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ABSTRACT

Lockheed Martin Energy Systems, Inc. (Energy Systems) and the Lanxide Corporation
(Lanxide) negotiated a Cooperative Research and Development Agreement (CRADA)
to develop advanced technology and manufacturing practices for machining and
inspecting metal matrix composites (MMC).

The objective of this CRADA was to develop machining parameters to allow
manufacturing of automotive components from MMCs. These parts exhibit a range
of shapes and dimensional tolerances and require a large number of machining
operations. The common characteristic of the components is the use of the light
weight MMC materials to replace heavier materials. This allows smaller and lighter
moving parts and supporting structural components thereby increasing fuel mileage.

The CRADA was divided into three areas: basic investigation of cutting parameters,
establishment of a mock production line for components, and optimization of
parameters in the mock facility.

This report covers the manufacturing of MMCs and preliminary Phase I testing for
silicon carbide having various loading percentages and extensive Phase I testing of
cutting parameters on 30% alumina loaded aluminum.

On January 26, 1995, a letter from the vice president, technology at Lanxide was
issued terminating the CRADA due to changes in business.




OBJECTIVE

Lockheed Martin Energy Systems, Inc. (Energy Systems) and the Lanxide Corporation
negotiated a Cooperative Research and Development Agreement (CRADA) to develop
advanced technology and manufacturing practices for machining and inspecting metal
matrix composites MMC). The objective of this CRADA was to examine the existing
MMC machining and inspection processes, develop the necessary interface for the
implementation of Department of Energy (DOE), Defense Programs (DP) precision
manufacturing technology, and Energy Efficient and Renewable Energy (EE) materials
properties’ expertise, and apply this dual-use technology in a mutually beneficial
manner. This project will support DOE technical needs in fabricating components
from hard materials as well as enabling U.S. industry to maintain a position of
leadership in the MMC and ceramics field. (Reference 7)
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ASSESSMENT OF OBJECTIVE ACHIEVEMENT

The objectives of the CRADA, as stated in the 'OBJECTIVES' statement are:

1. To examine the existing MMC ma¢hining and inspection processes.

2. To develop the necessary interface for the implementation of Department
of Energy (DOE), Defense Programs (DP) precision manufacturing
technology, and Energy Efficient and Renewable Energy (EE) materials
properties’ expertise.

3. To apply this dual-use technology ina mutually beneficial manner.

4. To support DOE technical needs in fabricéting components from hard
materials.

5. To enable U.S. industry to maintain a position of leadership in the MMC
and ceramics field.

These objectives have been met by the activities concerned with this CRADA.




BENEFITS TO DOE SPONSOR

As stated in the Statement of Work, Appendix A of the Agreement, The goal of this
CRADA was to examine the existing MMC machining and inspection processes,
develop the necessary interface for the implementation of Department of Energy
(DOE), Defense Programs (DP) precision manufacturing technology, and Energy
Efficient and Renewable Energy (EE) materials properties’ expertise, and apply this
dual-use technology in a mutually beneficial manner.

This project will support DOE technical needs in fabricating components from hard
materials as well as enabling U.S. industry to maintain a position of leadership in the
MMC and ceramics field. The project will accomplish this by providing DOE
contractor personnel with experience in machining the hard and abrasive MMC
materials which are finding favor with today's designers.

The project provided funding for the testing program which evaluated the usefulness
of varjous cutting tools. Tools which were highly proclaimed to be the tools of choice
for MMCs were found to be almost useless. Other tools, such as natural and
polycrystaline diamonds, which are the time proven standard for cutting hard and
abrasive materials proved to be only marginally useful. Still -other tools which
appeared at first consideration to be ill-suited for use on MMCs proved to be the
performance and price leaders.

Published information on parameters for cutting MMCs is often contradictory. This
was especially true regarding the use of cutting fluids. This project provided an
opportunity to evaluate wet and dry machining.

MMC materials are not cheap to purchase nor are they plentiful. The tools normally
used to machine the material are also very expensive. This project provided adequate
quantities of material in.several loading concentrations, grain morphologies, heat

' treats, grain sizes, and different loading materials. By carefully controlled statistical
experiments, an attempt was made to extract the maximum amount of information from
each log or tool.
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TECHNICAL DISCUSSION

Introduction

Aluminum based metal matrix composites (MMC) are being evaluated widely for
automotive, electronic, and other applications because of their attractive high temperature
mechanical properties, high stiffness, light weight and high wear resistance. Automotive
applications include such areas as brake rotors and calipers, cylinder liners, drive shafts,
connecting rods, rocker arms, and transmission components.

Another important application area for these composites is in packaging, substrates, and
support structures for electronic components. For these applications, a high loading of SiC
particles is incorporated in an aluminum alloy matrix to obtain the desired combination of
properties. These properties are low coefficient of thermal expansion matched to that of the
electronic device, high thermal conductivity for heat dissipation, high stiffness to minimize
distortion, and low density for minimum weight. MMCs have also been used as armor
plating for military vehicles. Its light weight for comparable or superior energy dissipation
make it desirable in this role.

Present MMC component applications are limited by manufacturing difficulties associated
with the hardness and abrasive properties of the material. Even when it is possible to
achieve the desired geometry, full utilization of MMCs is often prohibited by the cost of the
manufacturing techniques that must be utilized. Furthermore, the extent of quality
limitation imposed by the overall variability of the machining and tooling processes is
essentially an unknown factor. Since different applications require different reinforcement
materials, loadings, reinforcement size, and morphology as well as different matrix
chemistries, the development of the machining parameters must be done for a range of
materials.

Despite the fact that MMCs have been available for some time, literature on successful
machining parameters does not exist, is not applicable, or is contradictory. A good example
of this is the recommendations for wet/dry machining. One report recommends milling
without a coolant because it appears to prolong the life of diamond cutting tools with no
degradation of surface finish. Another report recommends that cutting be done dry when
rough machining and wet when finish machining. A third report states that under no
circumstances should any dry machining be done on MMCs. Similar contradictions can be
found on the type of diamond tool to be utilized (continuous vapor deposition, CVD versus
polycrystalline diamond, PCD), and cutting parameters (recommended cutting speeds of
greater than 5000 SFM and less than 1000 SFM can be found in literature). (Reference 9)




Metal Matrix Composite Technology

Lanxide Corporation invented and patented technology that permits the economical
fabrication of a broad range of aluminum matrix composites. A variety of ceramic
reinforcements, such as particles or fibers of silicon carbide or aluminum oxide, can be
combined with aluminum metal using a molten metal infiltration process. This PRIMEX™
pressureless metal infiltration, process forms composites featuring 30 to 75 or more volume
percent reinforcement, uniform microstructures, and net or near-net shapes (References 1
to 5). A wide variety of reinforcement shapes, such as fibers, platelets, particulates (with
sizes down to < 1 pm) can be used.

The basic process is shown in Figure 1. In the first step, the reinforcement is formed into
the desired shape using traditional ceramic-forming methods; this "preform" contains 30 to
50 volume percent interconnected porosity. In the next step, the preform is placed in
contact with an aluminum alloy in an environment that causes the ceramic reinforcement to
be wet by the molten matrix alloy, resulting in the spontaneous infiltration of the preform
to form the composite. The infiltration is conducted in a nitrogen atmosphere at ambient
pressure and at a temperature above the melting point of aluminum. The resulting
components are completely infiltrated with matrix alloy and feature uniform distributions
of particles, as shown in Figure 2. Parts having complex geometries can be made to net or
near-net shape (requiring finishing of only the critical dimensions).

Recently, Lanxide has adapted this technology to traditional aluminum casting methods.
The PRIMEX CAST™ casting process can produce aluminum components reinforced with
1 to 40 volume percent silicon carbide particles (Reference 6). Parts have been made using
investment shell, die, squeeze, and sand casting methods in production foundries, Figure
3, demonstrating the feasibility of economical production of cast MMCs using existing
manufacturing capacity. A schematic of the process is shown in Figure 4. The key first
step uses PRIMEX™ pressureless metal infiltration with an excess of aluminum. The
reinforcement is made highly wettable by the moiten aluminum - a crucial requirement for
achieving the best mechanical properties. The second step involves uniformly dispersing
the reinforcement in preparation for casting. Sizes and dimensional accuracy's of MMC
castings fall within typical ranges for the various casting processes. The silicon carbide
particles are uniformly distributed in the aluminum matrix as shown in the microstructure
in Figure 5. '

The inherent flexibility of these two processes enables component properties to be tailored
to the application by manipulating the reinforcement volume fraction and type, the matrix
alloy composition, and the microstructural features.

