
Tool

Figure 14 shows the cutting operation discussed previously, and shown in
Figure 10. A thin chip is forming, which is blurred in this picture due to it curling
away from the camera, out of focus. Figure 15 shows a cutting operation with a
sharp, high rake angle tool, and a larger depth of cut. A thicker chip is evident,
with a small radius of curl. Figure 16 shows a blunt, negative rake angle tool
being used. This is an example of poor cutting conditions, as the workpiece is
being highly distorted, and chips are discontinuous. These results are consistent
with the findings of Kobayashi [2].



3.5  Surface roughness

Sample surface roughness results corresponding to the cutting conditions
used for the chips shown top left in Figure 13 are shown in Table 2. The surface
roughness measurement was repeated 5 times for each cutting operation, on
different locations on the workpiece. Analysis using Minitab 16 [29] shows that
depth of cut is a significant factor for surface roughness in this case (P < 0.05),
with a higher depth of cut delivering lower surface roughness.

Cutting speed | Depth of cut | Mean (Ra) | Standard deviation
Low Low 0.662 0.044
Low High 0.572 0.077
High Low 0.688 0.094
High High 0.6 0.021

Table 2: Surface roughness results

4.  CONCLUSION

A robust measurement chain has been developed which allows reliable,
repeatable measurement of cutting forces, cutting temperatures, chip formation
mechanisms and workpiece surface roughness. This measurement chain has been
validated through the collection of sample data, and the analysis undertaken
shows broad agreement with the work of Kobayashi. This measurement chain
will facilitate future research into the machining of polymers.
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