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Prepared by L. K. Gillespie, D/822.

A study to determine how tool geometry and workpiece material can
be selected to produce low cutting forces, small fillet radii,
smooth surface finishes, and burr-free edges required for the
production of reliable miniature precision parts has indicated
that tool geometries typically specified for general machining
applications produce optimum results. Surface finishes of 0.56
to 1.07 um AA (22 to 40 microinches) can be produced while
maintaining 76.2-uym (0.003 inch) fillet radii in ferrous and
beryllium-copper alloys. Tool life is extremely short when
fillet radii less than 76.2 um must be maintained. Materials
having high strain-hardening exponents produce large burrs.
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SUMMARY

Component parts of small mechanisms often require surface finishes
of 0.406 to 0.812 um (16 to 32 microinches), nearly sharp edges,
and very small fillet radii. In addition, edges generally must

be free of burrs to assure reliable operation of the mechanism.

Because of the importance of knowing before machining is begun
how workpiece material and tool geometry will affect such vari-
ables as surface finish, fillet radius, burr size, and cutting
forces, this study was directed toward determining the machina-
bility of materials that commonly are used in the production of
miniature precision components. Optimum machinability was
defined in terms of the variables studied.

A second goal of the study was to develop equations which would
predict optimum tool geometries from a knowledge of workpiece
properties.

For the evaluation of five tool-geometry variables, more than
4000 measurements were made on more than 500 test samples from
six different materials. In addition, the influence of the
depth-of-cut and the number of specimens machined also was
studied.

Surface finishes of 0.56 to 1.07 um AA (22 to 42 microinches)

can be produced while maintaining 76.2-um (0.003 inch) fillet
radii. Tool life is extremely short when maximum fillet radii

of 50.8 uym (0.002 inch) are required. Burr height and burr
thickness were found to increase as the strain-hardening exponent
of the workpiece becomes greater. Low feedrates were found to
inerease the unit cutting power up to three times that which
normally is experienced.

Optimum tool geometries that were observed in this study proved
to be similar to those that are recommended in machining handbooks

for general use.
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DISCUSSION

SCOPE AND PURPOSE
This studylwas initiated with the following three objectives:

) To determine which materials that are common to parts pro-
duced at Bendix Kansas City are easily machinable, where-
machinability is based on miniature-precision-part criteria;

o To develop equations which will relate machinability and tool
design to the properties of the materials; and

° Insofar as possible, to rank the materials by dimensional
stability.

The described tests were made to provide quantitative comparisons
of machinability and to develop equations for predicting optimum
cutting-tool geometry from a knowledge of workpiece properties.

PRIOR WORK

A previous report has been prepared on this subject,! and a
related study of carbide cutting-tool materials also has been
reported. The latter study, however, is not directly applicable
to miniature parts because of the large tool-nose radii used.

ACTIVITY

In the production of miniature precision mechanisms, the machina-
bility of the workpiece material determines the. sequence of
manufacturing operations, the machining time, and the tool design.
Although machinability ratings have been established for ''roughing"
conditions, neither quantitative nor qualitative ratings have

been established for the conditions required for machining minia-
ture precision parts. In many instances, a material different

from that originally conceived.is used for components in order

to minimize fabrication costs. In making such substitutioms, a
knowledge of -the significance of the changes is of extreme impor-

tance.

Whenever new materials are specified for precision parts, manu-
facturing plants spend a considerable amount of time -in developing
optimum cutting-tool geometries. A trial-and-error "approach to

the development of tool geometry can noticeably increase the lead
time required to manufacture the first group of parts. The develop-
ment of equations to predict optimum tool geometry from a knowledge

~
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of workpiece mechanical properties would minimize much of this
initial experimentation.

While machinability has been defined many different ways,3:"* the

following equation usually is used for comparing the machinability
of different materials.

(1)

A of the material being tested
_ t20
I =100 v )

£20 of the standard material

where
I = the machinability rating or index, and

Vv = the cutting velocity which provides a 20-minute tool life.

t20
AISI B1112 is the standard reference material that is used most
often. In most cases, tool life is defined as the cutting time
required to produce a wearland of a given size on the tool.
Different wearland end-points are chosen for different cutting-
tool materials and different types of operations.?

While definitions of machinability such as these are good rela-

tive measures for general machining operations, they are constructed
for a fixed set of machining conditions (tool-nose radius, depth-of-
cut, feedrate, etc). For use over a wide range of conditions,
however, data must be obtained for a number of different combina-
tions. ‘This is one reason why extensive tables of recommendations
such as those found in the Machining Data Handbook® are more
useful to the manufacturing engineer than a single rating. In-
using any of these approaches, however, the fact should be realized
that the data published to date pertain to reasonably large stock.
The conditions shown in Table 1, for example, approximate the
conditions that are used most often to produce the indicated
results. Typical requirements for  turned miniature precision

parts are shown in Table 2.

Requirements such as-the 76.2-um (0.003 inch) maximum fillet

radius necessitate the use of turning tools having nose radii

of 76.2 um, or smaller. Achieving the indicated surface finish
with such a sharp-nosed tool requires slowing feedrates to -less
than 12.7 um/revolution (0.0005 ipr). The close dimensional
tolerance necessitates frequent tool adjustment and the maintenance
of low cutting forces (since large forces will bend small shafts
and cause taper). Burr size must be minimized in order to utilize
deburring processes that will not adversely affect dimensions while
removing ‘the burrs. Most processes will remove burrs that are
thinner than 25.4 um (0.001 inch) without removing more than

5.08 um (0.0002 inch) from a diameter or exceeding an edge break

16



Table 1. Conditions Typically Used to Generate
Machinability Data for Lathe Operations

Machining
Condition Value
Feedrate 76.2 to 254 um/revolution. (0.003 to 0.010 ipr)

Nose Radius 0.76 mm (0.030 inch)
Depth-0f-Cut 0.38 to 1.25 mm' " (0.015 to 0.050 inch)

Table 2. Typical Requirements for Turned Miniature Precision

Parts
Requirement Value
Surface Finish 0.20 to 0.41 um (8 to 16 microinches)
Tolerances N +5,08 um (:0.0002 inch)
Maximum Fillet Radii 76.2 um (0.003 inch)
Minimum Burr Size 25.4 um (0.001 inch) or less

Maximum Edge Breaks -~ 76.2 um (0.003 inch)

of 76.2 um (0.003 inch). This is particularly  important for
extremely small pins.” For example, pins having a diameter of

0.5 mm (0.020 inch) are very difficult to deburr without excessive
stock losses when the burrs to be removed range up to 76.2 um

in thickness,

Figure 1 illustrates the need. for maintaining a’ small fillet
radius on a typical miniature part.. As shown, thin working parts
must have nearly sharp edges to provide sufficient bearing area.
A.0.5-mm-wide (0.020 inch) pawl having a 127-um (0.005 inch)

edge radius on both sides would result in a contact-surface width
of only 254 um (0.010 inch) with the mating part; a 50.8-um
(0.002 inch) radius on each side of the pawl would provide a
60-percent increase in the bearing surface.

"The fillet radius on a part must be smaller than the edge radius

on the mating part to assure a flush fit. With laser-welded or
electron-beam-welded joints, large radii reduce the amount of
metal that is available to fill the weld joint. '

17



50.8 um (0.002 INCH)
MAXIMUM FILLET RADIUS

Figure 1. Illustration Showing the Need for
Maintaining a Small Fillet Radius
to Provide a Precision TI'it of Mating
Parts

The need for 90-degree shoulders, when combined with the need for
tools having small nose radii, necessitates the use of negative
side-cutting edge angles (SCEA) in order to both turn and face
the part. (A negative side-cutting edge angle indicates that the
point of the tool leads the cutting edge; although there is no
industry standard for describing this angle under these condi-
tions, the use of a negative sign is compatible with the
designation used for rake angles.) - The negative SCEA results in.
a very weak tool nose (Figure 2) which may be easily chipped and
gquickly worn away. These conditions, in turn, greatly affect

the part dimensions.

From the examples given, the inadequacy of conventional approaches
for assessing the machinability of the types of parts described
can be readily seen.  Because of piece-part requirements, defining
tool life as the total amount of cutting time accumulated before
the occurrence of a given crater wear is no longer sufficient.
(Test results indicate that crater wear cannot be correlated to
any of the piece-part requirements shown in Table 2.) From a
production standpoint, the end of tool life is the point at which
any one of the first four items listed in Table 2 exceeds the
required tolerance value shown.

Unfortunately, in any test, machinability is also a function of
the tool geometry used. Thus in order for the test results to
be meaningful, they must be based on the tool geometry that
typically is used, or on the optimum geometry. Because this
factor varies with different workpiece materials, another vari-
able must be included in the machinability results.

18
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NEGATIVE SCEA

CONVENTIONAL TURNING TOOL:

’

—

y
>

POSI1TIVE SCEA

FACE-AND-TURN TOOL

Figure 2. Comparison - .
Between
Conventional
Turning Tool. and
Face-And-Turn
Tool

Test Approaches

Two distinct tests were performed during this study. In the
first test, the change in the fillet radius was monitored as a
function of the length of material cut. These results were
compared with results that had been. previously reported. In the
second test, 13 dependent variables were recorded. for turning
cuts in 6 materials using 16 tool-geometry and depth-of-cut
combinations. An analysis of variance was. performed to deter-
mine which cutting parameters influenced each of the dependent
variables. The effectiveness of each condition was ranked by
variable, and the typically best geometries were noted.

19.




Regression analyses then were performed to relate independent

and dependent variables. Equations for predicting optimum tool
geometries as functions of workpiece properties were generated by
regression analysis. Optimum conditions were defined as minimum
burr, minimum wear, minimum forces, etc.

Fillet-Radius Test

In the test of fillet radius produced by sharp tools, a 12.7-mm-
long by 127-ym-wide (0.5- by 0.005-inch) cut was made on

87 specimens. The material consisted of 3.175-mm-diameter
(0.125-inch) 17-4PH stainless steel in the H900 condition. The
material was machined at a speed of 1100 rpm (187.96 mm/s or

37 sfpm) and a feedrate of 0.425 mm/s (1.625 ipm). - The metal-
removal rate for these conditions was 273 mm3/s (0.003 in.3/min).

The tool geometry consisted of a 5-degree back rake (BR) and end
relief (ERf), a 10-degree side rake (SR), a 7-degree end-cutting
edge angle (ECEA) and side relief (SRf), and a -2-degree side-
cutting edge angle (SCEA). The tool was ground. from cobalt
high-speed steel (HSS) (manufactured by the Cleveland Twist
Drill Company, List No. 855 Mo-Max). A sulfur-base coolant was
brushed on during the cut, and two tools were used to provide a
measure of repeatability. Fillet radii were measured by the use
of an optical comparator.

The results of these tests (Figures 3, 4 and 5) indicate that tool

life is from approximately 508 to 635 mm (20 to 25 inches) of

cut under the conditions described. These figures roughly repre-
sent 25 to 50 piece parts. Although the fillet radius did not ‘
exceed 50.8 um (0.0020 inch) for the conditions studied, the
trend indicates that some additional wear can be expected with
little additional cutting.

In most production situations, a tool life which corresponds to
a 60-minute cutting-time is considered desirable for HSS ‘tools.
In this test, the effective life was only one-fourth of that
amount. In addition to necessitating the use of low feedrates,
the 50.8-pym (0.002 inch) maximum-fillet-radii requirement
obviously increases the tool-change frequency and ‘thus further
decreases productivity. ‘

Previously reported results using C7-solid-carbide inserts, a
O-degree BR, a 6-degree SR, a S5-degree ERf and ECEA, and a
-8-degree SCEA are similar in their order of‘magn‘itude.7 Fillet
radii increased to 50.8 um (0.002 inch) after only 254 mm

(10 inches) of cut when 12.7-mm-diameter (0.5 inch) specimens
were cut at a speed of 925 rpm and a feedrate of 2.98 mm/s
(0.007 ipr). The fact should be noted that, under the latter
conditions, fillet radii of 50.8 um (0.002 inch) were maintained
at this high feedrate for up to 2.54 m (100'inches) of cut.

20
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Figure 3. . Axial Length Traveled Versus Fillet Radii Produced

Tests of Tool-Geometry Effects

Test Approach

Inh this study, six workpiece materials that are common to current
Bendix miniature precision parts were studied. ' Five tool angles
were studied, as was the radial depth-of-cut (Table 3). All
tests were performed at a constant speed .and feedrate on a
Hardinge HLV lathe. The properties that were measured included
three orthogonal cutting forces (Figure 6) together with the
workpiece fillet radius, surface finish, burr height, and burr
thickness. Tool properties that were measured included the
wearland thickness at three points, the radial wear, and the

nose-radius wear.

Test specimens were centerless-ground to a diameter of 24.89 mm
(0.980 inch) to remove contaminating materials in the skin. Two
specimens, each 28.58 mm.(1.125 inches) long were turned with
each tool. After turning to the 28.58-mm length, the tool was
returned to the beginning of the cut, reset to give the desired

depth-of-cut, and fed for 25.4 mm (1.0 inch). - This was repeated
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Figure 4. Volume of Material Removed Versus Fillet Radii

for a total of nine passes, with each pass being 3.18 mm

(0.125 inch) shorter than the previous one (Figure 7). This
technique provided 142.875 mm (5.625 inches) of cut in a specimen
only 28.575 mm (1.125 inches) long. A water-soluble coolant was
nsed on all cuts.

A three-axis dynamometer utilizing ceramic strain gages was used
to measure the cutting forces. Although dhpable of measuring
forces up to 4.448 kN (1000 pounds), this dynamometer has a
sensitivity of 4.448 N (1 pound), or less. L

The workpiece materials that were studied included 303Se, 15-5PH
and 18-2 stainless steels, Kovar, beryllium copper, and Hiperco 50.
The 18-2 stainless steel has been recently developed. It is
advertised as having twice the machinability of 303 stainless
steel with equivalent mechanical properties and resistance to
corrosion. Kovar is a very ductile glass-sealing alloy, and
Hiperco 50 normally is a very brittle magnetic material having

low hysteresis. Workpiece properties, as measured from in-house
tensile specimens, are shown in Table A-1 of the Appendix.
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The feedrate used in this test was 36.6 um/revolution (0.00144 ipr),
and the spindle speed was 300 rpm. ' The tool material consisted

of List No. 855 Mo-Max Cobalt HSS, manufactured by the Cleveland
Twist Drill Company. Ten specimens were produced for each of

eight tool geometries in five materials. , This -one-eighth frac—
tional factorial experiment has been previously described. The
averages for the data obtained from the present study are pre-
sented in Tables A-2 through A-13 of the Appendix.

