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The MIC of the cavity profile was determined as a possible solution for the
maximum permissible tool length. Searching the radius function for its maximum
produced the MIC shown in Fig. 6.20. Applying compensation to the length, such
that a 10 mm wide tool fits within the maximum inscribed circle, resulted in a tool
length of 25 mm. The cavity profile contains no lines which are longer than the
diameter of the MIC. Therefore, the lines contained in the profile offset do not define

the tool length and need not be searched.

Figure 6.20: Gear Shaped Cavity — MIC and Corresponding Tool Length

Since the island in this cavity is convex, it was searched for tool length. Due
to the symmetry of the cavity profile and the island, the results for one quarter of
the island are presented. The region for which the results are presented and the
corresponding maximum tool length are shown in Fig. 6.21.

Results for the centre line lengths along the entire region indicated in Fig. 6.21
are presented in Fig. 6.22. The minimum centre line length was 46.2 mm correspond-
ing to a tool length of 55.30 mm. In Fig. 6.22, the minimum values are indicated by

dots. The last occurrence of the minimum centre line length is labeled.
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Figure 6.22: Gear Shaped Cavity — Tool Length Results for Convex Island
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Selecting the minimum length based on the values returned provided a tool
length of 25 mm. Therefore, the maximum tool size allowable for machining of the
gear shaped cavity was 10 mm in width and 25 mm in length. A tool with length
less than or equal to 25 mm may be used for the machining of this cavity. The tool
length chosen was 25 mm and thus, the tool size was maximized.

Comparison of the selected tool with the equivalent square tool (10 mm x 10 mm)
indicates a 150% increase in area. The comparison in size between the tools and their

respective areas are shown in Fig. 6.23.

- 10— 25

ASqurc = l-w A()bi-mg = l-w
= (10 mm) - {10 mm) = {25 mm) - (10 mm)

100 mm?® 250 mm?

Figure 6.23: Gear Shaped Cavity — Tool Size Comparison

When the cavity profile was offset by the tool length, none of the closed loops
formed were entirely contained with in the profile boundary. This confirmed that the
selected tool could machine each layer of the cavity could in one pass.

To completely machine each layer in one pass, the tool was driven along the
profile keeping at least one point on its tracing edge constrained to the profile at all
times. In between endpoint, the tool orientation was adjusted so the tools sweeping
edge and trailing point did not intersect the cavity profile. It should be noted that
this profile contained no critical points. Fig. 6.24 and Fig. 6.25 show the tool path

for two teeth of the gear.

99



Master’s Thesis — I. J. Mikesic McMaster — Mechanical Engineering

20

20}

Figure 6.24: Gear Shaped Cavity — Tool Path Segments C & D
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Figure 6.25: Gear Shaped Cavity — Tool Path Segments C & D
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In Fig. 6.24 and Fig. 6.25, the arrows indicate the motion of the tool with
respect to the workpiece and the numbers indicate the start and end points of the
segment being traced. The tool path for only one section of the gear is presented as
the remainder of the tool path may be determined by symmetry.

The segments of tool path show the leading point of the tools tracing edge
being removed from the profile. This occurs when the tool traces the root diameter
of the gear. As the leading point leaves the curve being traced, the trailing point
remains on it. This requires the trailing point to trace the rest of the curve and thus
the entire successive curve.

Machining of this cavity was performed on the AGIE IMPACT 2. The copper
tool used during the machining of the cavity was manufactured on a milling machine.
To ensure that the front face of the tool was sufficiently flush with the surface of the
workpiece, the tool was trued using the System 3R table chuck. Fig. 6.26 shows the

tool used in the machining of the gear cavity.

10mm

Figure 6.26: Tool used in ED Milling of the Gear Shaped Cavity
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The pulse parameters used during machining are presented in Table 6.4. Ma-
chining depth was 1.5 mm and the total machining time was approximately three
hours. Flushing was induced by the relative motion between the tool and the work-
piece and was aided by the use of flushing jets. The same setup illustrated in Fig. 6.15

was used during the machining of this cavity.

Parameter Value
Current (A) 23
Voltage (V) 120

Pulse On-Time (us) 49
Pulse Off-Time (us) 49
Polarity +

Table 6.4: Gear Shaped Cavity — Pulse Parameters

Fig. 6.27 presents the cavity machined by ED milling. Like the star cavity,
the bottom surface was not flat. This may be attributed to tool wear and overlap

encountered during the tool path.

Figure 6.27: Gear Shaped Cavity Machined by ED Milling with Tool Type 2
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Fig. 6.27 shows the successful machining of the gear shaped cavity. Application
of the approach presented in this work, as it applies to the gear shaped cavity, resulted
in a substantial increase in the frontal area of the tool and machining of an entire
layer with a single pass.

Another advantage of this approach lies in the geometry of the gear cavity.
The manufacture of a die-sinking tool for this cavity is not easily realized due to
sharp corners on the profiles exterior. When manufacturing the die-sinking tool for
this cavity, the sharp corners become interior since the cavity and tool are opposed in
die-sinking. Since cylindrical cutters are used in the milling process, it is not a feasible
option for manufacturing a gear shaped tool. Therefore, another process, such as wire
EDM, is required to manufacture the die-sinking tool. The result is an increase in
lead time and tooling costs.