Despite being able to cast to near net shape, some amount of machining is usually required
to finish parts. Successful application and marketing of the MMC material is highly
dependent on being able to. furnish unambiguous machining data to the potential user. To
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Microstructure of NX-52951

Figure 2
Microstructure of reinforced aluminum made by the PRIMEX™ pressureless metal infiltration

process 70 volume percent silicon carbide (top); 55 volume percent silicon carbide (bottom).
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Components made of PRIMEX CAST™ material
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achieve this end, Lanxide entered into the CRADA with Energy Systems in which Lanxide
supplied test material and Energy Systems supplied cutting tools, machinery, personnel and
expertise to develop the necessary cutting parameters. Original plans called for Energy
Systems to determine the cutting parameters for a range of materials, use the parameters to
mock-up a production line for an automotive component, and optimize the cutting sequence
and parameters for the material chosen for the automotive component.

Two material chemistries were investigated during the course of this CRADA. The search
for a suitable tool and the development of cutting parameters for those materials is the
subject of this report. Machining of alumina loaded aluminum brake rotors was undertaken
and most conclusions and recommendations are the result of rotor machining. Detailed
statistical plans for the milling, drilling, and tapping of MMC material have been
documented but are not included in this report. Results of initial machining of silicon
carbide loaded aluminum logs are included in this report. (Reference 8)

Test Material

Initial testing was performed on silicon carbide logs having a variety of make-up
characteristics. These Lanxide supplied logs were approximately 4 to 5.5 inches in diameter
by 14 inches long with a hollow core of approximately 1.5 inches. Because of this shape,
tool testing on these blanks was done by straight turning. The logs were chucked in the
lathe and were turned from the tailstock end of the machine toward the headstock end.

Because the MMC material can be varied to suit the application, the effects of several make-
up variables on machining difficulty were to be investigated. These included the
reinforcement material, volume percent reinforcement, particle size, heat treatment, and
particle morphology. Full factorial combinations in the range of interest led to a large
number of tests that should be run. By limiting. the range to several discrete values and
assuming that there is no-interaction between the variables, the experiment could be carried
out with only seven carefully selected silicon carbide loaded logs. Table 1 is a listing of the
required logs. :

Log# Particle loading Particle material  Particle size  Particle morphology Heat treatment

(Vol. %) (um)
1 45 SiC 17 Regular No
2 30 sic 17 Regular ‘No
3 45 SiC €6 Regular No
4 30 SiC 66 Regular No
5 30 sic | 17 Regular  Yes
6 30 SiC 31 Regular No
7 30 SiC 17 ~ Round No
Table 1
SILICON CARBIDE LOGS




This selection allows comparisons to be made between high and low loading, coarse,
medium and fine grain size, heat treated versus non-heat treated material, and round versus
regular morphology. It was expected that additional logs of specific make-up would be
needed to differentiate between some parameters.

At the request of Lanxide, emphasis was placed on developing suitable turning parameters
for 30% aluminum oxide (alumina) loaded: aluminum for automotive applications. Test
material supplied by Lanxide was in the form of rough machined disk brake rotors of the
proper alloy as shown in Figure 6. It was assumed that there was no difference between
rotors and no attempts were made to correlate wear data to specific rotors. Records of
which rotor was used to test a particular tool have, however, been maintained.

Machine

The machine tool used for the turning and facing tests is a LeBlond 3220 NC turret lathe.
The machine is controlled by a GE 2000 controller; and is equipped with a 30 horsepower
spindle drive motor which can turn the workpiece up to 1300 RPM. A typical feature found
on machinery of this mechanical and electronic sophistication is a 'constant SFM' mode that
varies the spindle RPM during a facing cut across a part to maintain, within spindle speed
limitations, the same cutting speed. The machine has DC electric servo drive motors to
drive the slides with positioning monitored by resolver feedback devices. The four sided
turret with 12 rotational positions was fixed because a devibrating carbide boring bar was
utilized to hold the tool. Machining was performed inside a ventilated containment hood
to prevent spreading the abrasive chips over the shop area. Figure 7 is a photograph of the
" lathe and hood. The control pendant, containment hood and turret can be observed. The
back end of the devibrating boring bar is visible on the far side of the turret below the
coolant inlet pipe. "

Tools

Since the silicon carbide logs were the first MMC material to be cut in this testing program,
a variety of tool materials and shapes were tried. Among these were carbide, cubic boron
nitride (one of the newer supertool materials), and various ceramics. Many of these tools
failed so rapidly that useful data could not be collected. No attempt has been made to
include these tools in this report. Raw data on the tools are included in Appendix 4,
however. Polycrystalline diamond tools provided the only alternative for machining the
silicon carbide material. Silicon nitride tools were not available at the time of testing the
silicon carbide loaded material and were not tried.

As in the case of the silicon carbide loaded MMC, a variety of tools were tested against the
alumina loaded material. Carbide tools were almost useless in cutting the material, with
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wear to such an extent that cutting ceased and only rubbing occurred before the tool had
completed a full pass across the brake rotor. Titanium carbide coated tools and cubic boron
nitride also exhibited rapid wear. As before, polycrystalline diamond (PCD) tipped tools
were a feasible alternative. The results of the testing the PCD tools comprise the majority
of reported results.

‘Recent cutting tests indicate that silicon nitride and diamond coated silicon nitride tools may
also be a viable choice for both MMC materials. Preliminary data on the silicon nitride
tools used for cutting the alumina loaded brake rotors are included in this report.

The preferred tool shape for testing on either material is the 1/2" size, 55° parallelogram
(diamond) shaped tool, although other shapes were utilized. Drawings of the alternative
configurations for tools are included as Appendix 1. The diamond shaped tool has the
American National Standards Institute (ANSI) code designation Dxxx-43x. The first digit
(D) designates the 55° diamond shaped tool. Digits 2,3, and 4 contain information about
the relief angle, tool tolerances, and hole/chipbreaker features. The digit 4 in the fifth
position indicates the tool size (1/2" inscribed circle). Digit 3 in the sixth position is the
code for a 3/16" thick tool. The seventh digit describes the nose radius of the tool with a
2 indicating 1/32" nominal radius and a 3 indicating a 3/64" nominal radius. The tools
selected for testing are 3/16" thick and have either a 3/64" (0.047") or 1/32" (0.032") tip
radius. Charts and diagrams are available in tool manufacturer's catalogs which list and
illustrate the various configurations. The applicable ANSI standard is ANSI B212.4-1986
which is available from the American National Standards Institute, 1430 Broadway, New
York, New York 10018. ‘

Tools from nine different manufacturers having a total of 15 differing geometries (relief
angles, tolerances, hole/chipbreaker features, and radii) were tested on the brake rotors.
In addition, the tools were tested at five different cutting speeds. Two feed rates and two
depths of cut were examined to provide evidence of extrapolation of the tests to differing
conditions. If possible, the tools were tested in different rake angle holders to determine
the effect of resultant cutting rake angle.

The cost of the tools tested were very competitive. The price per tool for the small quantity
of tools bought for testing (usually less that 12) is shown in Table 2.

12
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TOOL BRAND | PRICE

Accurate : $68.25
Clapp & Haney $66.25
(GE 1500)
DC Tools . $62.40
J & M Tools $68.50
Kennametal $94.43
(two styles) . $70.44
Norton $71.00
Siimitoma $79.40
Tungaloy $122.08
Valenite $82.00
Table 2

PRICE OF DIAMOND TOOLS

Each tool has a single cutting edge and it is estimated that two or three regrinds will be
possible on each tool. In some cases, the tools in this test were tested to destruction or to
a point where regrinding is impossible. This should not be done in production. A limit
should be set on the amount of flank wear permissible and tools should not be used beyond
that point. Discussions with a tool reconditioner revealed that 0.003" to 0.006" of radial
wear is considered normal and that the cost of reconditioning is $15 to $17 if the tools have
no chips on the cutting edge.

A specie of tools that is new on the scene, as far as testing on MMCs, is silicon nitride
tools. Testing had just begun on these tools using the alumina loaded rotors as the test
medium. Only preliminary data is available for presentation. These tools are available in
both the diamond coated and bare state. Tools were available from Greenleaf Corporation
and fabricated from Lanxide Gemini Material at the Oak Ridge Y-12 Plant.

The silicon nitride tools obtained for testing are not the 55° diamond shape that was used
for testing PCD tools. They are triangular shaped tools have a 1/2” inscribed circle,

13




3/16" thick, having 0.032" radii. All tools selected for testing have an 11° clearance angle
on all sides. Their ANSI designation is therefore TPxx-432. In the opinion of the
investigator, there should not be a significant performance difference because of shape
between the diamond shaped tools and the trianguiar tools. The diamond shaped tool has
a 55° included angle whereas the triangular tool has a 60° included angle. In both cases, the
centerline of the tool is aligned 45° to the centerline of rotation of the spindle. The basic
difference, therefore, is 2.5° greater lead angle for the triangular tool during the facing of
the bearing cap and rubbing surfaces. The small difference in lead angles would probably
not be significant under any circumstances, but would be less significant during light cuts.
Because the depth of cut (0.010") is less that the radius of the tool (0.032"), it is felt that
there is no difference at all in the tool/part interface geometry. Figure 8 is a picture of the
triangular insert mounted in the boring bar using an adapter. There is some loss in rigidity
due to the testing setup, however this is minimized by taking light cuts. The loss in rigidity
would only tend to make the tool perform less satisfactorily.