The factor codes in the Appendix tables correspond to the factors
and levels shown in Table 3. For example, a code of 121212
indicates that Factor A is at Level 1, B is at Level 2, C is at
Level 1, etc. Thus the tool would have an ECEA of 7 degrees, an
end relief of 5 degrees, a back rake of 5 degrees, a side rake
of 5 degrees, an SCEA of -8 degrees, and a depth-of-cut of

127 um (0.005 inch).

Statistical Considerations
To completély évaluate two levels each of five cutting-tool angles,
two depths-of-cut, and six workpiece materials would require

384 separate cuttlng-comblnatlons Therefore, to minimize the
number of tests required, a fractional factorlal experlmental
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Table 3. Levels of Factors Used in Experiment

Variable and :
Symbol ' Level 1* Level 2 Level 3 Level 4 Level 5 Level 6

A End-Cutting

Edge Angle (ECEA) 7.0 2.0
B End Relief (ERf) 10.0 5.0
C Back Rake (BR) 5.0 0.0
D Side Rake (SR) 10.0 5.0
E Side-Cutting

Edge Angle (SCEA) -8.0 -2.0
F Depth-Of-Cut 635%% - 127

(0.025)  (0.005)
Material 303Se 15-5PH. BeCu 4 Kovar Hipercd 18-2

*All "Level" values are im degrees unless otherwise noted. .
**Basic "Depth-Of-Cut" values are in micrometers; parenthetical values are
in inches. - '
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design was utilized in which only 16 tools were used in each of
the six materials. While this one-fourth test replica requires
that several assumptions be made, it allows usable results to be
obtained with relatively 1little expense. o ’

In analyzing this type of data, the analyst must decide whether
an observed effect is the result of a specific variable or. the
result of two or three variables acting simultaneously.:- The
height of the three peaks in Figure 8, for example, cannot. be
predicted by a knowledge of the average slope in the XZ plane
and the average slope in the YZ plane; the height is a unique
combination of X and Y. 1In Figure 9, however, the Z location
of any point in the top plane can be predicted from the average
properties in the YZ and XZ planes. In this case, there is no
interaction of variables to produce unusual changes in the

7 direction; any change in Z is strictly a function of the main
effects of Variables X and Y.
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If the 384 distinct cutting conditions were completely tested,

a determination of whether some specific combination of variables
produced a unique result could be easily made. With 192 condi-
tions, a determination could be made of whether two, three, or
up to six variables had acted together to produce a unique
perturbation. With only 16 conditions, a determination can be
made of whether some combination of two variables produces a
significant effect, and whether single variables (such as depth-
of-cut or back rake) have influenced the results. This latter
procedure generally is adequate, since higher-order interactions
seldom exist or seldom are meaningful in industry. All of the
following comments in this report are based upon the validity of
this assumption.

Test Results of Tool-Geometry Effects

Specific Geometry Effects

An analysis of variance (ANOVA) was performed on the raw data.
The results obtained are shown in Tables A-14 through A-20 of the
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Appendix. The alias structure for the analysis is shown in
Table A-21. Because of the large number of statistically signifi-
cant results that were obtained, only those that are particularly
significant to production are discussed in this report.




Principal Cutting Force Fnp

The single most important variable which affected the cutting
force Fp was the depth-of-cut. As shown in Figure 10, Fp is
proportional to the depth-of-cut. (Most other researchers have
noted this fact for greater depths-of-cut.) Equations 2 through
7, listed in Table 4, describe this cutting force as a function
of the depth-of-cut.

While other factors influenced force Fp for some materials, there
was no consistent trend (Appendix Tables A-8 and A-14). When
changes in the tool angles did affect the force, the effect was
relatively small. For example, increasing the ECEA in Hiperco 50
from 2 to 7 degrees only reduced Fp from 163 to 145 N (36.6 to
32.6 pounds). The effect of changing other angles was even less.

The fact that changing the back rake, side rake, and the other
angles did not, by themselves, significantly reduce the cutting
forces is surprising, since the literature and theory pertaining
to metal cutting indicate that they are major contributors to
these forces. The only obvious explanation for this discrepancy
is the fact that only the small ranges of angles that are actually
used in production were utilized in this study; by incorporating
angles ranging from -15 to +15 degrees, the results most certainly
would have been different.

While the effects of individual tool angles were almost nonexis-
tent, certain combinations of angles did noticeably reduce the
forces. Unfortunately, the geometry which reduced the forces on
one material did not reduce them on all materials (Appendix
Table A-13).

For an example of the impact that combinations of angles had,
consider Tools 1 and 16 in Appendix Table A-8: both of these
tools experienced the same feedrate and depth-of-cut, and yet
the forces in 303Se stainless steel varied from 222 to 391 N
(50 to 88 pounds). This force reduction was the result of an
optimum tool geometry, and not the result of an optimum single
angle. Figure 11 illustrates the irregular nature of tool
geometry in affecting force Frp.

As shown in Figure 10, 303Se stainless steel, which often is
called "free machining," exhibited the highest cutting forces
among all the materials studied. The 18-2 stainless steel,
which reportedly is much easier to machine, required a much
smaller cutting force. The 15-5PH stainless steel, which had
the highest tensile strength of all the materials studied,
required roughly half the cutting force of 303Se stainless steel.
These results are not directly related to hardness, as one might
assume; the 303Se stainless steel, inadvertently obtained in the
annealed condition, was the softest material that was machined.
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As previously ‘indicated, large cutting forces tend to cause taper
in workpieces, large burrs, and rapid tool wear.. Thus they are
undesirable for the manufacture of miniature precision components.




Table 4. Equations to Define Cutting Force Fp as a
Function of Depth-Of-Cut

Equation
Material Equation¥* Designation**
303Se (RB 91) FT,= 4,31 + 2537d 2
Hiperco 50 (RC 27) FT = 6.61 + 1866d 3
15-5PH (Rc 36) FT = 3.36 + 1286d 4
Kovar (RB 95) FT = 5,01 + 1054d 5
18-2 (RB 99) FT = 0.78 + 1093d 6
BeCu (RB 96) FT = 4.25 + 550d 7

*When Fq is the principal cutting force in pounds, d is
the ragial depth-of-cut in inches.
**For the purpose of identification in this report only.

As shown in Figure 12, the force Fp is also directly proportional
to the feedrate. (The data shown in this figure are for a cold-
rolled 303Se stainless steel rather than the annealed material
for which all other data were prepared.)

Radial Cutting Force Fp

As shown in Figure ‘12, Table 5, and Appendix Table A-7, the radial
cutting force comprises only about 10 percent of the total value
of the principal cutting force Fp. Since it has such a small
effect on the workpiece, it, in most analyses, can be ignored.:-

As in the case of force Fp, increasing the depth-of-cut increased
force FRp (Table A-16). In most materials, the end relief angle
and the ECEA also affected Fgr. A large ECEA reduced force Fp,
but- a large end relief angle tended to increase FpR. :

Axial Cutting Force Fjp

The side rake angle and the depth-of-cut significantly affected

" the axial cutting force Fp (Appendix Table A-15 and Figures 13
and 14). Increasing the depth-of-cut by a factor of 5 increased -
Fp by a factor of 3.to 5 (Figure 13); increasing the side rake
angle by 5 degrees reduced the cutting force Fp by roughly
20 percent.
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"As shown in Table 5, Fp typically is approximately 50 percent of
Fp, although this fails to hold true at higher feedrates

(Figure 12). Force Fp was affected in Kovar by all of the tool
angles studied, and it was affected in 303Se and 18-2 stainless
steels by the back rake and the SCEA (Table A-15). In all cases,
however, the value of force Fp changed only slightly.

- The data shown in Table 5 were obtained by averaging the data
shown in Table A-15 of the Appendix over the two levels of vari-
ables shown in the coded columns. As in the case of Fp, a large
number of interactions were significant; thus some combinations
of angles were much better or worse than the -averages indicate.

Fillet Radius

Increasing the depth-of-cut increased the fillet radius that

.was produced on most samples (Figure 15). The reason for this

is not obvious, but, for the conditions studied, the increase
that was produced in the cutting force by the increased depth-of-
cut may have caused greater point wear. For large depths-of-cut
where the forces are not concentrated as much at the point as
they were in this study, this relationship would not be expected

to hold true.
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Table 5. Typical Machining Results Produced in Various Materials
Value Obtained for Material Indicated*
Variable
Measured 303Se 15-5PH BeCu Kovar Hiperco 18-2
Fillet Radii 68.6 58.4 71.1 61.1 99.1 50.8
(um; Inch) (0.0027) (0.0023) (0.0028) (0.0024) (0.0039) (0.0020)
Surface Finish - 0.87 0.59 0.89 1.10 0.39 . 1.27
(um; Microinches) (34.4) (23.2) (35.1) (43.5) (15.2) (50.1)
Burr Height 462 38 . 36 122 66 43
(um; Inch) (0.0182) (0.0015) (0.0014) (0.0048) (0.0026) (0.0017)
Burr Thickness 241 43 48 74 . 69 51 - '
(um; Inch) (0.0095) (0.0017) (0.0019) (0.0029) (0.0027) (0.0020)
.Fp 188.6 107.6 - 51.6 88.1 153.9 76.5
(N; Pounds) (42.4) (24.2) (11.6) (19.8)" (34.6) (17.2)
Fp 98.7 47.6 18.7 38.3 62.7 24.9
(N; Pounds) (22.2) (10.7) (4.2) (8.6) (14.1) (5.6)
Fr - 24.0 3.6 4.9 4.0 12.9 9.3
(N; Pounds) (5.4) (0.8) (1.1) (1.0) (2.9) (2.1)
WN
(W/cm3/s; 4,0 2.4 1.2 1.9 3.6 1.6
HP/ini /min) (5.3) . (3.1) (1.6) (2.5) (4.7) (2.1)

*Value shown is the average for 16 tool-geometry/depth-of-cut combinations;

each

tool produced two specimens each 0.143 m (5.625 inches) long; fillet radlus

surface finish,

produced on each workplece

and burr measurements were taken on the final surface and edge
one reading was taken on each specimen.
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Each of the tools had a nose radius of less than 25.4 um

(0.001 inch) when it began the test. The radii shown in the
results are the averages of measurements that were taken after
143 mm (5.625 inches) and 286 mm (11.25 inches) of cut; thus they
are the radii that would be expected after 213 mm (8.4 .inches) of

cut.
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Hiperco 50 is a very abrasive material, as evidenced by the large-
values of wear indicated by the fillet-radii values shown in
Figure 15. The significant fact should be noted that the

18-2 stainless steel, advertised to be a more readily machinable
equivalent of 303Se stainless steel, experienced less nose-radius
‘breakdown than any of the other materials.

While some tool geometries produced smaller fillet radii'than
others, there were no identifiable trends (Appendix Tables A-6

and A-17).
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Surface Finish

In most of the materials, the ECEA was the only factor that
affected the surface finish (Table A-18). As shown in Figure 16,
small ECEA angles improved the surface finish, with only one
exception. For a case in which the nose radius of the tool is
much less than the feedrate, the surface that is produced will
appear similar to that shown in the top portion of Figure 17.°8

As indicated, the surface finish is primarily the result of the
ECEA; the smaller the angle, the better will be the finish.

Tools having an ECEA of zero have been used by some individuals
to obtain good finishes in brass.’® :
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When the nose radius is equal to or larger than the feedrate,
the surface that is produced will appear similar to that shown
in the bottom portion of Figure 17. As indicated, the ECEA
has a negligible effect. 1In the tests that were,made both of
the conditions shown in Figure ‘17 existed.

For a tool having an SCEA of nearly zero and an 1nf1n1te1y small
nose radius, the maximum amplitude of the surface roughness (h)
can be expressed by the following equation.

f

cotan (ECEA)’ (8)

h =

where

f = feedrate per revolution.
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Figure 17. Effect of Shape of Tool Nose on
‘Surface Finish?®

For a nose radius Ry < £,

2
[
h = —=——. (9)
8RN
For Ry > f,
2
_0.7f
Brms = 8Ry ' (19)

More general equations have been developed by Shaw and Crowell!?
for theoretical surface finish as a function of nose radius,
feedrate, SCEA, and ECEA.

For a 76.2-um (0.003 inch) nose radius and a feedrate of
36.6 um/revolution (0.00144 in./rev), Equation 10 predicts a.
surface finish of 1.524 um (60 microinches). As shown in
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Table 5, this is 50 to 100 percent higher than those that were
actually measured.

Although Enache's work!! indicates that back rake and end relief
affect the surface finish of steel and cast iron, the results of
this study do not show this to be valid for all metals. This
apparent discrepancy probably is due to the relatively narrow
range of angles that were used in this study; however, the
choice of angles here used is consistent with production usage.

Burr Height

During machining operations, a burr is formed on the shoulder
.of any part that is faced or turned (Figure 18). A Poisson burr
occurs when tools having positive SCEAs are used.!? For a nega-
tive SCEA, the burr that is formed during the facing operation
is actually a rolled-over chip. When the depth-of-cut is the
same order of magnitude as the nose radius, the burr is formed
by the combined action of lateral extrusion and chip roll-over.

In a previous study,'? the SCEA, depth-of-cut, and feedrate were
shown to be highly significant in determining the burr height

in 303Se stainless steel. Again, the fact that: that finding was
not reaffirmed in this study (Table A-19) apparently is because
of the narrow range of cutting conditions used in these tests.
As shown in Table A-19, every factor and ‘interaction affected
the height of the burrs produced from Kovar.

Table 5 indicates that the burr height varied from 35.56 to
462.28 um (0.0014 to 0.0182 inch) when the average of all cuts
was taken. While the elongation of a workpiece is one key to
the burr size, the strain-hardening exponent proved to be the
best key in this study (Figures 19 and 20). While this result
should be useful for turning :and facing operations involving
small depths-of-cut, it is not valid for facing long shoulders."
In this case, "long'" can be considered anything. greater than

10 times the nose radius.

