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SUMMARY SHEET

I. Engineering Research Institute, University of Michigan, Ann Arbor, Michigan.
IT. U. S. Army, Ordnance Corps.

III. Project No. 1993, Contract No. DA-20-018 ORD-11918, RAD No. ORDTB-1-12045
IV. Report No. WAL 401/109-29
V. Priority No. - None

VI. Investigation of machinability of titanium-base alloys

VII. Object:

The objective of this project was to conduct a machinability investigation of
titanium alloys RC-110A and 3Al1-5Cr in such a way as to give a comparison with
commercially pure titanium and other titanium alloys tested previously. The
results of the prior investigation are recorded in Report Nos. 1 through 28.

VIIT. Summary:

Numerous laboratory studies were made with both alloys. The RC-110A alloy was
investigated as to its machining properties in milling, turning, tapping, broach-
ing, conventional drilling, deep-hole drilling, and band-sawing., Similar obser-
vations were made for the 3A1-5Cr alloy except for deep-hole drilling.

IX. Conclusions:
Both RC-110A and 3A1-5Cr titanium alloys demonstrate identically the same quali-
tative machining characteristics as all previously tested alloys with the excep-
tion of RC-130B, which was somewhat unique as emphasized in previous reports.
The highlights of these machining characteristics are as follows:

1. It is relatively easy to obtain good surface finish when machining titanium.

2. The cutting speeds possible when machining titanium alloys are inversely
proportional to the strength of these alloys not only among themselves, but as
compared to common alloys of steel.

3. The cutting force and power requirements are substantially the same as for
a medium-strength steel, except as the tools become dull in which case the force
and power requirements increase several times faster than in the case of steel.

4. The necessary conditions for successful machining of titanium are as follows:

a. exceptional rigidity of the machine setup;

b. shop practice which will permit cutting tools to be worn not more
than about one-third common practice when cutting steel; and

c. abnormally large relief angles for those operations which ordinarily
provide little or no relief on the cutting tools (such operations are
tapping, reaming, broaching, etc.).
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I. INTRODUCTION

This report presents the results of machinability studies of tita-
nium alloys 3A1-5Cr and RC-110A. They were studied as a fbllow-up to an
earlier investigation of commercially pure titanium and three alloys. The
earlier studies involved many operations since there had been no prior ex-
perience with the machining of titanium. The experience gained previously
made it possible to limit the laboratory investigations of the two additional
alloys of titanium.

The results presented in this report show that the two new alloys
have substantially the same cutting properties as those studied in the ear-
lier investigation. Titanium does exhibit some unique machining properties
as compared to other metals and steel in particular. In brief, it appears
that the unique machining behavior is determined largely by a combination of
lower modulus of elasticity, high strength, relatively low ability to dissi=-
pate heat, and a relatively low coefficient of friction. All titanium alloys
studied to date exhibit the following machining properties:

1. Very little foreshortening in the formation of the chip. This
gives rise to:

a. exceptionally high pressures between the chip and the
cutting tool,

b. unusually high temperature in the cutting zone, and

c. unusually high sensitivity to any flexibility or lack —_
of rigidity in the machining setup. 4

2. Exceptionally good surface finish. 7

3. Highly susceptible to seizure. Despite a normally low coeffi-
cient of friction, titanium appears to be highly susceptible to
seizure in metal cutting operations. This condition is most pro-
nounced where small relief angles are used. Where it is possible
to do so, relief angles should be of the magnitude of 5 to 10 de-
grees; however, with certain types of tools such as cutting taps
this is not possible and a good extreme pressure lubricant must be
used for successful operation.
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i, Requires exceptional rigidity in the machine setup. The most im-
portant factor contibuting toward successful machining of titanium is
that of rigidity of the entire machining setup. While this is the
most important, it does not lend itself to numerical evaluation and
one can say that exceptional measures must be taken to assure maximum
rigidity.

5. Moderate power requirements. Most alloys of titanium require sub-
stantially the same amount of energy or power for cutting as does un-
hardened medium carbon steel.

An attempt was made to determine the residual stresses caused by
machining titanium. It was found that it is very difficult to determine such
stresses in titanium. However, a few reliable qualitative indications were
obtained. These indicated that the residual stresses or the distortion asso=
ciated with them increases very rapidly at relief angles less than 3 degrees.
This was investigated by making cuts with tools having relief angles varying
from 7 degrees down to no relief at all. These indications are particularly
significant when compared to similar experience with steel. Hot-rolled SAE
1045 steel showed no measurable distortion at the same conditions. While
the residual-stress investigation did not yield any quantitative results
it nevertheless indicated that considerable difficulty will be encountered
in controlling dimensions in machining titanium unless the cutting tools are
resharpened more frequently than in cutting steel. In other words, tools
should not be permitted to be worn as far as they are when cutting steel.