The true value of the silicon nitride tools lies in the price of the tools. Each tool has three
cutting edges and, bought in small quantity lots, costs approximately $17.42. The price of
each edge is therefore $5.80. This should be compared to the average price of a (three use)
PCD diamond tool ($78.47) plus two resharpening/rehoning services (approximately $20
per service) to give an average cost per PCD edge of $39.49. This simplistic comparison
does not account for machine downtime during tool changes, but this should be as good or
better for the silicon nitride tool based on test results.

Cutting Fluid

Cutting tests on the silicon carbide loaded logs were performed dry at the request of
Lanxide. On the alumina loaded brake rotors, cutting was performed using Trim Sol, a
water soluble cutting oil manufactured by Master Chemical Company. This was based on
a review of previous work performed on automotive components by others. The
concentration of coolant was three to-five volume percent.

Measuring Instruments

Initial tool wear measurements made at the machine were made using a Titan 30x pocket
microscope. More accurate measurements are obtained using a 50x Nikon binocular
microscope head mounted on a Gaetner Scientific Instruments microscope base. Figure 9
is a photograph of this measuring system. Measurement is further refined after testing is
completed by taking photographs of the final wear surface using a Zeiss toolmaker's
microscope with 10x magnification. A separate report will contain photomicrographs of all
tools used during the test.

Surface finish measurements. were made with a Federal PocketSurf portable surface
roughness gage, Model PMD-90101.

14
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Testing Procedure

The material being tested is securely chucked in the lathe. After installing the tool in the
boring bar head, tool height is adjusted if required. The tool is then "set-up” (registered)
on the surface of the part in both the X and Z direction. This assures that the correct
amount of stock is taken at each pass even though the tool is removed and re-installed after
each pass and the size of the test part is constantly changing. The tool tip is then driven to
an imaginary starting point in space (PMID) which is located a specified distance from the
spindle face and centerline. All cuts begin and end at PMID point. Figure 10 shows a
diamond shaped tool mounted in a tool cartridge on the end of the devibrating boring bar
in preparation for a cutting pass on a brake rotor. The coolant delivery system used during
rotor cutting and the workpiece (rotor) held in a 4-jaw chuck are also shown in this
photograph.

When testing silicon carbide material (therefore, straight turning operations on a log are
being performed), the cut is started by driving the tool under machine control to a point in
the vicinity of the face of the part and 0.010 below the outer periphery (diameter) of the
part. The spindle reaches rotational speed for the desired cutting speed and the tool is fed
toward the headstock and into the part at the required feed rate. After the tool has cut 6
inches of part length, it is withdrawn and returned to the PMID point and the spindle
rotation is shut down to allow the tool to be inspected. Figure 11 shows the actual cutting
sequence. Because this is a straight turning cut, all cutting action takes place on the same
area of the tool radius.

For each cutting pass down the log, the volume of material removed is:
V=n®-HxL
Where R is the outer radius of the log before the cut,
r is the outer radius of the log after the cut,
L is the length of cut, set to 6" for all cuts

A typical cut, assuming a 5" log before the cut, 0.010" depth of cut, and 6" length of cut,
removes:

V =7 ((5"2)*- (((5"/ 2) - 0.010")?) x 6")
= 0.940 cubic inches of material removed.
The outer radius of the log has been reduced by 0.010" after the cut and a new outer radius

before cutting, R, has been established for the next cut. This calculation must be made for
each cut with the correct parameters.

17
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Details of testing are discussed under the "Testing Conditions' section.

The testing procedure for the alumina loaded MMC consisted of facing a brake rotor under
specific conditions and measuring the subsequent tool wear after each pass. Testing was
continued until a cutoff value was reached for tool wear. Other factors (such as cost)
neglected, the superior tool will remove a greater amount of metal before reaching the limit.

Screening tests were performed to establish the specific testing conditions which are not
optimal cutting parameters, but are parameters which allow comparisons between tools
without expending inordinate amounts of test material. The test conditions are discussed
under the 'Testing Conditions' section.

When testing alumina loaded material (therefore cutting brake rotors), the setup of the tool
and positioning at the PMID point is as described above. When the cut is started, however,
the tool tip is driven to the centerline of rotation of the spindle and 0.010" below the outer
surface of the bearing cap. The spindle reaches rotational speed for the desired cutting
speed and the tool is fed outward and into the part at the required feed rate. The cut begins
at the edge of the thru-hole on the outboard bearing cap surface and proceeds outward to
the cylindrical surface. The cylindrical surface is then cut toward the rubbing surfaces of
the rotor. The outboard rubbing surface is then machined from the smallest diameter to the
outer edge. After the tool clears the periphery of the rotor, it is driven in rapid traverse
back to the PMID starting point and a program stop is initiated for tool inspection and
measurement. The actual cutting sequence on the rotor is shown in Figure 12.

The cutting sequence is a continuous operation. In cutting the rotor, the area of the tool
which is cutting changes when the portion of the rotor being machined changes from the
outboard surface to the diameter and changes back to the original area when cutting

progresses from the diameter to the rubbing surfaces. This change in cutting area is shown
in Figure 13.

Measurement of the wear on the tool is done only on the area that cuts the outboard surface
and rubbing surface. Because of this, only that material removed from those surfaces is
used to calculate specific tool wear.
For each pass across the rotor, the area cut by the portion of the tool being studied is:
A=nR*-1)
where R is the outer diameter of the brake rotor and
r is the diameter of the thru-hole in the bearing cap

or, for the particular size rotor that was supplied:

A = m (9.5 "/2)») - (2.3"/2)>) = 66.73 in.2
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Since under normal cutting conditions, the depth of cut has been held at 0.010 inches, the
volume of material removed for each cut is:

V = A x Depth of Cut
or, for the test rotors supplied:
V = 66.73 in.” x 0.010 in. = 0.6673 in.? per pass across the rotor.

After the tool has been inspected, it is either retired due to wear or replaced in the tool
holder for further cutting. Tools retired from service are taken to the Zeiss microscope for
photographs of the wear lands. '

Testing Conditions
In order to evaluate the relative usefulness of the tools for cutting MMCs, a standard set of
conditions was selected for each material and all tools used on a specific material were

tested under those conditions. Table 3 is a list of the "standard" conditions under which the
tools were tested on both materials.

——

Silicon Carbide loaded Material Alumina loaded Material
PARAMETER VALUE STANDARD TESTING VALUE STANDARD TESTING VALUE
Cutting speed 900, 1350, 1500 Ft/Min 1000, 1250, 1500, 1800,

3200 Ft/Min
Feed rate 0.020 In/Rev 0.015 and 0.020 In/Rev
Depth of cut 0.010 Inches © 0.010 Inches
Holder rake angle -10°,-7°, -5°,and 0° -13°,-6°, and 0°
Coolant None, cutting done dry Applied, Trim So! 3-5%
Table 3

STANDARD TESTING CONDITIONS FOR MMC MATERIALS

_—
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The values used for feed rate and depth of cut are less than values that would be used in
production cutting. These values were selected after consultation with other personnel in
the Y-12 Plant who had conducted previous tool wear tests. The rationale behind the choice
is that tool wear is more dependent on feed rate than other parameters. Depth of cut results

in greater force on the tool and an increase in the length of the wear land on the tool. The °

object of the test was to determine the best material removal rate for the least tool expended,
therefore it was not essential to test the strength of the tool by taking large depths of cut.
In a similar manner, testing material utilization can be maximized by using a small feed rate
since tool wear tests are comparative.

The value chosen for the cutting speed was determined by initial screening tests. During
early alumina loaded material testing, a cutting speed of 1250 surface feet per minute (SFM)
exhibited less tool wear for the removal of a predetermined volume of material than 1000

SEM or 1500 SFM, therefore it is at least a local minimum. Statistical tests may indicate .

that there is no significant difference between the speeds.

Because some tools could not be obtained with relief, a negative rake tool holder was chosen
as the standard. To quantify the effect of cutting rake (holder rake algebraically combined
with tool rake), some tools having relief were also tested in a neutral rake holder ( 0°)
during the alumina loaded material and silicon carbide tests. A holder having less negative
rake (-6°) than the standard holder was obtained for the alumina testing. Using this holder,
some tools with no relief still presented a positive rake (or at least a less negative rake) to
the workpiece. ‘

All cutting of silicon carbide loaded material was performed dry. During cutting of the
alumina loaded material, the tool and workpiece were flooded with coolant from the
machine tool sump. The coolant used is Trim Sol from Master Chemical Company. The
concentration of the coolant is three to five volume percent in water. No other coolants
were tried; however a single trial of dry cutting alumina loaded material was apparently
successful and merits further investigation.