Burr Thickness

Previous tests in 303Se stainless steel'? indicate that burr
thickness, where the burr joins the parent workpiece, is a func-
tion of the SCEA, depth-of-cut, and feedrate. For depths-of-cut
having the same magnitude as the nose radius, the SCEA should
not have any noticeable influence. For the conditions used in
this test, no factor influenced the burr thickness in all of the
materials, and half of the materials were not affected by any

factor (Table»A-ZO).
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Figure 18. Location (Left) and Cross Section (Right) of a Burr
Produced by Turning and Facing Operations

N
.

As shown in Table 5, burr thicknesses varied from 40.6 to 241.3 um
(0.0017 to 0.0095 inch) when average properties were calculated.
As predicted by theory, burr thickness is a linear function of
the strain-hardening exponent (Figure 20); it also appears to be
related to workpiece elongation (Figure 19).

For miniature precision components, burr thickness must be kept
to less than 76.2 um (0.003 inch) in order to maintain part
dimensions during the deburring operation. For very small parts
having tolerances of +5.1 um (£0.0002 inch), burr thickness must
be kept to less than 25.4 um (0.001 inch). The thinner a burr,
the easier it is to remove.

One reason that the ANOVA summaries for burr height and thickness
(Tables A-19 and A-20) are relatively barren is that the varia-
bility of the burr size masked many of the trends which existed.

Unit Power

Although the cutting forces provide a good. indication of metal-
cutting efficiency, they generally are given for a specific
feedrate and speed, and they do not provide a measure of the
power required to produce a given cut. A knowledge of the
required power is essential to the prevention of machine over-
loading during heavy cuts. While this knowledge is not critical
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. 1
for finishing cuts, it provides a universally appreciated measure
of the cutting difficulty. :

For comparison purposes, the unit power (Wy), rather than the
actual power, generally is given. Unit power is the horsepower
per cubic inch of metal removed per minute. For a turning opera-
tion, it can be calculated from the following equation.

Figure 19. Effect of Elongation on Burr Height and
|
|




W. = _Bbp - Fp
N 12d4fv 396,000 df’

(11)

where

FT = the principal cutting force (Figure 6) in pounds,

d = the radial depth-of-cut in inches,
f = the feedrate (IPR), and
V = the surface velocity (SFPM).

The values of Wy that were calculated for this study are consider-
ably larger than the typical values that are given in handbooks
(Table 6). This is the direct result of using low feedrates.
While Wy is relatively independent of feedrate at rates exceeding
101.6 pm/revolution (0.004 ipr), it is notably affected at rates
below this value. Figure 21 illustrates the trend in 303Se stain-
less steel; this graph is based on the data shown in Figure 12.

When handbook values are used to calculate the cutting force,
the results will be considerably less than the measured forces
if low feedrates are involved. Because of the wide range of
hardness values that are available for some metals, the values
will differ notably from handbook values; handbook values are
based on a single hardness value for a given metal.

Tool Wear and Its Effects

Tool wear was monitored to determine whether conventional defini-
tions of tool life have any correlation with the parameters that

were of interest in-this study. In addition, a knowledge of the

influence of tool wear upon the observed results was desired.

Because tool wear was expected to be less than that which normally
is encountered in conventional machinability tests, it was only-
checked after all of the specimens had been produced. Since each
tool produced only 2 or 10 specimens, only one group of readings
was obtained for each set of machining conditions. The obtained
values that were based on the machining of 10 specimens have been
previously reported.!

The tool properties that were measured included the nose-radius
change, the radial wear, and three values of the flank-wearland
width. The wearland at the nose, the uniform wearland, and the
localized wear at the point where the maximum diameter of the
stock touched the tool were recorded (Figure 22). Wearland
measurements which indicate the end of tool life in conventional
tests are shown in Table 7. ‘
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Table 6. Unit Power (Wy) Values

Unit Power

Experimental Values

Handbook

Average¥* Tool 1%**- Value***
(W/em3/s; (W/cm3/s (W/cm3/s;

Material HP/in.3/min) HP/in.3/min) HP/in.°/min)

303Se 4.0 2.7 : 1.0

(5.3) (3.5) (1.3)
'15-5PH 2.4 1.8 1.1
(3.1) (2.3) (1.4)
BeCu 1.2 : 0.8 0.8
(1.6) (1.1) . (1.0)
Kovar 1.9 1.4 1.5
(2.6) (1.9) (2.0)
Hiperco 3.6 - 2.5 1.9
(4.7) (3.3) (2.5)
18-2 1.6 2.3 . 1.0
(2.1) (3.0) (1.3)

*Average values based on 16 tools. -
“**Values obtained from Tool 1 which typically produced
the lowest Wy values.
***Tradltlonal unit values from Machining Datar.
Handbook. :

The average wearland heights that were observed in this test are
considerably less than those normally used to define the end of
tool life (Table A-22 and Figures 23 and 24). Since the objec-
tive of this study was to describe conditions  for which radii

in the order of 50.8 to 76.2 uym (0.002 to 0.003 inch) can be
maintained, and since the average radius produced was 71.1 um
(0.0028 inch, Table 5), the values shown in Figures 23 and 24
represent the maximum that can be used to define tool life.

No obvious correlation was observed between the wearland height
and the other variables.

As a general rule, the cutting tools had a nose radius from 25.4
to 76.2 um (0.001 to 0.003 inch) after 0.29 m (11.25 inches) of
cut. Little additional wear occurred after 1.428 m (56.25 inches)
of cut. As shown in Figure 25, the wearing of the tool from a .
sharp p01nt to a radius causes a shortenlng (8) of the tool where
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Figure 21. Effect of Feedrate on Unit Power for HSS Tool in
Cold-Rolled 303Se Stainless Steel

6 = (e =) | as
g = 90 - SSEA<— ECEA (13)
and

o = 20 +'ngA - ECEA (14)

Note that the negative sign for a negative SCEA must be inserted
in these equations to obtain proper results. For an SCEA of

-8 degrees, an ECEA of 7 degrees, and a radius of 76.2 um

(0.003 inch), the wear (§) predicted by Equation 12 is 86.4 um
(0.00034 inch).

As a general rule, the measured nose radius of the tool at the
end of the test was nearly the same as the fillet radius that
had been produced on the part. Some differences occurred,
however, because of a buildup of material on the cutting edge
and nonuniform point fractures and wear.
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Figure 22. Wearland Measurements Made for Tool—Liﬁe Testing

Table 7. Tool-Life End Points Commonly Used in

Machinability Testing

Flank Wear
Max imum
Average Local -
L Tool - —
Operation Material (mm) (Inch) (mm) (Inch)
Turning HSS . 1.52 Ax 0.060 1.52 A 0.060%x*-.
Carbide 0.38 0.015 0.76 0.030 .
Face Milling HSS 0.76+B 0.030 0.76 B 0.030
. Carbidett 0.38 0.015 0.76 0.030
End Milling: HSS 0.30 B~ 0.012 0.51 B 0.020
Slotting Carbide 0.30 0.012 0.51 0.020
End Milling: HSS 0.30 B 0.012 0.51 B 0.020
Peripheral Carbide 0.30 0.012 0.51 0.020
Drilling HSS 0.38 C 0.015 0.38 C - 0.015
Carbide 0.38 0.015 0.38 0.015
Reaming HSS 0.15 D 0.006 0.15 D 0.006
" Carbide 0.15 0.006 0.15 0.006 . -
Tapping HSS Go No-Go Gage Tap Fracture
*A measured on flank; B = measured on primary clearance;

C
~ chamfer.

**Nose breakdown or 1.52 mm (0.060 inch),

tMultiple-tooth.

t+Indexable.

measured on lips of drill point;

and D

= measured on lead

whichever occurs first.
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Figure 23. Wearland Heights After 0.29 m (11.25 Inches) of
Axial Cut :

Actual measurements of the radial tool wear (8, or the physical
length of the tool which was worn away) were in the order of
25.4 pym (0.001 inch). As a general rule,  -the radial tool wear
was less than 25.4 uym (0.001 inch) after 0.29 m (11.25 inches)
of cut, and 55.9-um (0.0022 inch) after 1.428 m (56.25 inches)
of cut. Figure 26 shows the tool wear that occurred in two
materials that are common to the manufacture of miniature pre-
cision parts.

Effect of Length-Of-Cut on Variables

Of the 280 combinations of variables that were investigated in
which 10 specimens were produced by each tool, 59 changed as
additional samples were machined. The change was of the form
shown by the following equation.

+ a, X, 4 ' (15)

¥ =2y *a

where
Y = surface finish, burr size, cutting forces, or-other variable,

a; = a constant,
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Figure 24. Wearland Heights After 1.428 m (56.25 Inches) of
- Cut :

42 = a constant, and

X = number of specimens machined.

This equation can be made more explicit, as-illustrated by Equa- .

tions 16 and 17, by substituting the inches-of-cut or the
time-in-cut for each specimen. :

Y =a + a.2,(?).:11‘32.')’ (16)
and
Y=a +1a2(57%§3), (17)

where

T = the time-in-cut, in minutes, and

L the length-of-cut, in inches.
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Figure 25. Shortening'of Tool
Produced by Radius-
Generating Wear

The constants aq and ag for the combinations in which linear
trends were found to exist are presented in Table A-23. The
only obvious trend was that the fillet radius did not vary as

a function of the cutting time. In general, the conclusion
must be reached that tool wear only slightly affected the meas-
ured properties. As shown in Table A-23, certain tools did
exhibit wear in some specific materials.

Results Ranked As a Function of Tool Geometry

As previously indicated, the results obtained from one material
were often notably different from those obtained from another
material. Although this information is significant, detfining
tools which were optimum in all (or most) materials is more mean-
ingful.

The. best tool geometry and cutting conditions that were used in

the tests can be defined by ranking the best and worst conditions.

"Best," as here defined, indicates the smallest radius, burr
thickness, or length, and the lowest numerical value of surface
roughness. Cutting forces are not included in this ranking since
they are a function of the depth-of-cut. By assigning a '"'+1"

to the two tools producing the best results and a "-1" to the

two tools producing the worst results, a numerical value of the
tool performance can be obtained.

Using the described approach, Tools 3 and 10 .were found to be
generally more desirable than the others; Tools 4 and 5 were
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Figure 26. Radial Tool Wear as a Function of'ﬁength—Of—Cut

found to be less desirable. Tool 3 was characterized by a high
ECEA and side rake angle; Tool 10 had a low ECEA. Tools 3 and
10 both had low end relief angles, high side rake angles, and
high back rake angles. Tools 4 and 5 had low side rake angles, -
and the values of the SCEAs were more negative than those on

Tools 3 and 10.
Results Compared to Published Recommendations

In general, the tool angles that are recommended in published
sources closely approximate those that were found to be optimum
in these tests (Table 8). This implies that finish-cut tools
need be no different than the tools that are normally used.

The only exception to this statement is the back rake angle; a
5-degree back rake angle performed better than a O-degree angle.

@
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Table 8. Comparison of Commercially Recommended and Empirically Determined
Optimum Tool Angles*

Tool Angle
BR SR " " ERf SRf SCEA ECEA
Material (Degrees) (Degrees) (Degrees) (Degrees) (Degrees) (Degrees)
'3038e and
18-2 : . )
Handbook** 0 10 - 5 5 15 15
Experiment 5 ‘ 10 5 -2 7
15-5
Handbook** 0 10 5 5 15 15
Experiment 5 10 5 -2 7
BeCu
Handbook** 5 10 8 8 5 5
Experiment 5 10 5 -2 7
Handbook*** (0 to 10 10 5 5 0 to 15 5
Kovar
Handbook+t 12 to 14 12 to 14 10 to 12 8
Experiment 5 10 5 -2 7
Hiperco 50
Handbooktt

Experiment 7 10 -0 -2 7

*For HSS tools.
**Machining Data Handbook.'3
***Kawecki Berylco Industries, Inc.
tMachining Nickel Alloys.'®
ttData not available.
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Results Ranked by Material, Using Optimum Tool Geomefry

When the workpiece materials are ranked by the results obtained,
the materials having the lowest elongations obviously produced-
shorter and thinner burrs (Table 9). Although the data indicated
that these same materials also tended to produce a better surface
finish, that effect was partially the result of a larger tool
radius being formed on the tools that were used in these materials.
The data for fillet radius, for example, -illustrate that Hiperco
formed a large tool radius.

By rearranging Equation 9, the product of the surface finish and
the tool-nose radius can be seen to be a constant for a given
tool geometry, feedrate, and material.. The larger the constant,

the worse will be the finish for a given nose radius. The constant
for each material is the last variable' shown in Table 9.

Estimates of the surface finish produced by a 50.8-um (0 002 inch):
nose radius are shown in  Table 10,

Tool forces were roughly proportional to the workpiece hardness.
This is in agreement with published information on cutting
forces.

From a production standpoint, machinability is defined as the
frequency of tool change. Since tools are changed for all of
the first four reasons shown in Table 2, tool life would be
defined as the point at which the tool was changed because it
was exceeding any one of the stated limits. Table 11 shows
the results, based on Tool 3 cutting 10 samples. :

While this approach provides a realistic technique for evaluating.
machinability, it too is limited by the conditions that are
chosen to indicate the end of tool life. Because wear patterns
slow down after the initial wear, increasing the end-of-life
conditions by 50 percent may substantially change the relative
machinability relationships. For example, by increasing the
allowable fillet radius or the burr size by 50 percent, most of
the materials that were studied would have relatively equal
machinability-index numbers. The 18-2 material is not shown in
Table 11 since only 286 mm (11.25 inches) of cut were made.
Based on its performance, with the exception of the surface
finish -produced, it would rank just below Hiperco 50.

The results shown in Table 11 are not as negative as they might
at first appear. Slowing the feedrate by a factor of 4 would
improve the surface finish produced on all materials by approxi-
mately the same ratio. This action of course would slow
‘production by a similar amount. Allowing 1arger fillet radii
also would improve the surface finish, as would the use of

ECEAs of nearly zero.
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Table 9.