II. TOOL LIFE VERSUS RAKE ANGLE (TURNING)
(High-Speed Steel Tools)

The purpose of this study was to determine the influence of the
side rake angle on tool life when turning titanium grades RC-110A and 3Al1-5Cr.
A previoys study of this nature was reported for SAE 1045 steel, 304 stain-
less steel, RC-130B titanium, and Ti-150A titanium in Report No. 3, and on
titanium grades Ti-75A and RC-130A in Report No. 26.

TEST CONDITIONS

All tests were conducted on a lh-inch-swing Monarch engine lathe
equipped with a variable-speed drive. Cutting tools of the 18-L-1 high-speed
steel type, manufactured by the Firth Sterling Steel Company under the trade
name "Blue Chip", were ground to the ASA signature O, variable, 6, 6, 6, 15,
0.010.
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The size of cut was constant, consisting of a depth of cut of 0.050
inch and feed of 0.006 ipr. All tests were run without the use of cutting
fluids.

PROCEDURE

A typical tool-life line was obtained with tools having side rake
angles of 24 degrees. The velocity that would produce a 60-minute tool life
(V6O) was then selected from this line. Cutting tools with side rake angles
of 8, 16, 28, and 32 degrees were each tested at this cutting speed (Vgp),
and the tool lives that resulted were then plotted as a function of the side
rake angle. A curve of this type indicates an optimum range of rake angles
with respect to tool life. This procedure was followed for both grades of
titanium, RC-110A and 3A1-5Cr.

TEST RESULTS

Figure 1 is a plot of the tool life in minutes at each side rake
angle when turning RC-110A titanium at a cutting speed of 50 feet per minute.
This cutting speed was used for comparison since it produced a tool life of
60 minutes with the most favorable side rake angle of 24 degrees. Other rake
angles used were 8, 16, 28, and 32 degrees.

Figure 2 is a similar curve that shows the plot of side rake angle
versus tool life when turning the 2A1-5Cr titanium alloy at a cutting speed
of 46.5 fpm. Selection of this speed was based on the same reasoning expres-
sed above.

These curves are quite similar to the ones previously obtained for
the other grades of titanium, type 304 stainless steel and SAE 1045 steel.
For all materials, the optimum side rake angle was in the range of +2L4 to
+32 degrees.

Tole I summarizes the cutting speed for a 60-minute tool life (Veo)
for all the materials tested to date. These speeds are tased on the optimum
side rake angle for each material. Reports 3 and 26 contain the results
listed in this table for all materials except the RC-110A and 3A1-5Cr grades
of titanium.




— ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

TABLE T

CUTTING SPEED (Vgp) FOR A 1-HOUR TOOL LIFE
AT MINIMUM RAKE ANGLE*

Optimum
Material Rake Angle,° Vgo, frm Vgo, P
SAE 1045 steel +32 187 100
Ti-T5A +24 124 66
304 Stainless Steel +28 99 53
RC-130A +28 80 43
Ti-150A +7%2 Th 39
RC-110A +2 50 27
RC-1%0B +32 48 26
3A1-5CT +2L 46.5 25

*¥Feed is 0.006 ipr and depth of cut is 0.050 inch.

CONCLUSIONS

I'. Optimum side rake angles for all materials tested fall in the
range of 24 to 32 degrees.

2. Smaller rake angles (15 to 20 degrees) are recommended to pre-
vent chipping or spalling of the cutting edge when cutting is done in less
rigid machines.

ITT. TOOL LIFE VERSUS FEED RATE (TURNING)

The work covered in this section is a supplement to Report No. 4
and concerns the effect of feed rate on tool life when turning titanium
RC-110A and the 3Al1-5Cr alloys. Some of the results listed in the tables
were actually obtained during the studycovered in the aforementioned report
and are included herein to permit comparisons of all work materials tested
to date.
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TEST CONDITIONS

Cutting tools of the 18-L-1 high-speed steel type, manufactured by
the Firth Sterling Steel Company under the trade name of "Blue Chip", were
ground to conform to the ASA signature 0, 24, 6, 6, 6, 15, 0,010. The side
rake angle of 24 degrees was selected for these tests since it proved to be
in the region of optimum rake angle in another study of the titanium alloys
RC-110A and 3Al1-5Cr.

A variable-feed series of tests was conducted on each alloy. This
consisted of holding the depth of cut constant at 0.050 inch and obtaining
a tool life curve for each of three feeds, 0.003, 0.006, and 0.012 ipr.