Results

Because of the amount of data gathered in this test, results are presented in a spreadsheet
form sorted on various parameters. Two materials, silicon carbide loaded aluminum and
alumina loaded aluminum, were tested resulting in two spreadsheets. Silicon nitride tools,
which were used only on the alumina loaded material, are listed on a separate third
spreadsheet. Two different types of turning, straight turning in the case of silicon carbide
logs and facing in the case of alumina loaded brake rotors, were used in testing the
materials. This leads to slight differences in the appearance of the spreadsheets.

The parameter of interest in selecting the tool to be used for machining is the amount of
stock that can be removed for a corresponding amount of tool wear. While flank wear is
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frequently used as the metric for tool wear, it is the writer's opinion that the correct
parameter to use is radial wear. Radial wear can be calculated from flank wear, and this
is frequently done because flank wear is much easier to measure and usually there is a
magnifying effect of the geometric relationship between the two values. Flank wear,
however, is more dependent on the geometry of the tool and holder. In the extreme case,
it is possible to have severe radial wear on the tool with little indication of flank wear or
vice versa.

Figure 14 is a five page spreadsheet of the cutting tests performed on the SiC logs. The
spreadsheet lists the log used in the test, the tool used, cutting conditions, and the measured
and calculated data. A complete explanation of all columns is included in Appendix 2. The
first eight entries in the spreadsheet are screening data and are included for information
purposes only. Because they contain only one or two cutting passes on the part, results
from these cuts are not discussed in great detail. Data on the remaining 13 tools support
the planned tests and are presented to illustrate the comparisons and contrasts that could be
drawn from the testing procedure.

As an example, Figure 15, Braze Tip Tool Comparison shows the radial wear on four braze
tip tools as a function of the number of passes made on the 6" length of cut. Two different
logs were used in this test as well as two different tool radii. It is apparent that either log
93X3011 or the Carboloy tool cut differently from other braze tip tools and log
91X1060HT. It appears that the larger radius tool does not show a distinct advantage for
surviving a greater number of cuts. It should be noted that the tools show a typical time-
wear curve; with rapid initial wear followed by a long period of slower wear culminating
in a rapid increase in wear as failure of the tip occurs. Another example, Figure 16,
Performance of DCTL DPGA 432, illustrates the performance of the same brand and grade
of tools on two different logs at two different cutting speeds. In this case, the effect of log
91X1060 versus 91X1060HT is illustrated. For closure, the performance of the DC tool
on the 91X1060 log at 1500 SFM should be tried. This is one of the experiments that
would have been tried had the CRADA not been prematurely closed. The graph also shows,
some evidence that polycrystalline dlamond tools used at lower cutting speeds have longer
cutting lives.

Figure 17 is the spreadsheet for rotor cutting. It lists the nomenclature and conditions under
which each tool was tested. It shows specific radial wear (in® of material removed/inch of
radial wear on the tool) for each tool tested after each cut across the rotor. Appendix 3 is
an explanation of all columns listed on the spreadsheet. If a tool was worn to the extent that
good machining practice would indicate replacement, it was retired and no data follows the
pass after which the decision was made.

Notice that under each cut, one value has been circled. This is the maximum specific radial
wear for that number of cuts. In case of ties, all numbers with the same value in the same
column have been circled. In each column, a box has been drawn around values which are
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FIGURE 14

LOG DATA SUMMARY

PASS CUM | --MEASURED AND CALCULATED DATA---|
TEST DOWN ACT MATL MATL ’ THEO in3/in in3/in
LOG REF MFG NOM SIZE LOG DOC RMVD RMVD RPM SFM FD RT poc FL WR fl wr RAD WR rd wr

91X1060HT 1 DCTL DNGA 432 1 0.01 1.123 1.123 935 1458." '~ 0.020 0.010 0.0080 140 0.001799 624
91X1060HT 2 ACCU DNGA 432 1 0.01 1.119 1.119 935 1454. 0.010 0.010 0.6075 149 0.001687 664
91X1060HT 4 JMTL DNGA 433 1 0.010 1.181 1.181 935 1427. 0.010 0.010 0.0100 118 0.002249 525
91X1060HT 5 SUMI DNMX 433 1 0.02 2.187 2.187 935 1420. 0.010 0.020 0.0080 273 0.002481 882
91X1060HT 15 KENN DNGA 433 1 0.019 1.482 1.482 1375 1486. 0.015 0.010 0.0065 228 0.001462 1014
2 0.017 1.344 2.827 1375 1473. 0.015° 0.010 0.0280 101 0.006298 449
91X1060HT 18 KENN 0.15 1 0.019 1.649 1.649 1260 1508. . 0.015 0.010 0.0035 471 0.000491 3353
2 0.014 1.263 2.912 1275 1515. _0.015 6.010 0.0240 121 0.003372 864
91X1060HT 19 KENN 0.021 1 0.017 1.507 1.507 1275 1504. 0.015 0.010  0.0060 251 0.000843 1788
2 0.015 1.286 2.794 1290 1510. 0.015 0.010 0.0280 100 0.003935 710
91X1060HT 11 DIAS RND 0.196 1 0.014 1.410 1.410 1110 1500.  0.010 0.010  0.0500 28 0.004374 - 323
2 0.009:0.960 2.371 1110 1493. 0.010 0.010 0.0380 62 0.003324 713
91X1060HT 16 VALN DNGM 432 1 0.02 1.859 1.859 1160 1497. 0.0i5 0.010 0.0090 207 0.002791 666
2 0.013 1.251 3.110 1160 1487. 0.015 0.010 0.0105 296 0.003257 953
3 0.016 1.530 4.640 1195 1522. 0.015 0.010 0.0060 773 0.001861 2494
4 0.012 1.168 5.809 1200 1520. 0.015 0.010 0.0110 528 0.003412 1703
5 0.013 1.198 7.008 1200 1515. 0.015 0.010 0.0150 467 0.004652 1506
91X1060HT 3 KENN DNGA 433 1 0.008 0.930 0.930 935 1449. 0.010 0.010 0.0035 266 0.000787 1181
2 0.01 1.112 2.042 935 1445. 0.010 0.010  0.0055 371 0.001237 1651
3 0.007 0.878 2.921 935 1440. 0.010 0.010 0.006 487 0.001349 2164
4 0.009 1.069 3.990 935 1436. 9.010 0.010 0.0070 570 0.001574 2534
5 0.008 0.891 4.881 935 1432. 0.010 0.010 0.0100 488 0.002249 2170
91X1060HT 10 CARB TPG = 322 1 0.018 1.827 1.827 1060>1481. 0.010 0.020 0.0075 244 0.001457 1254
2'0.018 1.864 3.692 1060 1470. 0.010 0.020 0.0075 492 0.001457 2533
3 0.017 1.744 5.437 1060 1460. 0.010 0.020 0.0100 544 0.001943 2797
4 0.017 1.692 7.129 1060 1451. 0.010 0.020 0.0160 446 0.003110 2292
5 0.017 1.729 8.858 1060 1446. 0.010 0.020 0.0175 506 0.003401 2604
91X1060HT 17 DCTL DPGA  -432 1 0.017 1.583 1.583 1200 1502. - 0.015 0.010  0.0065 244 0.002693 588
2 0.031 2.799 4.382 1225 1517. 0.015 6.010 0.0110 398 0.004557 962
3 0.013 1.225 5.608 1210 1484. 0.015 0.010 0.0110 510 0.004557 1230
4 0.014 1.299 6.907 1233 1503. 0.015 0.010 0.0110 628 0.004557 1516
5 0.013 1.140 8.048 1260 1527. 0.015 0.010 0.0110 732 0.004557 1766
6 0.012 1.100 9.149 1260 1519. . 0.015 0.010 0.0140 654 0.005800 1577
91X1060HT 14 DCTL DPGA 432 1 0.02 1.628 1.628 1325 1498. 0.015 0.016  0.0040 407 0.001657 983
2 0.016 1.308 2.937 1325 1486. 0.015 0.010 0.0080 367 0.003314 886
3 0.016 1.293 4.230 1350 1502. 0.015 0.010 0.0080 529 0.003314 1276
4 0.014 1.144 5.375 1350 1492. 0.015 0.010  0.0080 672 0.003314 1622
5 0.015 1.227 6.602 1375 1508. 0.015 0.010 0.0090 734 0.003729 1770
6 0.014 1.101 7.703 1375 1498. 0.015 0.010 0.0130 593 0.005386 1430
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TEST
LOG REF  MFG  NOM
91X1060HT 6 NORT DNGA
93X3011 8 CARB
91X1060HT 7 DCTL DPGA
91X1060HT 13 DESS