Results Ranked by Material, Using Optimum Tool Geometry

Measured Variable

A Material Ranking

and Measuring Units Best Better Fair Poor Worse Worst

Fillet Radius 18-2 303Se BeCu 15-5PH Hiperco Kovar
um 4 35.6 35.6 48.3 53.3 55.9 58.4
Inches x 10~ 14 14 19 21 22 23

Surface Finish,'AA Hiperco 15-5PH 18-2 BeCu Kovar 3038Se
um - : 0.30 0.58 1.22 1.22 1.40 1.47
Microinche 12 23 48 48 55 58

Recommended '

Cutting Speed BeCu 18-2 Kovar 3038e Hiperco 15-5PH
mm/s 1275 1122 729 510 306 245
SFPM 250 220 143 100 60 48

Cutting Force Fp BeCu 18-2 Kovar 15-5PH 303Se Hiperco
N 17.8 31.1 31.1 44.5 53.4 53.4
Pounds 4 7 7 10 12 12

Burr Length 15-5PH BeCu 18-2 Hiperco Kovar 3038Se
um o - 15.2 33.0 35.6 45.7 243.8
Inches x 10-4 0 6 13 14 18 96

Burr Thickness 15-5PH BeCu 18-2 Hiperco Kovar 303Se
um 0 30.5 33.0 33.0 66.0 96.5
Inches x 10-% 0 12 13 13- 26 38

Surface Finish x :

Fillet Radius Hiperco 15-5PH 18-2 303Se BeCu Kovar
um 16.8 30.9 43.4 52.3 58.9 81.8
Inches2 x 10~10 264 483 576 812 1265
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Table 10. Surface-Finish Predic-
tions for 50.8-um
(0.002 inch) Nose Radius
.on Tool 3

Estimated Surface Finish

Material um AA Microinches AA
Hiperco 0.33 13
15—5PH 0.61 24
18-2 0.71 28
303Se 1.04 41
BeCu 1.17 . 46
Kovar 1.60 63

Because tolerances generally can be controlled by frequent tool
adjustments, including radial tool wear in the. machinability
index is unrealistic. Table 12 shows the amounts. of wear that
were observed ‘on Tool 3 after 1.429 m. (56.25 inches) of cut.

When tolerances cannot be maintained because the small diameter

of the workpiece permits it to be bent by the cutting forces,

the ratio FT/E where E is the 'modulus of elasticity, becomes
significant since it is proportional to the deflection of the

part. Table 13 illustrates'the average values that were found

for Tool 3, based on average forces from the: two samples studied.

As shown, when machining was performed under the conditions used

in this- study, Hiperco 50 parts deflected almost twice the distance
that beryllium-copper parts did; this resulted in twice the taper
on the Hiperco 50 parts. . S

Predicting Optimum Tool Geometry and Performance

One of the principal objectives of this study was to develop
equations for optimizing tool geometry and predicting tool
performance. Two approaches have been used to obtain these
equations: (1) when equations that had been developed from
theoretical considerations were known, they were used with any
modifications of the constants that might be required; (2) when
such relationships were:-not known, linear-regression techniques
were employed to establish the desired predicting equations.
Equation 11 is an example of the first approach ‘and Equations 2
through 7 are examples of the second.
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Table 11. Machinability Index Using the First Constraint
Exceeded by Tool 3 as the End-Of-Life Point

Machinability Index

: Length of Cut
Time in Cut . Constraint

Material (Minutes) m Inches "Exceeded
15-5PH 130 1.429 56.25 None

Hiperco 39 0.429 16.88 Nose Radius
Kovar 0 0 0 Surface Finish
BeCu ¢] 0 0 Surface Finish

303Se 0 0 0 Finish/Burr

In determining the optimum tool geometry, both of the described
approaches must be used. °‘As noted by Shaw, ® while the 'side rake,
the back rake, and the other tool angles describe the tool geometry,
four other related angles better describe the cutting effects.

These angles, discussed in detail by McGee and others,'® include
the inclination angle (AI), the velocity rake angle (AV), the
normal rake angle (AN), and the effective rake angle (AE). They
are calculated from the following formulas.

AV = tan 1[tan(SR)cos(SCEA) + tan(BR)sin(SCEA)] (18)
AT = tan~}[tan(BR)cos(SCEA) - tan(SR)sin(SCEA)] | (19)
AN = tan"1[tan(AV)cos(AI)] (20)
AE = tan~l[tan(SR)cos(SCEA+AT) + tan(BR)sin(SCEA+AI)] (21)

From geometry considerations, as indicated by McGee and oth_ers:16
sin(AE) = sin2(AI) + cos2(AI)sin(AN). (22)

Thus if any two of the three angles AI, AN, or AE are known, the
third can be calculated. 'Furthermore, if two of these angles can
be defined as functions of workpiece-material properties, then
all basic tool angles (SCEA, BR, SR) can be determined as func-
tions of material properties through the use of Equations 18
through 22.

McGee!’ has developéd regression equations from which AN and.AI
can be calculated from a knowledge of only workpiece properties.
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Table 12. Radial Wear of Tool 3 After
1.429 m (56.25 Inches) of Cut

Radial Tool Wear

Ranking by
Material um . Inch ?ool Wear
15-5PH 50.8 0.0020 3
Hiperco 78.7 0.0031 5
Kovar . 25.4 0.0010 1
BeCu 61.0 0.0024 4
303Se 35.6 0.0014 2

In his study, conditions were selected which provided the highest
metal-removal rate for a 60-minute tool life using carbide tools.
AN and AI were calculated for the tools, and regression equations
then were developed which related AN and. AI to the workpiece
properties.

A similar approach was used in this study: optimum values of Al
and AN first were selected from the experimental results obtained
from the 10 samples studied. (Optimum was defined as the geometry-
which provided the smallest fillet radius, burr.thickness, burr
length, etc.) These values then were fitted to the following
equation to provide values for the '"A" constants.

Al = A

+ A2y1e1d~+ Ajtensile + A, elongation + Agn, (23)

1 3

where
yield = yleld strength of the workplece materlal

tensile = tensile strength of the workpiece materlal

élongation = elongation occurrlng in a 50. 8—mm (2-inch) gage—
length tensile specimen,

ﬂ = strain—hardening exponent, and
AI = the 1ncllnat10n angle expressed in degreés

Table 14 presents the constants that were determlned from these
data. - Note that since the optimum was defined.by 11 different




Table 13. Fp/E Ratios for Average Results
From Tool 3

Fr/E 4
Ranking by
Material mm2 - Inches2 x 10-7 Fyp/E
15-5PH 0.022 3.4 3
Hiperco 0.026 4.0 5
Kovar 0.023 4
BeCu 0.014 1
.3038Se 0.026 6
18-2 0.016 2

criteria, 11 different sets of constants are required. Theoreéti-
cally, the angle AI which helps maintain the smallest fillet
radius, burr thickness, etc, can be calculated from a knowledge
of only these constants and the workpiece properties. Because
only five materials were studied and five constants had to be
calculated (18-2 was not studied), the accuracy of the equation
could not be determined.

McGee has established relationships between the machining shear
strength, the yield strength, the strain-hardening exponent, and
the optimum effective rake anglé.!’ However, using the proce-
dures that. he has described, the reproduction of his results

from the material properties used in this test proved impossible.
The major discrepancy occurred for Hiperco 50, which is the only
brittle material of those studied. The fact is apparent, however,
that some relationship exists in ductile materials between the
strain-hardening exponent, the minimum machining shear stress,

and the tool geometry.

An observation of the conditions that produced the minimum
measured value of each variable demonstrates two trends (Table 15).
First, from production experience, the fillet radius and the
surface finish generally are improved by keeping the nose area
of the tool strong. This is accomplished by minimizing the rake
angles. Some of this trend is illustrated in Table 15.

Second, the cutting force, unit power, and burr size are minimized
by using large rake angles in order to minimize the cutting-stress

field.. This, too, is demonstrated by a large AE angle. Hiperco 50,

however, does not follow the pattern of the ductile materials.
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.. Table 14. . ‘Constants for Dependent Variables

LS

Constants*

325?23?? A Ay A3 Ay A5

Fillet Radius -5.07670 2.49945 A -2.35040 -2.52382 731.64138
Surface Finish 3.49018 - -2.19141 . 2.11381 2.05471 ~623.61309
Burr Length 11.43069 -2.12451 | 1.98890 - 2.05779 '-606.25984
Burr Thickness -25.11961 10.63878 - =9.,95910 -10.34660 3035.92569 -
FR a -52.62857 19.21014 . =18.01917 -18.20758 5453.61553
FT -28.72118 9.37876 -8.74708 -8.87247 2659.71250
FA . -55.87274 19.90027 - -18.65057 -18.98760 5667.29570
Wearland A -53.98522 - 22.47578 -21.11286 -21.72897 6425.97376
Wearland B -20.97910 10.16035 -9.56164 . -9.77064 2904.16330
Wearland C - 9.00749 -0.94622 0.88650 0.92638 -272.81618
Radial Wear 14.77606 - -4.83612 ' 4.52406 4.63526 -1366.17816

*Substitute horizontal row of constants shown 1nto Equation 23 to determine angle AI
which will mlnlmlze indicated variable. :
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Table 15.

Values of Angle AE for Optimum Levels of Several Variables

Material
: Test - Angle AE
Variable Level (Degrees) 303Se 15-5PH BeCu Kovar Hiperco
Fillet
Radius 121122 10.27 X*
. 112222 5.00 X X X

222112 9.93 X
Surface
Finish 211212 4.79 X X

222112 9.93 X .

212121 10.00 X X
Force FT 121122 10.27 X X X X

112222 5.00 X
Unit
Power 111111 9.86 X X X

212121 10.00 X

122211 4.96 X
Burr ‘
Length 121122 10.27 X X X X

111111 9.86 X
Burr
Thickness 121122 10.27 X X X X

212121 10.00 X

. *X indicates the optimum tool geometry for the indicated material.




Although a regression equation of the following form can be estab-.
lished, there is 1little need to do so since the results are
grouped in essentially only two groups of angle AE.

AE = A, + A

Opt (24)

n

1 2(yie1d)’

For optimum fillet radius, angle AE should.be 5 degrees; for
force, power, and burr size, it should be 10 degrees. Thus by
using one of these values of AE, evaluating AI from material
properties (using Equation 23 and Table 14), substituting these
values into Equation 22, arbitrarily selecting a value of SCEA,
and substituting all of these values into Equations 19 and 21,

the optimum back rake and side rake angles can be obtained. As
previously mentioned, the tool angles that were- optimum for most
cases were close to the angles that are recommended in most
handbooks; thus little purpose will be served by making all of the
substitutions described. :

An attempt also was made to fit each of the measured variables to
the following'equation.'

Y = AI(A14+ Azyield + A3tensile + A4elongation + Asn). | (25) .
Statistically, there was no.fit to any of the seven. principal
measured variables.

A similar fit was tried with the depth-of-cut and angles AV, AN,

AE, and AI as multipliers of constants Aq, Ao, and Az. In this
case, the following equation was tried. .

Y = afa; + Ayav) + A(av)2]. | B (26)

Aghin, none of the principal variables, the three wearland vari-
ables, or the radial wear fitted this equation.

Miscellaneous Tests
= g

Three additional brief tests were performed on ‘the materials
Jisted in Table 3 to study the effects of feedrates, speeds, and
of grodVing and cutoff operations. In the first of these tests,
ten specimens (as shown in Figure 7) were produced at different
speeds and feedrates using both sharp and dull tools. The two
dull tools were dulled by vibratory deburring them from 1/2 to -
2 hours in 6.35-mm (0.25 inch) plastic pyramids.

As shown in Figure 27, low spindle speeds reduced the cutting.
forces noticeably at low feedrates, but they produced little
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Figure 27. Effect of Feedrate and Spindle Speed on Cutting

Force Frp

change at high feedrates in the annealed 303Se stainless steel.
Figure 12 indicates that the effect of feedrate should be linear
in the cold-rolled condition. The two dull tools increased Frp
by only 13.3 N. (3 pounds). The test data for other forces and
parameters are shown in Table A-24.

As indicated in Figure 28, slowing the feedrate increases the

burr thickness at spindle speeds exceeding 1.53 m/s (300 sfpm).
This is a significant observation, since the burr size can be
decreased 50 percent by slowing the feedrate. Dull tools increased
the burr thickness by a factor as great as 5.0.

Burr heights increased slightly as the feedrates were reduced
until a feedrate of 35.6 um/revolutlon (0.0014 ipr) was reached,
further reductions in the feedrate decreased the burr height.

The surface finish (and the product of the surface finish and
the tool-nose radius) became worse as the feedrate increased
above 35.6 pm/revolution; they also became worse as the feedrate
was reduced below this value (Figure 29).
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Oné-hundred grooves were cut in the diameter of -the 18+2 and the

17-4PH stainless steels, and the fillet radius and burr size were

monitored on each. No tool-wear trends were observed on a
0.75-mm-wide (0.030 inch) tool made from Carmet CA-310 carbide.
A feedrate of 37.6 um/revolution (0.0015 ipr) was used with a
spindle speed of 300 rpm. Each tool produced a 0.635-mm-deep
(0.025 inch) groove having a typical fillet radius of 50.8 um
(0.002 inch). Typical burrs were 38.1 uym high by 76.2 pm thick
(0.0015 by 0.0030 inch). The burrs from 17-4PH stainless steel
were slightly shorter, and they were only 59.7 um (0.0023 inch)
thick. '
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Figure 29. Effect of Feedrate and Spindle Speed on Surface
Finish

The forces that were required to cut a workpiece from the bar

stock also were monitored. Figure 30 shows the forces that were
produced when a radial feedrate of 38.1 pum/revolution (0.0015 ipr)
and a speed of 300 rpm were used. A 1.5-mm-wide (0.060 inch)

tool, made from M2 HSS and having a 7-degree back rake, a 10-degree
ECEA, a l-degree side clearance, and a 15-degree end clearance,

was used (BKC Tool 190367-031).
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Figure 30. Cutting Forces on 1.5-mm-Wide (0.060 Inch)
- Cutoff Tool -

The fact is éignificant that a tool which is onlyA1.5 mm

Production Implications

miniature precision parts.  This was done to accommodate
cutting-force instrumentation and to eliminatechatter.

presented can be considered representative of that which

to the following equation when a force is applied to the

CUTTING FORCE (POUNDS)

wide

can easily generate forces of 13.6 kg (30 pounds); these forces
can create large deflections when small-diameter stock is used.

the
While

workpiece properties vary with the stock size, the data here

are

encountered in the production of small parts. Since the cutting
forces are essentially independent of the stock size, workpiece
deflection can be easily seen to be a major problem in producing
small parts. From the cantilever-beam theory,-a 1.52-mm-diameter
(0.060 inch) rod. 6.35 mm (0.250 inch) long will deflect according
.end.