All tests were performed on a 1ll- x 30-inch Monarch engine lathe
equipped with a variable-speed drive. No cutting fluid was used.

TEST RESULTS

The tool-life lines obtained for each combination of feed and work
material are shown in Figs. 3 and 4, with the test points included. From
these figures, the cutting speed for a 10-minute tool life (VlO) was plotted
as a function of feed rate on logarithmic coordinates and these results are
shown in Figs. 5 and 6. The cutting speed for a 60-minute tool life (Vgp)
was handled in a similar manner and these results are shown in Figs. 7 and 8.

As seen in Figs. 5 through 8, the selected reference speeds may be
represented by straight lines and each line defined by an equation of the
form Vy = kaa where Vy is the velocity for a particular tool life in feet
per minute, K is a proportionality constant, f is the feed in inches per re-
volution, and "a" is the slope of the line,

Tables I and II summarize the equations for Vi and Vgy as functions
of the feed. Values of K and "a" previously derived for titanium grades RC-
130B, RC-130A, Ti=-T5A, and Ti-150A, type 304 stainless steel, and SAE 1045
steel are also included in Tables II and III, These values were previously
recorded in Report Nos. L4 and 26.




[—— ENGINEERING RESEARCH INSTITUTE + UNIVERSITY OF MICHIGAN —

TABLE II

SUMMARY OF THE EFFECT OF FEED RATE ON CUTTING SPEED
FOR TOOL LIFE, 10 MINUTES*

Vip = Kjof® when f = 0.010 ipr
Work Material K o VAnp v %

10 10 pm 10>
3A1-5Cr Titanium 1.4k -.70 35.5 25.1
RC-110A Titanium 3.35 -.5k4 40.5 28.6
RC-130B Titanium 2.51 -.61 k1.5 29.3
Ti-150A Titanium 3,13 -.63 55.7 39.k4
RC=1%0A Titanium 3.70 -.62 64,0 45,3
304 Stainless Steel 11.85 -.4h 88.7 62.6
Ti-75A Titanium 17.40 -.h2 122.0 86.4
SAE 1045 Steel 7.95 -.63 141.5 100.0

*Depth of cut is constant at 0.050 inch.

TABLE IIT

SUMMARY OF THE EFFECT OF FEED RATE ON CUTTING SPEED
FOR TOOL LIFE, 60 MINUTES*

Work Material V6o = Kgof? then £ = 0.010 ipr
Kso a 60’fpm V6O’%
3A1-5Cr Titanium 1.30 -.70 32.5 25.4
RC-110A Titanium 3,10 -.5k 37.4 29.2
RC-130B Titanium 2.36 -.60 37.8 29.6
Ti-150A Titanium  2.73 - .62 L7.0 36.7
RC-130A Titanium 4.0% -.58 57.0 Ly .5
304 Stainless Steel 11.35 -.415 7.0 60.0
Ti-75A Titanium 12.70 -.45 100.0 78.2
SAE 1045 Steel 7.10 -.6% 128.0 100.0

*Depth of cut is constant at 0.050 inch.

The equations listed in tables II and III are applicable only to
the optimum rake angles used in this study. These angles (side rake) were
+28 degrees for RC-130A titanium and type 304 stainless steel, +3%2 degrees
for titanium grades RC-130B, and Ti-150A, and SAE 1045 steel, and +2k de=
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grees for titanium grades RC-110A, Ti-75A, and the 3A1-5Cr alloy. The sensi-
tivity to change in feed rate would be substantially the same at all practi-
cal rake angles.

CONCLUSIONS

1. The sensitivity of cutting speed to changes in feed is less
than linear for all materials tested.

2. The sensitivity of cutting speed to changes in feed seems to
be greater for the alloys of titanium than for the commercially pure tita-
nium.

IV. THE EFFECT OF CUTTING FLUID ON TOOL LIFE

A solution of 5% sodium nitrite and 95% water proved to be the
most effective cutting fluid for improving tool life for all previous grades
of titanium. This fluid was selected for tests on titanium grade RC-110A
and the 3A1-5Cr alloy. Dry-cutting again served as a basis for rating the
effectiveness of the fluid.

TEST CONDITIONS

Cutting tools of 18-4-1 high-speed steel, made by the Firth
Sterling Steel Company and known by the trade name, "Blue Chip", were ground
to the ASA tool signature of 0, 24, 6, 6, 6, 15, 0.010. A feed of 0.006 ipr
and depth of cut of 0.050 inch were held constant.