SIZE

433

0.021

432

0.021

PASS
DOUWN
LOG

1 0.006 0.698
0.010 1.103
0.008 0.901
0.009 1.069
0.008 0.869
6 0.009 1.054
7 0.007 0.757
8 0.01 1.065

ACT
boc

MATL
RMVD

AL I N EU AN

1 0.009 0.671
2 0.010 0.729
3 0.009 0.669
4 0.008 0.548
5 0.007 0.478
0.009 0.620
7 0.006 0.413
8 0.008 0.577

o

0.007 0.841
0.007 0.812
0.008 0.933
0.009 1.035
0.006 0.699
6 0.010 1.063
7 0.007 0.791
8 0.01 1.039
9 0.007 0.725
10 0.009 0.930
11 0.010 1.098

Ul W N -

1 0.020
2 0.017
3 0.018 1.812
4 0.016 1.650
5 0.017 1.780
6 0.016 1.612
7 0.016 1.602
8 0.016 1.633
9 0.015 1.493
10 0.016 1.573
11 0.016 1.578
12 0.016 1.529
13 0.015 1.464
14 0.015 1.463

2.049
1.782

CuM

MATL

RMVD
0.698
1.802
2.704
3.774
4.643
5.698
6.455
7.521

6.671
1.400
2.069
2.617
3.096
3.777
4.131
4.708

0.841
1.653
2.586
3.621
4.321
5.385
6.176
7.216
7.942
8.872
9.970

2.049
3.832
5.644
7.295
9.076
10.68
12.29
13.92
15.41
16.99
18.57
20.10
21.56
23.02

950
950
950
950
950

950 877.7
950 873.8

950

935
935
935
935
935
935
935
935
935
935
935

972
972
972
972
972
972
972
972
972
972
972
972
972
972

900.4
895.2
890.1
885.6
881.8

870.1

1379.
1375.
1371.
1367.
1363.
1359.
1354.
1350.
1346.
1342.
1337.

1377.
1368.
1359.
1350.
1346.
1333.
1324.
1316.
1308.
1300.
1291.
1283.

1275."

1267.

27

THEO
boc

| --MEASURED AND CALCULATED DATA---|

FL WR
0.0025
0.003
0.0035
0.0035
0.0040
0.0050
0.0050
0.0080

0.0030
0.0070
0.0085
0.0120
0.0130
0.0130
0.0165
0.0175

0.0030
0.0030
0.0040
0.0045
0.0045
0.0055
0.0055
0.0070
0.0085
0.0085
0.0145

0.0055
0.0080
0.0080
0.0080
0.0080
0.0100
0.0100
0.0100
0.0100

0.01

0.01
0.0120
0.0150
0.0175

in3/in
Tl wr

RAD WR
280 0.000562
601 0.000674
773 0.000787

1078 0.000787

1161 0.000899

1140 0.001124

1291 0.001124
940 0.001799

224 0.000421
200 0.002900
243 0.003521
218 0.004972
238 0.005386
286 0.005386
250 0.006836
269 0.007251

280 0.001243
551 0.001243
647 0.001657
805 0.001864
960 0.001864
979 0.002278
1123 0.002278
1031 0.002900
934 0.003521
1044 0.003521
688 0.006008

373 0.000772
479 0.001124
706 0.001124
912 0.001124
1135 0.001124
1069 0.001405
1229 0.001405
1393 0.001405
1542 0.001405
1699 0.001405
1857 0.001405
1675 0.001686
1438 0.002108
1316 0.002459

in3/in
rd wr

617
1330
1560
1942
2318
2363
2710
2488
2255
2519
1660

2652
3409
5021
6489
8073
7606
8746
9908
10971
12091
13214
11918
10229
9363



91X1060HT

91X1060HT

REF  MFG

9 KENN

12 KENN

NOM

SIZE

0.15

0.021

PASS
DOWN ACT
LOG DOC

1 0.020

CuM
MATL MATL
RMVD RMVD

2.316 2.316

2 0.030 3.454 5.770

3 0.016
4 0.017
5 0.017
6 0.017
7 0,015
8 0.017
9 0.016
10 0.015
11 0.016
12 0.014
13 0.018
14 0.015
15 0.014
16 0.016
17 0.018
18 0.013

1 0.019
2 0.017
3 0.018
4 0.018
5 0.016
6 0.022
7 0.017
8 0.017
9 0.017
10 0.017
11 0.017
12 0.018
13 0.017
14 0.018
15 0.017
16 0.018
17 0.017
18 0.017
19 0.017
20 0.019
21 0.014
22 0.017
23 0.018

1.842 7.613
1.933 9.547
1.949 11.49
1.864 13.36
1.727 15.08
1.843 16.93
1.761 18.69
1.627 20.32
1.715 22.03
1.477 23.51

1.897 25.41.

1.599 27.01
1.547 28.55
1.701 30.26
1.853 32.11
1.384 33.49

1.853 1.853
1.665 3.518
1.740 5.259
1.727 6.986
1.583 8.569
2.107 10.67
1.627 12.30
1.601 13.90
1.619 15.52
1.585 17.11
1.581 18.69
1.614 20.30
1.535 21.84
1.597 23.44
1.498 24.93
1.573 26.51
1.503 28.01
1.499 29.51
1.473 30.98
1.657 32.64
1.200 33.84
1.412 35.25
1.503 36.76

RPM
950
950
950
950
950
950
950
950
950
950
950
950
950
950
950
950
950
950

750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
750
950
950

SFM
1490.
1478.
1466.
1457.
1453.
1440.
1432.

1424,

1415.
1407.
1400.
1392.

1384,

1376.

1368. .
1360.

1352.
1344,

1003.

995.8
988.8
981.6
978.0
972.3
964.4
957.5
950.6
943.7
936.8
929.8

922.8

915.9
908.9
902.0
895.0
888.1

881.3
874.0

867.3
1095.
1081.

28

1

FD RT

|--MEASURED AND CALCULATED DATA---|

0.0040
0.0040
0.0045
0.0055
0.0060
0.0060
0.0060
0.0060

- 0.0060

0.0065

0.008
0.0080
0.0080
0.0080
0.0125
0.0140
0.0145
0.0175

0.0040
0.0040
0.0045
0.0055
0.0060
0.0060
0.0060
0.0060
0.0060
0.006
0.008
0.0080
0.0080
0.0080
0.0100
0.0100
0.0100
0.0115
0.0120
0.0125
'+ 0.0125
0.0140
0.0165

in3/in
fl wr  RAD WR

579 0.000562
1443 0.000562
1692 0.000632
1736 0.000772
1916 0.000843
2227 0.000843
2515 0.000843
2822 0.000843
3116 0.000843
3126 0.000913
2755 0.001124
2939 0.001124
3176 0.001124
3376 0.001124
2285 0.001756
2161 0.001967
2215 0.002037
1914 0.002459

463 0.000562
880 0.000562
1169 0.000632
1270 0.000772
1428 0.000843
1780 0.000843
2051 0.000843
2318 0.000843
2588 0.000843
2852 0.000843
2337 0.001124
2538 0.001124
2730 0.001124
2930 0.001124
3617 0.001405
3774 0.001405
3925 0.001405
3543 0.001616
3518 0.001686
3510 0.001756
3606 0.001756
3321 0.001967
2909 0.002318

in3/in
rd wr



91X1060

REF

MFG

NOM

20 KENN DNMS

SIZE

432

ACT
boC
10.019
2 0.016
3 0.016
4 0.015
5 0.016
6 0.015
7 0.017
8 0.016
9 0.016
10 0.016
11 0.017
12 0.016
13 0.015
14 0.015
15 0.016
16 0.016
17 0.016
18 0.014
19 0.015
20 0.016
21 0.016
22 0.015
23 0.016
24 0.016
25 0.016
26 0.016
27 0.016
28 0.015
29 0.016
30 0.016
31 0.015

CuM

MATL MATL
RMVD RMVD
2.299 2.299
1.859 4.158
1.844 6.003
1.775 7.778
1.912 9.691
1.788 11.47
1.958 13.43
1.814 15.25
1.835 17.08
1.853 18.94
1.937 20.87
1.812 22.69
1.686 24.37
1.677 26.05
1.802 27.85
1.762 29.62
1.687 31.30
-1.567 32.87
1.649 34.52
1.675 36.20
1.708 37.91
1.565 39.47
1.682 41.15
1.681 42.83
1.673 44.51
1.680 46.19
1.623 47.81
1.491 49.30
1.656 50.96
1.629 52.59
1.472 54.06

RPM
840
845
850
855
860
865
870
875
880
885
890
895
900
905
910
915
920
925
930
935
940
945
950
960
965
970
975
980
990
995