The studies described in this report were performed on stock that
is larger than that which normally is used for the production of
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A = 64FL4’ ’(27)
3ETD

where

A = deflection,

F = applied force,

L = length of rod,

E = modulus of elasticity, and

D = rod diameter.

From Table 13, a .deflection for 303Se stainless steel of 85.3 um
(0.0034 inch) could be expected to result in a tapered diameter
and, in many cases, chatter. While feedrates, tool geometries,
coolants, and other factors usually .are adjusted to solve this
problem, all possible techniques should be utilized to minimize
the deflection of miniature precision parts; selecting and con-
trolling the workpiece properties is one approach-that often 'is
overlooked. For many small parts, the available spindle speed
is not high enough to obtain the optimum cutting velocity. The
following generalizations concerning the production of miniature
precision parts can be made.

® Maximum fillet radii of 50.8 um (0.002 inch) can be produced
in stainless steel having a hardness of Rg45, but the life
of HSS tools is short: in the order of 15 minutes or
635 linear mm (25 inches) of cut. For most materials, a more
realistic maximum-fillet-radius requirement would be 76.2 um
(0.003 inch).

o Surface finishes of .0.56 uym (22 microinches) AA can be pro-
duced with tools having a nose radius of 76.2 um (0.003 inch)
and fed at a rate of 36.6 pym/revolution (0.00144 ipr). A’
more typical surface-finish value, however, with: the described
nose radius and feedrate is 1.07 um (42 microinches). A
2.0-degree ECEA produces noticeably better finishes than do
larger clearance angles.

) Burr height increases dramatically as the strain-hardehing

exponent (n) increases. Thus materials with high strain-
hardening exponents produce long burrs.

[ Materials with high strain-hardening exponents produce
thicker burrs than those with lower values of n.
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° Feedrates below 36.6 um/revolution (0.00144 ipr) greatly
increase the cutting forces, particularly in strain-hardening
materials.

® Conventional wearland definitions for the end of tool life
are meaningless when the end of life is deflned by the maximum
fillet radius.

) Conventional tool geometries are close to the geometries that
typically are found to be optimum- for machining miniature
precision parts. :

) Typically, tools show a radial wear of 76.2 uym (0.003 inch)
after completing 1.4 m (55 inches) of cut.

°® A 127-uym (0.005 inch) depth-of-cut at a feedrate of-
36.6 um/revolution (0.00144 ipr) and a speed of 0.406 um/s
(80 sfpm) results in a cutting force of 44.48 to 88 96 N
(10 to 20 pounds) in the metals studied. .

'One of the basic 11m1tat10ns of the regression equatlons that
were established during this study is the fact that they were
based on only a few data points. Equation 23, for example,
required five materials in order to solve for the five variables.
Because of the choice of the side rake and back rake angles used,
only two basic values of AE result (10 or 5). Thus a great amount
of confidence cannot be placed in the use of these equations for
determining optimum values which would be useful in other situa- -
tions.

Material Selection

Machinability, while a major'consideration in,ﬁhe choice of any
workpiece material, is not the only significant factor. The
following characterlstlcs are some of the other factors that also
must be considered:

) Ten311e strength;

° Duetility;

;: Cost;

;: Corrosion resistance;

;: Electrical éharacteristics;
;' Abrasion resistance;

o Fatigue resistance;
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° Density; and
° Dimensional stability.

Dimensional Stability

A secondary objective of this study was to determine the dimen-
sional stability of the stainless steels that. typically are used
at Bendix Kansas City. If a tolerance of #5.08 um (£0.0002 inch)
cannot be held on a part because the heat from machining causes a
subsequent growth or contraction, machinability and tool wear
tests alone will not provide a true indication of producibility.

Dimensional changes occur as a result of heat-treating operations,
thermal expansion, relaxation of residual stresses, gradual phase
changes, or the presence of magnetic fields. Changes due to
thermal expansion or magnetic fields typically are from 0.127 to
1.270 um (5 to 50 microinches), and they can be closely pre-
dicted. Changes due to heat-treating can be predicted, but in
the case of 17-4PH stainless steel, the results will vary some-
where within a range of 5.08 to 20.32 um/gm (0.0002 to

0.0008 inch/inch). Parts thus must have 15.24-um (0.0006 inch)
tolerances just to accommodate possible heat-treatment-related
variations.

Dimensional changes caused by the relaxation of residual stresses
are difficult to predict because the machining conditions used
and the workpiece shape and material affect the magnitude of the.
change and probably the stability of the stresses. The basic
metallurgical structure of .a material offers some . clues to its
relative stability. If the stability of the metallurgical phases
in a metal are known, then the stability of the material is
knnwn. The mere knowledge of the number of phases that exist in
the workpiece material offers a less-accurate but usuble estimatc
of stability.

Materials that are composed of a single metallurgical. phase
generally are more stable than a similar metal having two phases.
Phase changes usually involve changes in size. In a two-phase
material such as 416 stainless steel, the retained austenite is
slowly transformed into martensite. Temperature changes in

416 stainless steel result in phase changes as well as changes

from the normal thermal expansion. A material such as 303Se stain-
less steel, however, is essentially a very stable single-phase
material (austenite).

Steel manufacturers generally rate the stability of the stainless
steels in the order shown in. Table 16. In a ranking provided by
O'Boyle,!® however, 416 stainless steel is indicated to be more
stable than 303Se stainless steel (Table 17). In the latter
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Table 16. Dimensional Stability of Stainless Steels

Stainless

Steel Remarks

303Se Very stable because it is a single-phase material.
15-5PH ' May exhibit some dimensional change.

416 Very susceptible to temperature changes; the

retained austenite is transformed with age.

case, the 416 stainless steel has been subjected to a: five-stage
machining and heat-treating cycle; in most production instances,
only a single heat-treating follows the machining operation.
O'Boyle's article presents an excellent discussion of and “some

- recommendations for achieving dimensional stablllty Addltlonal
data ‘and discussion are presented by Maringer'!® and Holden. '

ACCOMPLISHMENTS

The effects of tool geometry and depth-of-cut have been evaluated
with respect to the size of the burr produced,:the resulting
surface finish, the cutting forces, and the flllet radii. Five
tool angles were evaluated in five materials; two depths-of-cut
and two levels of each angle were considered. Comparisons were
made with tool geometries that .typically are recommended for
these materials under different cutting conditions.

The dimensional stability of each material also was briefly
considered. Materials were ranked by their machinability, with
- machinability defined by burr size, surface finish, cutting
forces, and fillet radius. =

The use of conventlonal mach1nab111ty rankings- has been shown
to be unrealistic for the manufacture of miniature precision

parts.

FﬁTURE WORK

Although no future work is planned on this subJect a similar
study performed on screw machines for parts having diameters
less than 1.5 mm (0.060 inch) would be useful and more appli-
cable to new components.

Sy
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Table 17, Properties of Metals‘Used for Parts Requiring Good Dimensional
‘Stability (O'Boyle)??®

Thermal Coefficient of
Expansion . Thermal Expansion
Stability (uin. /in.
Metal Rating or um/m)- pum/m/°C  pin./in./°F
2024-T4 Aluminum Good 5 21.6 12.0
Graph-Mo Steel © Good 5 10.3 5.7
Ti-6 Al-4V Good S 8.6 4.8
416 Stainless Steel Good 5 10.3 5.7
52100 Steel . ~ Good 5 11.9 6.6
Gyromet - Good 5 5.9 3.3
Inconel 3 Fair 10 12.8 7.1
3035e Stainless Steel Fair 10 16.0 8.9
304 Stainless Steel - Fair 10 16.0 8.9
Mallory 1000 Fair 10 5.4 3.0
7075-T6 Aluminum Fair 10 23.4 13.0
356 Cast Aluminum Poor 20 ' 20.7 11.5
Cast Magnesium Poor . 200 25.2 14.0
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~Table A-1. Workpiece—Matérial Properties

PSI x 109

Material
Property Kovar Hiperco - :15-5PH 303Se BeCu- 18-2
Yield Strength
- MPa 344.7 390.9 1034.1 ©413.6 654.9 576.6
KS1I 50.0 56.7 -150.0 60.0 . 95.0 83.5
Tensile‘Strength
MPa 723.2 390.9 1137.5 551.5 703.2 625.3
KSI 104.9 - 96.7 . 165.0 80.0 102.0 90.7
Elongation in ' i
50.8 mm or 2
Inches (Percent) 71.5 0.78 16.0° 50.0 26.0 16.0
Reduction of Area
(Percent) 0 58.0 55.0 48.0
Hardness ' l
(Brinell 3000 kg) 176 290 352 160 216 230
Strain-Hardening
Exponent 0.42 0 0.08 0.56 0.10 0.12
Modulus of '
Elasticity . : ' .
. GPa e v -137.90 - .-206.82  -.:199.93 199.93 127.54 193.03
20.0 30.0 29.0 29.0 18.5 28.0
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Table A-2.

Values of LN

Wy for Indicated Material
(W/cm3/s; HP/in.3/min)

(3.157)

(1.403)

Factor -
Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2
111111 2.66 1.73 0.80 1.46 2.53 2.26
(3.507) (2.280) (1.052) (1.929) (3.332) (2.981)
111221 4.66 2.18 1.06 1.78 2.85 1.33
(6.138) (2.876) (1.403) (2.350) . (3.753) (1.754)
- 112112 7.32 2.40 1.60 . 2.66 6.26 1.33
(9.645) (3.157) (2.104) (3.507) . (8.242) (1.754)
112222 . 3.73 2.66 1.33° 2.13 2.66 1.86
(4.910) (3.507) (1.754) (2.806) (3.507) (2.455).
121122 3.19 - 2.66 1.20 1.86 3.33 1.86
(4.209) (3.507) (1.578) (2.455) (4.384) (2.455)
121212 4.92 . 2.53 1.60 2.66 3.59 1.86
(6.488) (3.332) (2.104) (3.507) (4.735) (2.455)
122121 4.45 2.00 0.88 1.60 2.80 1.33
. (5.857) (2.630) (1.157) (2.104) (3.683) (1.754)
122211 3.41 - 2.00 0.88 1.52 2.53 0.56
(4.489) (2.630) (1.157) (1.999) (3.332) (0.737) .
211122 3.99 3.99 1.33 1.86 6.26 1.46
(5.261) (5.261) (1.754) (2.455) (8.242) (1.929)
211212 3.19 2.66 1.33 1.33 4.26 1.86
(4.209) (3.507) (1.754) (1.754) (5.612) (2.455)
212121 2.77 1.73 0.80 - 1.60 2.66 1.60
(3.648) (2.280) (1.052) (2.104) (3.507) (2.104)
212211 4.53" 2.40 1.06 1.73 3.46 1.65
(5.962) (2.280) - (4.559) (2.175)



" Table. A-2 Continued. "Values of WN

WN for Indicated Materialx

(W/em3/s; Hp/in.3/min)

Factor :

Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2

.221111 -2.66 2.05 1.04 1.86 3.06 1.60
(3.507 (2.701) (1.368) (2.455) (4.033) (2.104)

221221 3.73 2.13 0.99 1.73 2.80 1.65
(4.910) (2.806) (1.298) (2.280) (3.683) (2.175)

222112 5.32 2.66 2.00 2.13 2.93 1-.73
(7.015) (3.507) (2.630) (2.806) (3.858) (2.280)

222222 4.53 2.66 1.33 2.00 4.69 1.33
(5.962) (3.507) (1.754) (2.630) (6.138) (1.754)

*Data is an average from two specimens at .each of the indicated levels.

See Table 3 in text for explanation of coding.
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Table A-3.

Average Surface-Finish Measurements

Average Surface Finish for Indicated Material

(um; pin.)

(13)

Factor :
Levels- 303Se 15-5PH BeCu Kovar Hiperco 18-2
111111 2.08 0.76 .0.81 0.99 0.41 1.40
’ "(82) (30) (32) (39) (16) (55)
111221 1.19 0.79 0.86 0.91 0.41 1.09
(47) (31) (34) (36) (16) (43)

112112 1.07 0.53 0.79 0.97 0.30 1.07
(42) (21) (31) (38) (12) (42)

112222 1.37 0.41 1.35 1.30 0.38 1.35
(54) - (16) (53) (51) (15) (53)

121122 1.47 ' 0.58 1.22 1.40 0.30 1.22
(58) (23) (48) (55) (12) (48)

121212 1.02 1.88 1.02 1.32 0.46 1.52
(40) (74) (40) (52) (18) (60)

122121 0.56 0.48 0.81 0.94 . 0.41 1.02
(22) (19) (32) (37) (16) (40)

122211 1.22 0.81 1.14 1.40 1.12. 1.14
, (48) (32) (45) (35) (44) (45)
211122 0.43 0.41 0.79 1.07 0.25 0.69
‘ (17) (16) (31) (42) (10) (27)
211212 . 0.64 0.15 1.07 0.97 0.25 2.24
‘ (25) (6) (42) (38) (10) (88)
212121 0.64 0.38 0.66 0.91 0.36 1.12
(25) (15) (26) (36) (14) (44)

212211 0.33 0.56 0.71 1,02 0.20 1.12
(22) (28) (40) (8) (44)
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. Table A-3 Continued.  Average Surface-Finish Measurements

Average Surface Finish.for Indicated Material

(um; pin.)
Factor
Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2
221111 0.28 0.41 '0.91 0.97 0.18 1.12
(11) (16) (36) (38) (7) (44)
221221 0.71 0.43 1.02 1.14 0.48 0.81
(28) . (17) (40) (45) (19) (32)
222112 0.25 0.51 0.36 1.45 0.25 2.41
(10) (20). (14) (37) (10) (95)
222222 0.76 0.30 0.79 0.97 0.46 1.07
(30) (12) (31) (38) (18) (42)
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Table A-4.