The examples provided in this section have shown the benefits of this work.
When compared to ED milling with cylindrical /square tools, this method provides a
consistent increase in tool size and a reduction in the number of passes required for
the complete machining of a layer. Against die-sinking, this method reduces tooling

costs and provides ample space for flushing the gap.
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Chapter 7

Conclusions and Recommendations

In this section, the algorithms developed for ED milling with oblong tools are
summarized. The major benefits of this work are recapitulated, while issues requiring

further investigation are addressed.

7.1 Summary

In this work, a tool set was developed for the ED milling of 2D cavities. The
set contains three oblong tools which are capable of machining round features and
sharp corners. Though it is possible to machine both round and sharp features with
die-sinking EDM, the machining of sharp corners is not possible with the cylindrical
tools currently used in ED milling. Due to their elongated shape, the tools described
in this work have a greater frontal area and therefore, higher power capacity than
cylindrical tools. Though die-sinking tools maximize power capacity, they provide
little space for flushing debris from the gap. Cylindrical tools and those presented in
this work provide ample space for flushing. Another disadvantage to using die-sinking

tools is the associated tooling costs. As the complexity of the cavity increases, the cost



Master’s Thesis — 1. J. Mikesic McMaster — Mechanical Engineering

of the die-sinking tool rises. Cylindrical tools are inexpensive and readily available
while the tools in this work are cost effective and easy to manufacture.

In addition to the development of a new tool set for ED milling, this work
presented algorithms for tool type selection and tool size calculation. According to
continuity, concavity and geometric composition the profiles were divided into three
groups. Appropriate tool types were associated with each of the profile groups allowing
for automated tool selection.

The tools used in this work are defined by width and length. An algorithm
for calculating the maximum permissible tool width was presented which compares
the tool width defined by features of minimum radius/length with the tool width
defined by narrow passages. The maximum permissible tool width was determined
to be the minimum of these values. Based on the selected tool width, tool lengths
in both concave and convex regions of the profile were calculated. The minimum of
these lengths defined the maximum permissible tool length.

Tool path planning strategies were presented for each profile/tool type. The
number of passes required to completely machine a single layer of the cavity was
determined using an offset approach. Critical points and endpoints of the offset curves
indicated locations along the tool path where the tool orientation changed. Changes
in tool orientation were determined such that the tool did not intersect the profile
boundary. Constraints between the tracing edge of the tool and the profile/profile

offset were discussed for both round and square edges.
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7.2 Conclusions

Application of the algorithms was presented in the machining of star and gear
shaped cavities. For the star shaped cavity, the maximum sized tool was found to be
10.0 mm in width and 46.6 mm in length. When compared to an equivalent cylindrical
tool, 10 mm in diameter, a 450% increase in frontal area was achieved. However, to
show the flexibility of this approach, the selected tool size was 10 mm in width and |
25 mm in length resulting in a 200% increase in frontal area. The tool path developed
for the layer-by-layer machining of the star shaped cavity resulted in the complete
machining of a single layer with only one pass. This result is not possible using a
cylindrical tool.

For the gear shaped cavity, the maximum tool size was determined as 10 mm in
width and 25 mm in length. This tool was chosen to machine the cavity and provided
a 150% increase in frontal area over an equivalent square tool having sides 10 mm in
length. Due to the increase in frontal area, the machining of each layer was achieved
in only one pass.

The gear shaped cavity contained sharp corners on both its interior and ex-
terior. In terms of tool manufacture, these features make it difficult to machine this
cavity by die-sinking. To successfully machine the tool, a process such as wire EDM
is required resulting in an increase in tooling costs and lead time.

After machining of both cavities, the profile was clearly defined. However, the
bottom surface of the cavities was uneven due to tool wear and overlapping tool paths.
This may be corrected in semi-finishing and finishing operations or by appropriate

modification of the tool path.
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7.3 Recommendations

Implementation of the algorithms presented in a CAD/CAM package should
be considered due to the large amount of geometric information stored in such sys-
tems. The information available would simplify the calculations and decrease the
computation time required. One of the issues with implementation, however, is the
computation of the MAT. The MAT must be determined with caution because the
algorithms used for computing it are sensitive to deviations in the profile boundary.

Another issue which requires more attention is the unevenness on the bottom
surface of the machined cavities. This is a result of two issues. The first, which
has been addressed in the literature, is wear. Due to wear, the frontal area of the
tool changes shape causing unevenness along the bottom surface of the cavity. This
may be remedied by applying one of the many wear compensation techniques to the
tool path. A second reason for unevenness along the bottom surface of the cavity
is overlapping tool paths. When the tool traces the same region of the cavity more
than once in a given layer, that region experiences more discharges and thus, more
material removal. Therefore, these regions will likely be deeper than those regions
traced only once. Approaching this problem such that the tool is sized according to a
non-overlapping tool path may produce a more even surface along the bottom of the
cavity.

The determination of pulse parameters based on tool size must also be ad-
dressed. To achieve the optimal current density, and therefore the maximum MRR,
a set of experiments must be carried out using the tools described in this work. This
will establish a relationship between tool area and current density while capturing any

geometric effects imposed by the tool and the motion experienced during machining.

108



Master’s Thesis — 1. J. Mikesic McMaster — Mechanical Engineering

One final issue that should be studied are the limitations of using oblong tools.
A list of criteria should be established which identifies when the use of cylindrical
tools is more appropriate than the use of the tools presented in this work. In some
cases, the increase in frontal area and the complexity of the tool path may not offer
substantial benefits over the use of cylindrical tools. Automation of this decision

should be implemented to minimize user intervention.
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