1000

SFM

29

| --MEASURED AND CALCULATED DATA---|

0.0030
0.0045
0.0050
0.0050
0.0060
0.0060
0.0060
0.0065
0.0065

0.007

0.007
0.0080
0.0080
0.0085
0.0085
0.0085

" 0.0085
0.0085
0.0085
0.0085
0.0085
0.0050
0.0050
0.0090
0.0090
0.0100
0.0100
0.0120
0.0120
0.0120
0.0130

in3/in
fl wr

RAD WR
766 0.000674
924 0.001012

1201 0.001124

1556 0.001124

1615 0.001349

1913 0.001349

2240 0.001349

2347 0.001462

2629 0.001462

2706 0.001574

2983 0.001574

2836 0.001799

3047 0.001799

3065 0.001912

3277 0.001912

3485 0.001912

3683 0.001912

3868 0.001912

4062 0.001912

4259 0.001912

4460 0.001912

4386 0.002024

4573 0.002024

4760 0.002024

4946 0.002024

4619 0.002249

4782 0.002249

4109 0.002699

4247 0.002699

4383 0.002699

4159 0.002924

in3/in
rd wr



91X1060

REF

MFG

NOM

21 DCTL DPGA

SIZE

432

PASS
DOWN
LOG

ACT
poC

1 0.016 1.574
2 0.017 1.667
3 0.016 1.572
4 0.017 1.613
5 0.017 1.591
6 0.015 1.471
7 0.015 1.432
8 0.016 1.496
9 0.017 1.577
16 0.017 1.557
11 0.016 1.513
12 0.016 1.466
13 0.016 1.449
14 0.016 1.493
15 0.017 1.559
16 0.016 1.435
17 0.017 1.476
18 0.016 1.375
19 0.016 1.412
20 0.015 1.312
21 0.016 1.362
22 0.016 1.343
23 0.015 1.315
24 0.016 1.316
25 0.017 1.443
26 0.017 1.375
27 0.017 1.403
28 0.015 1.247
29 0.016 1.333
30,0.017 1.353
31 0.016 1.29
32 0.017 1.315
33 0.016 1.249
34 0.02 2.306
35 0.016 1.840
36 0.017 1.959
37 0.016 1.917
38 0.016 1.828
39 0.016 1.805
40 0.016 1.868
41 0.016 1.809
42 0.015 1.720
43 0.016 1.848
44 0.017 1.877
45 0.015 1.714
46 0.015 1.705
47 0.017 1.827
48 0.016 1.708
49 0.015 1.686
50 0.017 1.799
51 0.016 1.750
52 0.016 1.665
52 0.016 1.657
54 0.015 1.548
55 0.015 1.627
56 0.016 1.642
57 0.016 1.658
58 0.014 1.484
59 0.014 1.476

MATL
RMVD

CuM
MATL
RMVD
1.574
3.241
4.814
6.427
8.019
9.490
10.92
12.41
13.99
15.55
17.06
18.53
19.98
1 21.47
23.03
24.47
25.94
27.32
28.73
30.04
31.41
32.75
34.07
35.38
36.83
38.20
39.60
40.85
42.19
43.54
44.83
46.15
47.40
49.71
51.55
53.50
55.42
57.25
59.06
60.92
62.73
64 .45
66.30
68.18
69.90
71.60
73.43
75.14
76.82
78.62
80.38
82.04
83.70
85.25
86.87
88.52
90.18
91.66
93.14

RPH
1010
1015
1020
1030
1035
1040
1050
1055
1060
1070
1080
1085
1095
1100
1110
1115
1125
1135
1140
1150
1155
1165
1175
1185
1190
1200
1215
1225
1230
1240
1250
1260
1270
840
845
850
855
860
865
870
875
880
885
890
900
900
905
910
915
925
930
935
940
945
950
955
960
965
970

SFM

|--MEASURED AND CALCULATED DATA---|

FL WR
0.0030
0.0045
0.0045
0.0045
0.0045
0.0050
0.0050
0.0055
0.0055
0.0055
0.0055
0.0055
0.0060
0.0060
0.0060
0.0060
0.0060
0.0060
0.0060
0.0060
0.0060
0.0060
0.0060
0.0060
0.0065
0.0065
0.0065

' 0.0065

0.0065
0.0065
0.0065
0.0070
0.0070
0.0070
0.0070
0.0070
0.0070
0.0070
0.0080
0.0080
0.0080
0.0080
0.0080
0.0080
0.0085
0.0085
0.0085
0.0085
0.0085
0.0085
0.0090
0.0090
0.0090
0.00%0
0.0090
0.0090
0.00%0
0.0090
0.0090

. 1070

" 1782

in3/in
fl wr

RAD WR
0.001243
0.001864
0.001864
1428 0.001864
0.001864
0.002071
0.002071
0.002278
0.002278
0.002278
0.002278
0.002278
0.002486
0.002486
0.002486
0.002486
0.002486
0.002486
0.002486
0.002486
0.002486
0.002486
0.002486
0.002486
0.002693
0.002693
0.002693
0.002693
0.002693
0.002693
0.002693
0.002900
0.002900
0.002900
0.002900
0.002900
0.002900
0.002900
0.003314
7616 0.003314
7842 0.003314
8057 0.003314
8289 0.003314
8523 0.003314
8224 0.003521
8424 0.003521
8639 0.003521
8840 0.003521
9039 0.003521
9251 0.003521
8931 0.003729
9116 0.003729
9300 0.003729
9473 0.003729
9653 0.003729
9836 0.003729
10020 0.003729
10185 0.003729
10349 0.003729

- 525
720

1898
2185
2258
2545
2828
3103
3370
3331
3580
3839
4079
4325
4554
4789
5008
5235
5459
5678
5898
5666
5878
6094
6286
6491
6699
6898
6594
6772
7101
7364
7644
7918
8179
7383

in3/in
rd wr
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FIGURE 16
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within 20% of the maximum value. This has been done because there is variability in the
tools and their performance and specific radial wear values in this range may not be
statistically different. Note that in the column for the first cut there are two extremely high
values which have been neglected. These numbers were obtained by taking cuts that were
0.030" deep (therefore removing three times as much stock per pass) to test the durability
of the tool and to provide some indication of the ability to extrapolate data to more
aggressive cuts. '

The highlighted values indicate a PCD tool which has shown superior performance in testing
on alumina loaded rotors. This ranking is based on removal of larger amounts of stock for
less tool wear. This tool is the Sumitoma DNMX 433. The tool has a positive cutting rake
angle of 10° and clearance angles of 5° primary and 10° secondary clearance. It is the
opinion of the investigator that the superiority of this tool is due to the (almost) unique
geometry and that if the geometry were duplicated by other manufacturers similar results
could be obtained. The Valenite tool which was modified in house to provide clearance
(REF #28) offers much promise. '

Two silicon nitride tools are shown on Figure 17. These are identified as REFs #73 and
#74. 1t is convenient to include these tools in this spreadsheet for comparison purposes.
They are also included in Figure 18, the silicon nitride tool spreadsheet. - In the case of the
uncoated Greenleaf SiN tool (REF #74), no data is presented for passes 5 t0 9. It is felt by
the tester that data taken for these passes was read to the bottom of a chip in the cutting edge
of the tool. This error was noted and readings to the bottom of the wear land was resumed
on the tenth pass and subsequent passes.

Additionally, six other silicon nitride tools were tested against the rotors and data is shown
on Figure 18. Since the spreadsheet has the same layout as the rotor data base, Appendix
3 can be used as an explanation of the column headings. The performance of the silicon
nitride tools is not equivalent to the- PCD diamond tools in the early passes, but becomes
comparable after multiple passes across the rotor. It should be noted that the tool listed as
REF #80 was used dry and actually shows better performance than a tool used with coolant
applied (REF #79). This should be expected since most vendors advocate the use of
ceramic tools without coolant. It should be noted that tools REFs #79 and #80 were used
on the inboard surface of the rotor and were subjected to a greater amount of material
removed per pass than tools used on the outboard surface of the rotor.