Average Burr Height

Average Burr Height for Indicated Material
(em; In. x 10~%)

Factor

Levels 3038Se 15-5PH BeCu Kovar Hiperco 18-2

111111 . 277 20 41 46 56 20

: (109) (8) (16) (18) (22) (8)

111221 . 457 61 25 61 51 46
(180) (24) (10) (24) (20) (18)

112112 493 20 25 86 117 48
(194) (8) (10) (34) (46) (19)

112222 345 0 30 71 28 28
(136) (0) (12) (28) (11) (11)

121122 241 0o . 15 46 36 33
(96) (0) (6) (18) (14) (13)

121212 325 51 66 127 145 61
(128) (20) (26) (50) (57) (24)

122121 366 30 48 91 43 25
(144) (12) (19) (36) (17) (10)

122211 635 71 18 56 61 25
(250) (28) (7) (22) (24) (10)

111122 485 20 66 76 61 56
(191) (8) (26) (30) (24) (22)

211212 833 71 38 36 118 114
‘ (328) (28) (15) (14) (44) (45)

212121 450 0 30 64 48 38
(177) (0) (12) (25) (19) (15)

212211 790 122 10 66 41 41
: : (311) (48) (4) (26) (16) (16)

L



- Table A-4 Continued. Average Burr Height

Average Burr Height £
(gm; In. x 10-4)

or Indicated Material

Factor . -
Levels 303Se 15-5PH BeCu Kovar - Hiperco '18-2
221111 544 41 25 46 109 41
(214) (16) (10) (18) (43) (16)
221221 345 15 23 99 51 46
) (136) (6) (9) (39) (20) (18)
- 222112 254 41 30 142 0 30
(100) . (16) (12) (56) (0) (12)
222222 533 23 66 74 94 20
(210) (9) (26) (29) (37)

(8)
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Table A-5.

Average Burr Thiexness

Average Burr Thickness for Indicated Material

(pum; In. x 10-4
Factor
Levels 3038Se 15-5PH BeCu Kovar Hiperco 18-2
111111 124 51 76 79 91 46
(49) (20) (30) (31) (36) (18)
111221 147 81 46 81 56 46
(58) (32) (18) (32) (22) (18)
112112 152 20 33 81 97 61
(60) (8) (13) (32) (38) (24)
112222 145 0 76 91 61 43
(57) (0) (30) (36) (24). (17)
121122 97 0 30 66 33 33
' (38) (0) (12) (26) (13) (13)
121212 107 18 71 56 109 46
(42) (7) (28) (22) (43) (18)
122121 246 36 56 46 66 41
- (97) (14) (22) (18) (26) (16)
122211 91 97 33 117 89 61
' (36) (38) (13) (46) (35) (24)
211122 833 18 20 61 30 36
(328) (7) (8) (24) (12) (14)
211212 132 94 56 86 109 97
(52) (37) (22) (34) (43) - (38)
212121 124 0 61 76 71 20
(49) (0) (24) (30) (28) (8)
212211 330 79 20 51 58 . 64
(130) (31) (8) (20) (23) (25)
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..Table A-5 Continued. Average Burr Thickness

Average Burr Thickness for Indicated Material

(um; x 10-4)
Factor )
Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2
221111 . 935 64 20 69 76 33
(368) (25) (8) (27) (30) (13)
221221 107 56 66 97 79 64
(42) (22) (26) (38) (31) (25)
- .222112 .86 61 - 58 89 0 56
(34) (24) (23) (35) (0) (22)
222222 218 15 28 48 64 56
' (86) (6). (11) (19) (25) (22)
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Table A-6.

Average Fillet Radius

Average Fillet Radius for Indicated Material

(um; In. x 10~%)

Factor

Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2
111111 .61 41 107 58 137 117
(24) (16) (42) (23) (54) (46)

111221 71 76 41 - 51 127 51
(28) (30) (16) (20) (50) (20)

112112 ‘66 46 41 61 97 46
(26) (18) (16) (24) (38) (18)

112222 - 53 20 56 36 64 38
' (21) (8) (22) (14) (25) (15)

121122 = 36 53 48 58 56 36
, (14) (21) (19) (23) - (22) (14)

121212 41 43 61 41 56 36
(16) (17) (24) (16) (22) (14)

122121 147 51 157 86 114 86
(58) (20) (62) (34) (45) (34)

122211 38 66 130 97 132 41
(15) (26) (51) (38) (52) (16)

211122 36 78 53 38 76 41
(14) (11) (21) (15) (30) (16)

211212 46 81 56 66 81 71
_ (18) (32) (22) (26) (32) (28)

212121 53 107 51 69 155 51
(21) (42) (20) (27) (61) (20)

212211 251 71 81 66 137 41
: (99) (28) (32) (26) (54) (16)
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-Table. A-6.Continued.. Average Fillet Radius

Average Fillet Radius for Indiéated Material

(um; x 10~4
Factor .
Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2
221111 -30 36 61 30 114 61
(12) (14) (24) (12) (45) - (24)
221221 41 119 89 86 107 25
(16) (47) (35) (34) (42) (10)
1222112 43 64 .56 64 . 25 36
(17) (24) (22) (25) (10) (14)
222222 - 81 18 46 51 84 . 41
(32) (7) (18) (20) (33) (16)
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Table A-7. Average Cutting Force FR

Average Cutting Force Fr for Indicated Material

(4) (4) (2) (2) - (2)

(N; Pounds)
Factor
Levels 303Se 15-5PH BeCu Kovar. Hiperco 18-2
111111 35.6 0 -8.9 -8.9 0 17.8
A (8) (0) - (=2) (-2) (0) (4)
111221 35.6 -17.8 8.9 8.9 35.6 17.8
(8) (-4) (2) (2) (8) (4)
112112 0 0 4.4 4.4 22.2 4.4
(0) (0) (1) (1) - (9) (1)
112222 17.8 17.8 8.9 8.9 8.9 8.9
(4) (4) (2) - (2) (2) (2)
121122 17.8 8.9 8.9 8.9 13.3 4.4
‘ Co (4) (2) (2) (2) (3) (1)
121212 0 8.9 4.4 0 8.9 4.4
‘ (0) (2) (1) (0) (2) (1)
122121 40.0 -17.8 8.9 8.9 17.8 17.8
(9) (-4) (2) (2) (4) (4)
122211 53.4 -53.4 0 -8.9 -26.7 8.9
, . (12) (-12) (0) (-2) (-6) (2)
211122 0 17.8 4.4 4.4 17.8 4.4
(0) (4) (1) (1) (4) (1)
211212 17.8 8.9 4.4 8.9 26.7 0
(4) (2) (1) (2) - (6) (0)
212121 35.6 26.7 -8.9 -4.4 44.8 8.9
- (8) (6) (-2) (-1). (10) (2)
212211 17.8 17.8 8.9 8.9 8.9 17.8
(4)



- Table A-7 Continued. Average Cutting Force FR

Average Cutting Force FRp for Indicated Material
(N; Pounds)

Factor .
Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2
- 221111 17.8 31.1 8.9 17.8 - 13.3 8.9
(4) (7) (2) (4) (3) (2)
221221 35.6 -17.8 8.9 0 -4.4 17.8
(8) (-4) (2) (0) (-1) (4)
222112 .. 48.9 ‘17.8 - 17.8 8.9 13.3 4.4
_ (11) (4) (4) (2). (3) (1)
222222 8.9 8.9 4.4 4.4 13.3 4.4
(2) (2) (1) . (1) (3) (1)
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Table A-8. Average Cutting Force Fr
Average Cutting Force Fr for Indicated Material
(N; Pounds)
Factor Tool
Levels .Number 303Se. 15-5PH BeCu Kovar Hiperco 18-2
111111 1 222.4 142.3 66.7 124.5 213.5 186.8
(50) (32) (15) (28) (48) (42)
111221 16 391.4 182.4 89.0 151.2 240.2 111.2
(88) (41) (20) (34) (54) (25)
112112 15 124.5 40.0 26.7 44 .5 106.8 22.2
- (28) (9) (6) (10) (24) (5)
112222 2 62.3 44 .5 22.2 35.6 44 .5 31.1
(14) (10) - (5) (8) (10) (7)
121122 3 53.4 44.5 17.8 31.1 53.4 31.1
(12) (10) (4) (7) (12) (7)
121212 14 80.1 44.5 26.7 44.5 62.3 31.1
(18) (10) (6) (10) (14) (7)
122121 13 - 373.6 169.0 71.2 133.4 231.3 111.2
(84) (38) (16) (30) (52) (25)
122211 4 284.7 169.0 71.2 124.5 213.5 44 .5
(64) (38) (16) (28) (48) (10)
211122 12 66.7 66.7 22,2 31.1 106.8 26.7
(15) (15) (9) (7) (24) (6)
211212 5 53.4 44.5 22.2 40.0 71.2 31.1
(12) (10) (5) (9) (16) (7)
212121 6 231.3 142.3: 66.7 133.4. 222 .4 133.4
(52) (32) (15) (30) (50) (30)
212211 11 378.1 200.3 89.0 142.3 289.1 137.9
(85) (45) (20) - (32) (65) (31)



Table A-8 -Continued.  Average Cutting Force Fp

Average Cutting Force Fp for Indicated Material

‘ (N; Pounds)
Factor Tool :
Levels Number 303Se 15-5PH BeCu Kovar . Hiperco 18-2
221111 -10 222.4 169.0 89.0 155.7 258.0 133.4
B (50) (38) (20) (35) (58) (30)
221221 7 311.4 177.9 80.1 142.3 231.3 137.9
(70) (40) (18) (32) (52) (31)
222112 - 8 89.0 © 44.5 35.6 35.6 48.9 26.7
(20) (10) - (8) (8) (11) (6)
222222 .9 .75.6 44.5 22.2 35.6 80.1 22.2

17y - (10) - (8) (8) - (18) . (5)




Table A-9. Average Cutting Force Fp

88

Average Chtting Force Fp for Indicatéd Material

EE

(N; Pounds)
Factor .
Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2
111111 142.3 75.6 17.8 53.4- 115.6 35.6
- (32) (17) (4) (12) (26) (8)
1 111221 173.5 80.1 35.6 53.4 89.0 44.5
| (39) (18) (8) (12) (20) (10)
112112 35.6 8.9 8.9 17.8 17.8 8.9
(8) (2) (2) (4) (4) (2)
112222 22.2 17.8 8.9 17.8 22.2 8.9
(5) (4) (2) (4) (5) (2)
121122 22.2 17.8 8.9 - 17.8 26.7 8.9
(5) - (4) (2) (4) (6) (2)
121212 35.6 17.8 8.9 17.8 26.7 8.9
(8) (4) (2) (4) (6) (2)
122121 155.7 62.3 26,7 44.5 - 80.1 31.1
, (35) (14) (6) (10) (18) (7)
122211 177.9 80.1. 35.6 71.2 115.6 35.6
(40) (18) (8) (16) (26) (8)
211122 -35.6 13.3 8.9 13.3 17.8 8.9
A (8) (3) (2) (3) (4) (2)
211212 44.5 17.8 8.9 26.7 26.7 8.9
(10) (4) (2) (6) (6) (2)
212121 155.7 71.2 26.7 53.4 111.2 35.6
: (35) - (16) (6) : (12) (25) (8)
212211 177.9 80.1 26.7 62.3 97.9 48.9

(40) (18) (6) (14)  (22) (11)




Table A-9 Continued. Average Cutting Force Fp

Average Cutting Force Fp for Indicated Material
(N; Pounds)
Factor
Levels 303Se 15-5PH BeCu _ Kovar Hiperco 18-2
221111 - 89.0 80.1 26.7 62.3 . 89.0 44.5
(20) (18) (6) (14) (20) (10)
221221 177.9 89.0 35.6 71.2 129.0 44.5
(40) (20) (8) - (16) (29) (10)
222112  35.6 - 17.8 8.9 17.8 22.2 8.9 i
(8) (4) (2) (4) (5) (2)
222222 89.0 17.8 8.9 - 17.8 17.8 8.9
(20) (4) (2) (4) (4) (2)

68
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Table A-10. Average Localized Wearland Thickness C*

Average Thickness for Indicated Material
(um; mils)

Factor
Levels 3038Se 15-5PH BeCu Kovar: Hiperco 18-2
111221 = . 177.8 63.5 12.7 0 203.2 0
(7.0) (2.5) (0.5) (0) (8.0) (0)
112112 20.3 50.8 50.8 0 88.9 25.4
(0.8) (2.0) (2.0) (0) (3.5) (1.0)
121212 25.4 : 25.4 63.5 12.7 25.4 12.7
(1.0) (1.0) (2.5) (0.5) (1.0) (0.5)
122121 165.1 88.9 12.7 0 203.2 0
_ (6.5) (3.5) (0.5) (0 (8.0) (o)
211122 38.1 25.4 12,7 25.4 38.1 0
(1.5) (1.0) (0.5) (1.0) (1.5) (0)
212211 88.9 76.2 25.4 0 279.4 0
(3.5) (3.0) (1.0)_ (0) (11.0) (0)
221111 88.9 63.5 177.8 0 241.3 50.8
: (3.5) (2.5) (7.0) . (0) (9.5) (2.0)
222222 50.8 0 25.4 25.4 . 38.1 0
: (2.0) (0) (1.0) (1.0) (1.5) (0)

*Refer to Figure 22 for defimnition of wearland position.
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Table A-1

1. Average Localized Wearland Thickness B*

Average Thickness for Indicated Material

(pm; mils)

Factor
Levels 303Se 15-5PH BeCu Kovar Hiperco 18-2
111221 139.7 63.5 ‘ 38.1 38.1 '190.5 0
(5.5) (2.5) (1.5) (1.5) (7.5) (0)
112112 76.2 -127.0 63.5 25.4 317.5 0
(3.0) (5.0). (2.5) (1.0) (12.5) (0)
121212 .76.2 ...114.3 . 88.9 50.8 203.2 0
(3.0) " (4.5) (3.5) (2.0) (8.0) (0)
122121 127.0 88.9 50.8 76.2 190.5 0
(5.0) (3.5) (2.0) (3.0) (7.5) (0)
211122 76.2 152.4- 63.5 50.8. 254.0 0
- (3.0) (6.0) (2.5) (2.0) (10.0) (0)
212211 127.0 76.2 50.8 25.4 279 .4 0
(5.0) (3.0) (2.0) (1.0). (11.0) (0) .
221111 190.5 88.9 25.4 50.8 228.6 177.8
(7:5) (3.5) (1.0) (2.0) (9.0) (7.0)
222222 165.1 114.3 - 50.8 50.8 2032 0
..(6.5) _(4;5) .(2.0) (2.0) (8.0) (0)

*Refer to Figure 22 for definition of wearland position.
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Table A-12. Average Localized Wearland Thickness Ax*