Very preliminary tests of tools fabricated from Lanxide Gemini material show that they are
comparable to Greenleaf tools. The effect of low temperature plasma sprayed diamond
coating seems negligible. In the test of tool REF #78, the diamond coating flaked away -
after the first pass across the rotor, but the tool continued to perform well.
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TOLBASY=-do KO calculations on this database saved a5 val ’ Jeseeccccs PASSES ACROSS ROTOR wevesencd>> 4 cm

ROTOR DATA SASE flat width cateulations celeed. SoRyEs by o SPEED, SIZE, MOM, KOKOR 1 2 3 4 5 6 7 " 8 9. ° - 12 B %
HOLOR TOOL  TOOK, iS/in  in37in  in3/in  i3/in  id/in  imd/in  ind/in id/in  is3/in idfin  idfin indfin  in3/in ied/ic
REF TOOL HFG NOH  SIZE CLEAR CLEAR RAXE SFM  FD RT Doc rdwr  prdur prdwr rdwr rdwr pdwe rdwr rdwr o rdwr dwr o rdwe rdwr rdwr pdwr
2 ACOJ ONGA 432 ACCU DHGA 432 33 0 1000 0.015 0.010 &9 72 989 1079 .
1 DCTL DHGA 432 DCTL DNGA 432 13 0 1000 0.015 0010 &9 M B7 989
5 NORT DPGA 432 KRT DPGA 432 13 11 1000 0,015 0.010 &% 920 205 107 1150 1268 136 1288
4 WORT DPGA 432 ¥RT DPCA 432 13 11 1000 0.015 0010 85 205 &8 90 B8 S5 %
3 VALK DNG{ 432 VALY NG 432 13 o 100 0015 0010 &8 M8 17 1079
& CES DONT 433 GE15 DONT 433 43 7 1000 0.015 0.010 &8 775 B0 Ses i3 izs
7 CE15 DONT 433 GEi5 poT L33 13 7 100 0015 0010 S53 &5 &0 911 %8
s KORY DUGA 433 o KRl pucA 433 3 oo 1000 0.015 0010 593 698 809
JKTL DHGA 0 1000  0.015  0.010
68 M DRX K33 SMI DRX 4D S 10 f00 002 o001 [wn] [isor] [l (Ziw] . . @ G GO @D
10°SOHT Dlogk 433 Ml ol 433 438 1000 0.015 0,010 815 o7& 993 1012
14 ACOJ DKCA 432 AU DHGA 32 13 0 150 0015 0.010 S93 593
BEMAS HE E RN B 8 F m owmoa o= o= o @
CTL DK 0 . 1
74 CRL TPON 432 LNCOATGRNL TPGH 432 0 31 0 1250 0.015 0.1 572 858 108 1017 (zs2] @ @ 2%
DOV IPGI A2 CATGRAL TPO! 432 0 1 0 12350 0.015 0.0 312 S8 7% 915 118 1m3  p@ 130
72 KERY DiotS 432 DIES 432" 6.5 0 15 1250 0.015  0.01 S8 ga2 982 1072 1 1283 1088
70 ke DS 433 KD100 KO DO 35 65 0 15 130 0.015 001 380 561 &2
32 KEW DIoAS 432 KEKN DHHS 432 13 0 1250 0,015 VAR .
18 KEWY DMKS 432 KEWH OMMS 432 13 0 150 0.015 0,010 72 593
33 xE 0M4S 432 KEWH DiXS 32 15 0 150 0.015 0.0  S39 &5 6% &9 6%
69 NORT DPCA 432 DTIOXNORY DPGA 432 0 10 0 1250  0.005  0.01 45k . FA3 s TI0NF TTUIIETTUTRaNRTTTiIZe Ui
* £3 KRy OPCA L32 OTIDUNORT DPGA 432 65 11 0 30 0015 0.01 383 8% S &0 T8 817 &7
30 KORT DPGA 432 KRT DPGA 432 13 1 130 0015 0010 537 4% &% 716 &5 5
19 VGRY 0bCA 35 MRT DPGA 432 13 11 1250 0015 0010 &5 &5 £5 158 &5 &
16 1U4G ONCG 432 TIC2 TG OHGG &322 13 1250 0015 0.010 185
15 TING DNCG 432 TIC TIWG ONGG 432 13 1250 0.015  0.010 247
TIUNGDOIA L32 180 TWNG COA 432 13 o0 150 0.015 0.010 4% 8 989 1079
12 JUMG DOJA 432 140 TUNG DOJS K32 13 0 130 0015° 0,010 76 B8 ge9
62 TG DNIA 432 140 TLNG DNJA 432 6.5 0 0 1250 0.015 0.0 s 76
61 Tig OWA G210 TG DA 432 &5 0 0 120 o003 0.0 B o2
VAL X G @32 08 im0 eois oot Lisrd Giig) G T Hib
37 vain oFeh 433 2 VALY DAGY 432 65 S 11 120 0.015  0.01 222
71 VAN DHG{ 432 YMN DHGY 432 65 0 11 156 0.015 0.0 75 18l 163 S0 &
SO VALK DNGY 432 1 VALK ONGH 432 6,5 0 i1 150 0015 0.01 @1 & .
17 VAU DX 432 VAL ONG{  &32 13 0 130 0.015 0.010 593 913 762
38°DCTL DPCA 433 OCIL DPGA 433 6.5 11 0 1250  0.015  0.01 1089 726 817 8T 990 i0aw o NTTTInsTTTTIETTTTURNTTTUi .
ZBCEOOTLIZb  CEIS poaT 433 0 7 1350 0,015  0.03 905 1208 1482 1672 812 1976 2% 2R
7CES DN 433a  CE1S DONT 433 0 7 1250 0,015  0.01 &9 1019 1208 1359
39 CE15 DOMT 433 CE15 DOMT 433 65 7 0 150 0.015  0.01 s&7 811 251 96 1091 135 18 1031
21 JHIL DNGA 433 JATL DNGA £33 13 @ 130 0.015 0.010 593 &8 167 1187
26 JHTL DN 433°CBN JNIL DWW 433 33 1250 0,015 0.010 247
23, XEX{ DHGA 433 XENN DHGA &33 13 0 1250 0.015 0.010 T2 3.3 890
&0’ NGRT DNGA 433 OTIOKRT DHGA 433 65 0 0 130 o015 G.01 s 2
22 MORT DNGA NRT DNGA £33 13 0 1250 0,015 0.010 553 593
31 5041 ovet 633 SME omx 433 0 5 10 150 0.015 VAR
25'SINI Dhaex 433 SHL Dl 4330 5 10 150 0015 0.01 0 (7w | 190 i9ea | zoor | |zl | zar] [zeer [zl
35 K] D £33 Ml oM 433 5 10130 0015 0.03 329
& S DI 433 Ml pmx 433 65 5 10 1250  0.015  0.01 &7 &4 1000 1M1 182 1M1 16T 953 .
34 MY DX 433 axp owx 433 13 5 10 1250 0.015  0.05 2151
25 M DR 433 oMl owee 433 13 5 10 12350 0,015 0.010 S8 280 92 956 . . .
42 ACCU DHGA 432 Ay DMCA 432 13 0 1500 0.020 0.010 539 742
46 KEWW DNMS 432XDI00 KEWN DHMS 432 13 0 1500 0.020 0.010 593 &98 -22.1
47 KEWN DIS 43260100 KENW OMMS 432 13 O 0. 010 595 &8 £%0
45 HORY DKCA 432 DTIOOLKORT OKGA 432 6,5 O 0 1500  0.02  6.0% 5% mr 707
45 KORT DPCA 432 OO KORT OPGA 432 13 91 1500 0,020 0.010 537 g5 205 &9 &8

“Ti3'TinG ONCh 4327160 TtwG DRGA 432 13

0 1500 0.020 0.010 539 742 &90
46 TLNG DHGA 432 140 MG ONGA 432 13 0 1500 0.020 0.010 494 593
47 TG DNJA 432 160 TLNG DONJA 432 13 0 1500 0.020  0.010 539 742 %
40 TULMG DNJA 432 160  TUNG DOKJA 432 13 0 1500 0.020 0,010 593 659
" 45 VALM DXCH 432 VALK DHGY 432 13 ] 1500 0.020 0.010 L4 %2 98y 1079
49 CEIS I;.D'ﬂ 433 2 CEIS OOMT £33 13 7 1500 0.020 0.010 (323 [ &390 ) 968
S0 CEIS DOHT 433 #1 CEI5 DOMT 433 13 7 1500 0.020 0.010 553 775 230 968 1019 1656
55 JHIL DNCK 433 JHTIL DNGA 433 13 0 1500 0.020  0.010 593 913 937 1032
52 KEWN DHGA 433xD100 KEKH DNGA 433 13. 0 1500 0.020 0.010 593 659
51 KEWH DNGA 433xD100 KEWN DNGA 433 13 0 1500 .020  0.010 &% 65 809
53 NORT D)'IM 433 €D KORT ONGA 433 13 0 1500 0.020  0.010 @ ﬁ - el
67 SUMI DNKX 433 DAISO SNl DRMX 433 0 5 10 1500 0.02 0.01 1695 ’@ l 238 l Llim.l Lﬁ.’iZ] LZZ?L .@ (::::) .@
&5 SIMI DRKX 433 MO SIMI DX 433 6.5 9 10 1500 0.02 0.01 673 ? T 870 959 (3
54 ML DX 433 SHl DX 433 13 S 1500 0.020  0.010 538 71 922 850 1076 ns 1205
58 CE1S DOMT 433 21 CEY15 DOMT 433 13 7 1800 0.015  0.010 484 596 6 815 80 58
57 NORY DPCA 432 OTR  KORT OPGA 432 13 n 1800 0.025 0.010
56 TUNG DHCA 432 140 TUHG OHGA 432 13 0 1800 0.03¢  0.010
59 CEI5 DOMT 433 CEI5 DT 433 13 7 3293 0.015  90.010 387 556 s 251 48 930
HAX => 3259 2110 29 47 582 i 210 3051 2260 Far K7 A3 2
FIGURE 17
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INVENTIONS MADE OR REPORTED

No inventions related to this project were made or reported during the time work was being
performed on this CRADA. ,
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Lanxide and Lockheed Martin entered into the CRADA for the purpose of obtaining data
on the machining of hard alloys. Without this data, Lanxide's product is harder to sell to
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PLANS FOR FUTURE COLLABORATION

There are no further plans for future collaboration between Lanxide Corporation and
Lockheed Martin concerning this project.
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CONCLUSIONS/RECOMMENDATIONS

Based on the work performed, the following conclusions and recommendations are made:

1.

Continued testing of silicon nitride tools could be fruitful. Tools from other
vendors should be evaluated, as there are several varieties of silicon nitride
available. Silicon nitride tools should be tried on silicon carbide loaded material.

Tests should be conducted using silicon nitride tools without coolant on both
materials. It is a common recommendation from tool vendors that the tools be
used dry to avoid thermal shock. A single trial run without coolant on the alumina
loaded material shows promising results

~ Silicon nitride tools offer almost a 7:1 cost advantage over polycrystalline diamond

tools for cutting alumina loaded MMCs, if replacement time costs are neglected.
It is possible that silicon nitride tool will offer an advantage is this area also.

The effect of diamond coating on silicon nitride tools appears to be very small.
In most tests, the diamond coating was worn/flaked away during the first pass
across the rotor. The bare substrate continued to cut

If polycrystalline diamond tools are selected as the tool of choice, then a tool
having clearance and a net positive cutting rake should be used. The Sumitoma
DNMX 432 tool is typical of this design.

Polycrystalline diamond tools should be run in the 1000 SFM to 1500 SFM cutting
speed range. Moderate feeds and depths of cut should be employed. Metal
removal rates of 2.2 in’ per minute of alumina loaded MMC material were
obtained during the tests using light feed rates and depths of cut.

Cutting conditions should beoptimized for either or both the polycrystalline
diamond and the silicon nitride tools on both materials. This was partially
included as Phase III of the cooperative research and development agreement
(CRADA). :

Replication of results on the optimum cutting condition should be performed on

both materials at Lanxide. Differences in machine tool type, slide stiffness, setup
rigidity, etc. may cause serious discrepancies between the two sites.
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ANSI
CRADA
CvVDh
DOE
DpP

EE
MMC
PCD |

PMID

SFM

ACRONYMS

American National Standards Institute
Cooperative Research and Development Agreement
Continuous Vapor Deposition

Department of Energy

Defense Programs

Energy Efficient

Metal Matrix Compositgs

Polycrystalline Diamond

Tool Position for Starting the Part Program
Revolutions per Minute

Surface Feet per Minute
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APPENDIX 1

The following drawings are tools which are referenced in the report which do not
conform to the ANSI specification for tool nomenclature.

Appendix 1.1
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APPENDIX 2

The following is an explanation of the columns in Figure 14, the spreadsheet for
silicon carbide reinforced material. For further information about the spreadsheet, see
the appropriate text.

Column 1, labeled TEST LOG is the identification of the test log on which the tool
was used. This is Lanxide's code for the test logs.

Column 2, labeled REF is an identifier that is unique for each testing run. Reference
to a REF number should point to a unique log/tool/speed/feed/depth combination.
Each REF number should appear once and only once in the spreadsheet.

Column 3 is a coded list of the manufacturer of the tool. The column is headed MEG.

Column 4 is the ANSI designator for the geometry of the tool. The column is labeled
NOM. If no entry appears in this column, the tool does not conform to the ANSI
spec1ﬁcat10n An Energy Systems drawing for the tool can usually be found in
Appendix 1. In some cases, the tool does not'conform to the ANSI specification and
no drawing of the tool does not exist. These tools are usually ground to the
specification of the individual running the test.

Column 5 describes the size of the tool. Designators of the form XXX conform to the
ANSI specification. The first digit indicates the size of the insert, the second digit
indicates the thickness, and the third digit is a code for the radius of the tool.

Designators of the form 0.XX or 0.XXX are the radius of the tool.

Column 6, PASS DOWN LOG indicates the number of a 6 inch cuts taken on the log.
The cutting conditions and the measured data taken after the cut are listed in the
following columns.

Column 7, ACT DOC, lists the actual depth of cut obtained by measuring the diameter
of the log before and after the cutting sequence. Differences from the intended depth
of cut ( either 0.010" or 0.020" ) are due to set up inaccuracy and other non-
controllable factors.

Column 8, MATL RMVD is the amount of material that was removed by a specific
straight turning pass down the log. It is a function of the diameter of the log before
the cut, the actual depth of cut, and the 6 inch length of cut. An example of the
calculation which produces this column is included in the text.
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Column 9, CUM MATL RMVD is the cumulative amount of stock that has been
removed by the cutting test. This number is obtained by summing the material
removed for all cuts on the tool being tested up to the cutting pass of interest. This
number is used for calculating specific flank wear and specific radial wear.

Column 10 Iists the lathe spiﬁdie revolutions per 'minute, RPM.

Column 11 lists the cutting speed in surface feet per minute based on the size of the
log and the spindle RPM. The column is labeled SFM.

Column 12, FD RT, lists the feed rate used during the test in inches per revolutioﬁ.
Column 13, THEO DOC lists the theoretical depth of cut.

Column 14, FL WR, is a tabulation of the flank wear at the end of each pass down the
part. The units of the column is inches. This is the basic measurement made. Other
parameters are calculated from this observation.

Column 15, in*/in fl wr, is the specific flank wear, or the amount of material that can
be removed per unit of flank wear.

Column 16, RAD WR, is the radial wear corresponding to the measured flank wear.
Calculation of this column is dependent on knowledge about the tool orientation

(holder rake, cutting surface rake, tool relief, etc.).

Column 17, in®/in rd wr, is the specific radial wear, or the amount of material that can
be removed per unit of radial wear.
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APPENDIX 3

The following is an explanation of the columns in Figure 17 and Figure 18. For
further information about the spreadsheets, see the appropriate text.

Column 1 contains an identifier that is unique for each testing run and is labeled REF.
Pointers to a REF number should point to a unique tool/speed/feed/depth/rake/clear
combination. Each REF number should appear once and only once in the chart.

Column 2 Jabeled TOOL is four fields wide and contains an identifier for the tool
being used in the run. This is the nomenclature that can be used to specify the major
geometry of the tool.

Columns 3, 4 & 5 are a breakdown of Column 2 that allows sorting on the various
fields in the identifier.

Column 6 lists the rake angle of the tool holder that was used in the particular testing
run.

Column 7 is a listing of the clearance angle of the tool being tested. Columns 6 & 7
play major roles in determining the radial wear from the measured flank wear.

Column 8 is a listing of the rake angle on the cutting surface of the tool. Radial wear
has not been corrected for this factor.

Column 9 lists the cutting speed at which the test run was conducted. The spreadsheet
has been sorted on this parameter.

Column 10 lists the feed rate that was used for the test run.

Column 11 is a listing of the depth of cut at which the test run was made. Notice that
the entry 'VARY' appears in two runs of Figure 17, but no data is listed for those
runs. In the conduct of those two runs, machine malfunctions occurred and the depth
of cut was variable. Due to the unreliability of those runs, no data are listed.

The following 14 columns (25 columns for Figure 18) are the specific radial wear
values after the number of runs listed at the top of the column. Specific radial wear
is calculated by dividing the amount of material removed by the radial wear exhibited
by the tool. Since it is desired to have large amounts of stock removed for very little
tool wear, a large number is desirable in this column. A list of the maximum values
found in each column is found in the bottom line of the spreadsheet. By finding the
matching number (by searching upwards in the same column), the best tool for a
particular number of passes can be found. Do not use the maximum number found in
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the column for the first pass. Two runs were made at three times the normal depth of
cut to test the durability of the tool; therefore, these two runs (REFs #34 & #35)
should have high specific radial wear values. The fact that the numbers are
proportional indicates that even though the higher depth of cut is possible, higher tool
wear rates will also be present.

Appendix 3.2




APPENDIX 4

Attached are the raw data sheets which were generated at the testing site by the
technicians, machinists, and engineers responsible for running the tests.

Much of the data presented appears cryptic to an outsider who is not familiar with tool
testing. Redundancies are present in the data and sometimes appear to conflict.
Discussions with the testing personnel should be instituted before using the data for
further calculations or conclusions.
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