Average Thickness for Indicated Material
(um; mils)

Factor .
Levels 303Se 15-5PH 3eCu Kovar Hiperco 18-2
111221 317.5 254.0 114.3 114.3 393.7 101.6
(12.5) (10.0) (4.5) | (4.5) (15.5) " (4.0)
112112 152.4 177.8 152.4 127.0 546.1 114.3
(6.0) (7.0) (6.0) (5.0) (21.5) (4.5)
121212 127.0 203.2 254.0 101.6 381.0 203.2
(5.0) (8.0) (10.0) (4.0) (15.0) (8.0)
122121 . 292.1 177.8 - 228.6 139.7 393.7 25.4
: (11.5) - (7.0) (9.0) - (5.5)" (15.5) (1.0)
. 211122 127.0 279.4 190.5 114.3 469.9 50.8
' (5.0) (11.0) (7.5) (4.5) (18.5) (2.0)
212211 330.2 177.8 165.1 101.6 533.4 50.8
(13.0) (7.0) (6.5) (4.0) (21:0) (2.0)
221111 76.2 254.0 165.1 101.6 508.0 279.4
(3.0) (10.0) (6.5) (4.0) (20.0) (11.0) .
222222 101.6 152.4 114.3 101.6 355.6 20.3
(4.0) (6.0) (4.5) (4.0) (14.0) (0.8)

*Refer to Figure 22 for definition of wearland position.
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"Tab1e~A513£:“Tool7Angle-Combinations Producin

Force Frp

g Lowest and Highest Cutting

Cutting Variable

Tool Angles for Indicated Material#*
(Degrees)

303Se 15-5PH BeCu Kovar

Force Fp Angle Hiperco - 18-2
Lowest _ 4
ECEA 7, 7 7, 2 7, 7 7, 7 7, 7 7, 7
SR 10, 10 10, 5 10, 5 10, 5 10, 5 5, 5
BR 5 0 5, 5 5, 0 5, 0 5, 0 0, 5
Highest - '
ECEA 7, 7 2, 2 .7, 2 7, 2 2, 2 7, 2
SR 5, 10 10, 5 0, 5 -5, 10 ‘10, 5 10,
BR 5, 0 5, 0

5, 0 5, 0 0, 0 5, 5

*The geometry of the two tools

force are given.

producing the lowest force and the highest
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Table A-14., ANOVA Summary for Fp

. . | Material
Defects 303Se 15-5PH BeCu Kovar Hiperco 18-2
ECEA (A) *k
ERf (B) * *
BR (C) * *
SR (D) * * *
SCEA (E) [ABD]***x*
Depth-0f-Cut (F)

[ABC] * %k * %k * %k * ok ¥ * ok k * %k
ECEA x ERf .(AB) * *
ECEA x BR (AC) *
ECEA x SR (AD) *
ERf x BR (BC) _ *

‘ERf x SR (BD) * * * %
BR x SR (CD) Kok
ECEA x BR x SR 4

(ACD) * %k %k %k k% * %k %
ERf x BR x SR

(BCD) *
ECEA x ERf x BR x

SR (ABCD) * %k * ok * % * *

*Significant effect.at 95-percent confidence level.
at 99-percent confidence level.
at a confidence level exceeding 99 percent.

**Significant effect
***Significant effect

-****[]Equated to the factor to generate the fractional replicate.
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-Table A-15, ANOVA Summary for Fp

Material

Defects BOBSe. 15—5PH BeCu Kovar Hiperco 18-2
ECEA (A) * * %k * %
ERf (B) * * %
BR (C) * %k * * *
SR (D) * % K * * %k * %k % * % * %
SCEA (E) ' [ABD]***x ~ kxx* * * %k *
Depth-0f-Cut (F)

[ABC] * K K * ok % kKK * kK * %k * Kk
ECEA x ERf (AB) * ¥
ECEA x BR (AC) * %ok * *x*
"ECEA x SR (AD) ok K
ERf x BR (BC) * % % * *
ERf x SR (BD) xx * * *
BR x SR (CD) * ** *

.. ECEA x BR x SR

(ACD) o * %k % * %k
ERf x BR x SR

(BCD) *
ECEA x ERf x BR x-

SR (ABCD) *k * * % xHKK . *

*Significant effect at 95-percent confidence level.
¥*Significant effect at 99-percent confidence level.
-*x*Significant effect at a confidence level exceeding 99 percent.
*x*x[ ]JEquated to the factor to generate the fractional replicate.
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Table A-16.

ANOVA Summary foxr Fp

‘Material

Defects 303Se 15-5PH BeCu Kovar Hiperco  18-2
ECEA (A) * %k K * % %k * *
ERf (B). * * % *% * * %
BR (C) *
SR (D) * ok ok
SCEA (E) [ABD]***x * %
Depth-0f-Cut (F)
[ABC] * % % * ok K * % * K K * ok K
ECEA x ERf (AB) *
ECEA x BR (AC) * %k * * ok *
ECEA x SR (AD)
ERf x BR (BC) * % * ok ok okok
ERf x SR (BD) * % * kK * ok *
BR x SR (CD) Cokok
ECEA x BR x SR
(ACD) * Kk * * K K *
ERf x BR x SR
(BCD) * *
ECEA x ERf x BR x _
SR (ABCD) * %k % * K * *

*Significant effect at 95-percent confidence level.

**Significant effect at 99-percent confidence level.
***Significant effect at a confidence .level exceeding 99 percent.
**¥*x[ ]JEquated to the factor to generate the fractional replicate,.
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Table A-17. ANOVA Summary for Fillet Radius.

Material
Defects 303Se 15-5PH BeCu Kovar Hiperco 18-2
ECEA (A)
ERf (B)
BR (C) * X
SR (D)
SCEA (E) [ABD]***x
Depth-0f-Cut (F)

[ABC] * K * % * % * % *
ECEA x ERf (AB) * |
ECEA x BR (AC) o .

ECEA x SR (AD) * % *
ERf x BR (BC)

ERf x SR (BD) *

BR x SR (CD) * %

ECEA x BR x SR

(ACD) * % * *
ERf x BR x SR

(BCD) * *

ECEA x ERf x BR x
"SR (ABCD)

*Sigﬂificant effect at 95-percent confidence level.
**Significant effect at 99-percent confidence level.

***Sjgnificant effect at a confidence level exceeding 99 percent.
***x[ ]Equated to the factor to generate the fractional replicate.
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Table A-18. ANOVA

Summary for Surface Finish

Material

Defects 303Se 15-5PH BeCu Kovar Hiperco  18-2
ECEA (A) * kK *%k - okkok *
ERSf (B) * * ‘ %k %k %
BR (C) - * * * %
SR (D)- *kk
SCEA (E) [ABD]**x*x *k x * %k
Depth-0f-Cut (F)

[ABC] * ok *
ECEA x ERf (AB) *
ECEA x BR (AC) * * % ok K
ECEA x SR (AD) * * % * *
ERf x BR (BC) ok
ERf x SR (BD) * * * *
BR x SR (CD) * % * K *
ECEA x BR x SR ‘

(ACD) % % * % %k % %k Xk * k
ERf x BR x SR

(BCD) * *
ECEA x ERf x BR x

SR (ABCD) kk

*Significant effect at 95-percent confidence level.
**Significant effect at 99-percent confidence level.
***Sjgnificant effect at a confidence level exceeding 99 percent.
**x%*[ ]JEquated to the factor to generate the fractional replicate.
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Table A-19. ANOVA Summary for Burr Height

Material
Defects 303Se 15-5PH BeCu Kovar Hiperco 18-2
ECEA (4) * k%
ERf (B) * kK
BR (C) * %k ok * %
SR (D) * % * ok k
SCEA (E) [ABD]**x*x* * K * kK
Depth-0f-Cut (F)

[ABC] *kokk *
ECEA x ERf (AB) * Ak *
ECEA x BR (AC) * %k
ECEA x SR (AD) kKK
ERf x BR (BC) * KK
ERf x SR (BD) * * %k
BR x SR (CD) * %k %k *
ECEA x BR x SR

(ACD) * * Kk
ERf x BR x SR

(BCD) * Kk
ECEA x ERf x BR x

SR (ABCD) * ok %k

*Significant effect at 95-percent confidence level.

**Significant effect at 99-percent confidence level.
***Significant effect at a confidence level exceeding 99 percent.
****[ JEquated to the factor to generate the fractional replicate.




Table A-20. ANOVA Summary for Burr Thickness

001

‘Material

Defects 303Se 15-5PH BeCu Kovar Hiperco 18-2

ECEA (A)

ERf (B)

BR (C)

SR (D) * %
SCEA (E) [ABD]**** - : . *

Depth-Of-Cut (F)
[ABC] *

ECEA x ERf (AB)
ECEA x BR (AC) ,
ECEA x SR (AD) - | *
ERf x BR (BC) *
ERf x SR (BD)
BR x SR (CD)

ECEA x BR x SR
(ACD) * * kK . ok k

ERf x BR x SR
(BCD)

ECEA x ERf x BR x
SR (ABCD)

*Significant effect at 95-percent confidence level.

**Significant effect at 99-percent confidence level.
***Significant effect at a confidence level exceeding 99 percent.
**%x[ ]JEquated to the factor to generate the fracétional replicate.




Table A-21. Alias Structure
for Design of
Geometry-Effect

ABCD = CE = DF

- Tests
Equivalents .
I = ABDE = ABCF = CDEF
A = BDE = BCF = ‘ACDEF
B = ADE = ACF = BCDEF
C = ABF = DEF = ABCDE
D = ABE = CEF = ABCDF
E = ABD = CDF = ABCEF
F = ABC = CDF = ABDEF
AB = CF = DE = ABCDEF
_AC = BF = ADEF = BCDE
AD = BE = ACEF = BCDF
BC = AF = ACDE = BDEF
BD = AE = ACDE = BCEF
CD = EF = ABCE = ABDF
ACD = AEF = BCE = BDF
BCD = ACE = ADF = BEF
' = ADEF

101
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Table A-22. Wearland Heights'for Tests Involving Only Two Specimens

Wearland Height for Indicated Material

(0.0030)

. (rm;Inch) . .
Wearland Factor
Position Tool Levels 303Se . 15-5PH Kovar - BeCu Hiperco 18-2
A* 9 222222 101.6 - 152.4 114.3 101.6 355.6 20.3
. (D.0040) (0.0060) (0.0045) (0.0040) (0.0140) (0.0008)
10 221111 75.2 254.0 165.1 101.6 508.0 279.4
' (D.0030) (0.0100) (0.0065) (0.0040) (0.0200) (0.0110)
11 212211 330.2 177.8 165.1 101.6 533.4 50.8
' (0.0130) (0.0070) (0.0065) (0.0040) (0.0210) (0.0020)
12 211122 127.0 279.4 444 .5 114.3 469.9 - 50.8
(0.0050) (0.0110) (0.0175) (0.0045) (0.0185) (0.0020)
13 122121 z92.1 177.8 -228.6 127.0 © 393.7 25.4
(0.0115) (0.0070) (0.0090) (0.0055) (0.0155) (0.0010)
14 121212 127.0 203.2 254.0 152.4 381.0 203.0
(0.0050) (0.0080) (0.0100) (0.0060) (0.0150) (0.0080)
15 112112 ~52.4 177.8 152.4 127.0 546.1 114.3
_ (0.0060) (0.0070) (0.0060) (0.0050) (0.0215) (0.0045)
16 111221 .317.5 254.0 114.3 114.3 393.7 101.6
{0.0125) (0.0100) (0.0045) (0.0045) (0.0155) (0.0040)
Avg. 190.5 208.3 205.7 119.4 . 447.0 106.7
(0.0075) (0.0082) (0.0081) (0.0047) (0.0176) (0.0042)
B 9 - 222222 165.1 114.3 50.8 50.8 - 203.2 *k
‘ (0.0065) (0.0045) (0.0020) (0.0020) (0.0080)
10 221111 177.8 88.9 25.4 50.8 381.0 177.8
: (0.0075) (0.0035) (0.0010) (0.0020) (0.0150) (0.0070)
11 212211 127.0 76.2 50.8 25.4 406 .4
- (0.0050) .(0.0020) (0.0010) (0.0160)
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...............

Wearland Height for Indicated Material

(um; Inch) '
Wearland Factor
Position Tool Levels 303Se - 15-5PH Kovar BeCu Hiperco 18-2
B 12 211122 76.2 152.4 63.5 50.8 254.0
: : (0.0030) (0.0060) (0.0025) (0.0020) (0.0100)
13 122121 127.0 88.9 50.8 76.2 304.8
: (0.0050) (0.0035) (0.0020) (0.0030) (0.0120)
14  .121212 76.2 - 114.3 88.9 50.8 203.2
o (0.0030) (0.0045) (0.0035) (0.0020) (0.0080)
15 112112 76.2 127.0 63.5 25.4 304.8
(0.0030) (0.0050) (0.0025) (0.0010) (0.0120)
16 111221 139.7 63.5 ~ 38.1- - 38.1 304.8
» (0.0055) (0.0025) (0.0015) (0.0015) (0.0120)
Avg. 101.6 104.1 53.3-: - 45.7 294 .6 25.4
(0.0048) (0.0041) (0.0021) (0.0018) (0.0116) (0.0010)
C 9 222222 50.8 25.4 25.4 - 38.1
(0.0020) (0.0010) (0.0010) (0.0015)
10 221111 88.9 - . 63.5 - 17.8 0 241.3 - 50.8
e e , (0.0035) .(0.0025) .(0.0007) (0.0000) (0.0095) (0.0020)
11 212211 88.9 76.2 25.4 279.4 .
. ' (0.0035) (0.0030) (0.0010) (0.0110)
12 211122 38.1 25.4 12.7 25.4 38.1 -
: ' (0.0015) (0.0010) (0.0005) (0.0010) (0.0015)"
13 122121 165.1 88.9 12,7 - 203.2
(0.0065) " (0.0035) (0.0005) (0.0080)
14 121212 25.4 25.4 63.5 12.7 25.4 12.7
(0.0010) (0.0010) (O. . (0.0005) (0.0010) (0.0005)

0025).
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Table A-22 Continued. Wearland Heights for Tests Involving Only Two Specimens

Wearland Height for Indicated Material

. (um;Inch)
Wearland Factor
Pos%tion Tool Levels 303S8e .. . 15-5PH Kovar BeCu Hiperco 18-2
c 15 112112 20.3 - 50.8 50.8 . . 88.9" 25.4
. : (0.0008) (0.0020) (0.0020) (0.0035) " (0.0010)
16 111221 177.8 63.5 " 63.5 203.2
: (0.0070) (0.0025) (0.0025) (0.0080)
Avg. 81.3 48.3 33.0 7.6 '139.7 10.2
(0.0032) (0.0019) (0.0013) (0.0003) (0.0055) (0.0004)

*Refer to Figure 22 for definition of wearland positions.
**Blank spaces indicate that no measurements were made.




Table A-23.

Constants for Tool-Wear Equations

(N;

: . Constants*
Factor Variable and
Material Levels Measuring Units ag a,
15-5PH 122211 F, 80.6 2.98
) (N; Pounds) - (18.13) (0.67)
BeCu 211212 Fy ‘ 8.9 1.1
(N; Pounds) (2.0) (0.25)
Kovar 221221 F, ‘ 67.6 2.6
: ' (N; Pounds) (15.2) (0.58)
Kovar 222112 Fy 16.3 0.7
(N; Pounds) (3.67) (0.15)
" Hiperco 111111 Fy 114.5 4.3
: (N; Pounds) (25.73) (0.96)
Hiperco 121122 F, : 21.7 2.1
(N; Pounds) (4.87)” (0.48)
Hiperco 221221 Fy 125.7 . 2.8
: _ (N; Pounds) (28.27) (0.64)
Hiperco 222112 Fy - 20.1 0.9
. : (N; Pounds) (4.53) (0.21)
BeCu 111111 Fp 62.6 2.5
‘ (N; Pounds) (14.07) (0.57)
BeCu 112222 Fr . 20.1 0.8
: _ . *(N; Pounds). (4.53)  (0.18)
Hiperco 111111 Fp 208.5 12.4
. (N; Pounds) (46.87) (2.79)
' Hiperco 112222 Fp 36.2 6.7
' (N; Pounds) (8.13) (1.50)
Hiperco 211212 Fp : 71.5 » 12.7
: (N; Pounds) (16.07) (2.86)
Hiperco 212121 Fp = 216.5 11.6
: - (N; Pounds) (48.67) (2.60)
Hiperco 221221 Fp = 223.9 . 8.2 )
. (N; Pounds) (50.33) (1.85)
Hiperco 222112 Frp . 45.4 7.4
- (N; Pounds) (10.20) (1.67)
303Se 221221 Fp 35.6 - 2.3
~ Pounds) - (8.00) (0.51)
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Table A-23 Continued. Constants for Tool-Wear Equations

106

' : C‘o'nzstt:a'n:tisz*'
Factor Variable and
Material Levels Measuring Units a; a,
15-5PH 121122 FR 7.1 1.3
: (N; Pounds) (1.60) (0.29)
15-5PH 222112 FR : 15.7 1.2,
o (N; Pounds) - " (83.53) (0.28)
BeCu 211212 FR 3.9 0.9
: (N; Pounds) - (0.87) (0.21)
BeCu 212121 FR -8.9 1.6 .
' (N; Pounds) (-2.00) (0.36)
BeCu 221221 FR 12.5 -1.6
(N; Pounds) (2.80) (-0.35)
Kovar 122211 FR -12.5 1.3
(N; Pounds) (-2.80) (0.29)
Kovar 221221 FR- _ -3.6 1.3.
(N; Pounds) (-0.80) (0.29)
Kovar 222112 FR : 5.9 0.8
(N; Pounds) (1.33) (0.19)
Hiperco 111111 FR- -20.1 10.0
(N; Pounds) (-4.53) (2.24)
Hiperco 112222 FR 1.2 4.8
' . (N; Pounds) - (0.27) (1.08)
Hiperco 121122 FR . 10.7 5.2
- (N; Pounds) (2.40) (1.18)
Hiperco 122211 FR -32.6 3.2
: (N; Pounds) (-7.33) (0.72)
Hiperco 211212 FR 17.2 17.7
: ) (N; Pounds) (3.87) (3.97)
Hiperco 212121 FR 29.7 8.7
‘ (N; Pounds) (6.67) (1.95)
Hiperco 221221 FR -12.5 7.8
. (N; Pounds) (-2.80) (1.75)
Hiperco 222112 FR 0.58 8.9
: . (N; Pounds) (0.13) (2.01)
303Se 111111 Burr Thickness 53.3 18.29 ,
(um;Inch) (0.0021) (0.00072)



Table A-23 Continued.

Constants for Tool-Wear Equations

Constants*
Factor " Variable and .
Material Levels Measuring Units aqy a,
303Se 211212  Burr Thickness 142.2 ~5.33
(um; Inch) (0.0056) (-0.00021)
303Se 221221 . Burr Thickness’  48.3 10.41
- (um;Inch) (0.0019) (0.00041)
. Hiperco 121122 Burr Thickness: . 33.0 -4.06
(um; Inch) (0.0013) (-0.00016)
Hiperco 211212 Burr Thickness 83.8 S -11.18
: ‘ (um; Inch) (0.0033) (-0.00044)
Hiperco 212121 Burr Thickness 1 86.4 -8.89 -
. (um; Inch) 7 (0.0034) ' (-0.00035)
3038e 221221 Burr Length ©20.3 89.15 oo
' (um; Inch) (0.0008) (0.00351)
15-5PH 212121 Burr Length 2.5 - 3.81 :
T (um; Inch) (0.0001) (0.00015)
Hiperco 121122 Burr Length 33.0 .. -4.06
' (um; Inch) (0.0013 (-0.00016)
Hiperco =~ 211212 Burr Length 83.8 . -11.18
: ' o (um; Inch) (0.0033) (-0.00044)
Hiperco 212121 Burr Length 55.9 . -5.59
- ' (um; Inch) (0.0022) (-0.00022)
Hiperco 221221 Burr Length 53.3 . -2.54 .
- : s ‘ (um; Inch) (0.0021) (-0.00010)
303Se 111111 Surface Finish 1.77 . -0.13 .
. (um;Microinches) (69.87) (-5.19)
303Se 112222 Surface Finish 1.31 ~-0.08
. (um;Microinches) (51.47) (-3.01)
303Se . 222112 Surface Finish 0.16 - 0.07
. . . (um;Microinches) (6.20) - (2.85)
| : - A
| 15-5PH 112222 Surface Finish 0.08 . 0.20
o (um;Microinches) (3.00) (7.76)
15-5PH 121122  Surface Finish 0.66 . -0.04
) (um;Microinches) (25.93) (-1.66)
15-5PH 211212  Surface Finish 0.12 .. 0.03 .
- o (um;Microinches) (4.80) (1.29)
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(um;Microinches)

_(10.33)

» . Constants . .
Factor Variable and
Material Levels Measuring Units al a2
BeCu 111111 Surface Finish 0.84 0.03
(um;Microinches) (33.00) (1.11)
BeCu 112222 Surface Finish 1.33 0.03
(um;Microinches) ' (52.40) (1.02)
BeCu 222112 Surface Finish 0.26 0.03
: ' (um;Microinches) (10.33) (1.30)
Kovar 112222 Surface Finish 1.22 0.03
(um;Microinches) (48.20) (1.15)
Kovar 121122 Surface Finish . 1.37 0.04
(pm;Microinches) (53.93) (1.38)
Kovar 221221 Surface Finish 1.13 0.06
(um;Microinches) (44.47) (2.39)
Hiperco 121122 Surface Finish 0.29 0.06
(um;Microinches) (11.60) (2.20)
Hiperco 212121 Surface Finish 0.26 0.03
(1.25)

*These constants are for use in Equation 17 of this report:

Y =ay ¢+ az(s.gzs)'

where L is the axial length-of-cut in inches and Y is the
For example, the first entry in this
table, with FA expressed in pounds, would be

dependent variable.

FA =

When the SI Metric system of units is used, with Fp expressed

18.13 + 0.67(z—L5).

in newtons and L in millimeters, the first entry in this

table would be

FA =

80.6 + 2.98(12%75).
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Effects of Speed, Feedrate, and Tool Sharpness,

Table A-24.
Using Tool Geometry 3 in Annealed 303Se
Stainless Steel
Measurements for Indicated
Parameters*. .
Spindle Feedrate Force Fo Force Fp Force Fg
Workpiece Speed (um/Rev; (N;° (N; (N;
Number (RPM) 'IPR) Pounds). . Pounds). . . Pounds)
97 300 127.0 111 31 18
A (0.005) (25) (7) (4)
98 450 127.0 142 27 36
_ (0.005) (32) (6) (8)
99 150 127.0 120 22 13
. (0.005) (2?) (5) (3)
100 150 35.6 27 9 18
‘ (0.0014) (6) (2) (4)
101 450 35.6 53 22 4
(0.0014) (12) (5) (1)
102 450 12.7 89 22 18
(0.0003) (20) (5) (4)
103 300 12.7 89 22 13
o - (0.0005) (20) (5) (3)
104 150 12.7 44 9 9
. » (0.0005) (10) (2) (2)
105%%* 300 35.6. 67 31 4
: . . (0.0014) (15) (7) (1)
106** 300 35.6 67 .31 13
' (0.0014) (15) (7) (3)
3 300 . 35.6 53 22 18
' (0.0014) ~ (12) . .. (5). ...7. (4)
Fillet Nose Surface
Radius Radius ~Finish
(pm; (um; o (pm;
. Mils) . Mils). opIn) .
97 300 127.0 35.6 12.7 . 2.16
. (0.005) (1.4) (0.5) (85)
98 450 127.0 61.0 '38.1 °  3.20
: (0.005) (2.4) (125)

(1.5)
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Table A-24 Continued. Effects of Speed, Feedrate, and Tool
Sharpness, Using Tool Geometry 3 in
Annealed 303Se Stainless Steel

Measurements for Indicated

Parametersx*
Fillet Nose Surface
: ‘Spindle Feedrate Radius Radius Finish-
Workpiece Speed (um/Rev; (um; . (um; (um;
Number (RPM) IPR) Mils) Mils) u'In.)
99 150" 127.0 30.5 0 , 2.67
(0.005) (1.2) (0) (105)
100 150 35.6 . 127.0 101.6 0.41
‘ (0.0014) (5.0) (4.0) (16)
101 450 35.6 20.3 25.4 1.14
‘ (0.0014) (0.8) (1.0) (45)
102 450 12.7 45,7 25.4 2.72
(0.0005) (1.8) (1.0) (107)
103 300 12.7 17.8 38.1 2.08
(0;0005) (0.7) . (1.5) (82)
104 150 12.7 53.3 76.2 1.45
: (0.0005) (2,1) (3.0) (57)
105*%* 300 35.6 . 101.6 50.8 - 1.12
(0.0014) (4.0) (2.0) (44)
106** 300 35.6 101.6 63.5 - 0.74
(0.0014) (4.0) (2.5) (29)
3 300 35.6 35.6 * %k k 1.47
(0.0014) (1.4) A (58)
Burr Burr
Height Thickness
(pm; (um; -
Mils) Mils)
97 300 127.0 63.5 58.4
(0.005) (2.5) (2.3)
98 450 127.0 83.8 33.0
(0.005) (3.3) (1.3)
99 150 127.0 124.5 127.0
(0.005) (4.9) (5.0)
100 150 35.6 127.0 104.1
(0.0014) (5.6) (4.1)
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Table A-24 Continued.

.Effects of Speed, Feedrate, and Tool

Sharpness, Using Tool Geometry 3 in

Measurements for Indidated'

. Parametersx*
R Burr Burr
Spindle Feedrate Height Thickness
Workpiece Speed (um/Rev; (um; (um;
Number (RPM) . . IPR) Mils) . Mils)
101 450 35.6 101.6. - 88.9
(0.0014) (4.0) - (3.5)
102 - 450 12.7 99.1 . ' 96.5 -
. (0.0005) (3.9) (3.8)
103 300 . 12.7 160.0 - 16.0.
' . (0.0005) (6.3)- -~ (4.6)
104 150 12.7. 83.8- . 104.1
(0.0005) (3.3) - (4.1)
- 105%* 300 35.6 401.3 561.3
‘ (0.0014) (15.8) (22.1)
106%* 300 35.6 320.0 114.3 . ..
(0.0014). (12.6) (4.5) -
3 300 '35.6" ' 243.8 96.5
o (0.0014) (9.6) ... (3.8). ...
Wearland Wearland Wearland
A% xokk B . C
(um; (um; (um;
S Mils) . Mils) .. Mils)
97 300 127.0 0 0 0
: (0.005)  (0) (0) - (0).
98 450 127.0 203.2 50.8 - O
: (0.005) (8.0) (2.0) - (0)
99 150 127.0 0 0 .0
' (0.005) (0) (0) . -~ (0)
100 150 35.6 508.0 76.2 25.4
' (0.0014) (20.0) (3.0) (1.0)
101 . 450 35.6 . 114.3 - 50.8 50.8
. (0.0014) (4.5) (2.0) (2.0)
102 450 12.7 139.7 68.6 -~ 0
S (0.0005) (5.5) (2.7) " (0)
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Table A-24 Continued.

Effects of Speed, Feedrate, and Tool.

Sharpness, Using Tool Geometry 3 in

Measurements for Indicated

. Parameters*

Wearland Wearland Wearland

, Spindle Feedrate A**x*x B C
Workpiece Speed (um/Rev; (um; (um; (um;
Number (RPM) IPR) Mils) . Mils) . . Mils).
103 300 12.7 50.8 50.8 0
(0.0005) (2.0) (2.0) (0)
104 150 12.7 228.6 88.9 38.1
. : (0.0005) .(9.0) (3.5) (1.5)
105%* 300 35.6 114.3 50.8 30.5
(0.0014) (4.5) (2.0) (1.2)
106%** 300 35.6 533.0 139.7 63.5
(0.0014) (21.0) (5.5) (2.5)
3 300 35.6 * k%
(0.0014)

*Values shown are the average of two readings, with the

exception ot cutting-iuvol nose radiue and wearland size.

**Samples 105 and 106 were produced with dull tools.
***Blank space indicates that no measurement was made.

**x*Refer to Figure 22 for definition of wearland positions.
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radii less than 76.2 pym must be maintained.
Materials having high strain-hardening expo-
nents produce large burrs.
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