A 14~ x 30-inch Monarch engine lathe equipped with a variable-
speed drive was used for these tests. Work specimens were mounted between
a lh=jaw independent chuck on the spindle and a live center in the tailstock.
The 3A1-5Cr titanium specimens were 3 inches in diameter, while the grade
RC-110A was in the form of W-inch square bars, necessitating a "turning
down" operation before testing.

TEST RESULTS

Conventional cutting-speed tool-life tests were conducted on both
grades of titanium for dry-cutting and with a cutting fluid consisting of
of 5% sodium nitrite and 95% water (weight ratio). The resulting test points
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were plotted on logarithmic coordinates as shown in Figs. 9 and 10. The basis
used for evaluating the effectiveness of the cutting fluid was to select a
particular tool life and determine the percent increase of cutting speed af-
forded by the cutting fluid as compared to dry-cutting. To be consistent
with the previous tests, a standard tool life of 10 minutes was selected
again. Using dry-cutting as a basis of 100%, this would give the sodium
nitrite solution a rating of 153% on the 3A1-5Cr alloy, and a rating of 137%
on the RC-110A alloy.

Table IV includes the results of the above comparisions and also
indicates the- values of the exponent and constant for the tool-life equation
VI = C which defines tool-life lines in Figs. 9 and 10. Similar information
is given for all grades of titanium that were tested previously plus hot-
rolled SAE 1045 steel. These are included in Report No. 12 and are entered
in this report merely to summarize all results in one table.

TABLE IV

EFFECTIVENESS OF SODIUM NITRITE
CUTTING FLUID ON TITANTUM ALLOYS

Work Material Cutting Fluid VI = C V10
n C fpom %
Ti-T5A Dry . .09 180 146 100
Ti-T75A NaNO,, .13 260 194 133
RC-130A Dry .10 110 88 100
RC-130A NaNO, .09 147 121 138
Ti-150A Dry .07 91 78.5 100
Ti-150A NaNOo .10 122 9 122
RC-130B Dry .05 64 57 100
RC-130B NaNOo 06 91 80 1ko
SAE 1045 Steel (H.R.) Dry Ok 218 200 100
SAE 1045 Steel (H.R.) NaNOo .05 295 260 130
RC-110A Dry .05 62 55 100
RC-110A NalNOp .05 8k 75.5 137
3A1-5Cr Dry .05 57 51 100
3A1-5Cr NaNOo 07 92 78 153
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Tt will be noted that the sodium nitrite gave an increase in cutting speed of
57% for the RC-110A alloy; this falls between the extremes determined for the
grades of titanium tested previously. A 53% increase was with the same fluid
on the 3A1-5Cr alloy; this is the greatest increase obtained in the entire
study. An explanation for this is readily apparent since it was found that
the cutting temperatures that result when turning the 23A1-5Cr alloy were much
higher than those that prevailed with any of the other types of titanium. It
would follow that the effectiveness of a coolant would be augmented at higher
cutting temperatures.

CONCLUSTIONS

1. A solution consisting of 5% (by weight) crystalline sodium ni-
trite and 95% (by weight) water is an effective and practical cutting fluid
for machining RC-110A and 3A1-5Cr alloys of titanium,

2. Cutting speeds for the same tool life may be increased over
those for dry-cutting by from 22 to 53% depending on the titanium alloy.

3. The use of sodium nitrite solution at the same speed as dry-
cutting can be expected to produce a tool life from ten to twenty times
as great.

V. CUTTING FORCES AND POWER

Information regarding the magnitude and behavior of the forces that
result when machining materials provided a means for evaluating power require-
ments and may be used to determine the cutting efficiency from a power view-
point. A comparison of rigidity regquirements can also be made. This study
was conducted for the purpose of comparing the forces that result when turn-
ing six grades of titanium and hot-rolled SAE 1045 steel.

MATERTALS TESTED

Materials used were hot-rolled SAE 1045 steel and titanium grades
Ti-75A, Ti-150A, RC-130A, RC-130B, RC-110A, and the 3A1-5Cr alloy.
TEST CONDITIONS

High-speed-steel tools, marketed by the Bethlehem Steel Company
under the trade name "Bethlehem 66", were ground to the ASA signature O,
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variable, 6, 6, 2, 0, O, where values of 0, 8, 16, and 24 degrees were used
for the variable side rake angles. The cutting velocity was 15 fpm for all
tests, and the depth of cut was held constant at 0.050 inch. Feed rates of
0.003, 0,006, 0.009, and 0.012 ipr were used for the four side rake angles.
All tests were run without cutting fluid and at a surface speed of 15 fpm.

PROCEDURE

Work materials in the form of 3-inch-diameter test logs were mounted
in a 1lb- x 30-inch Monarch engine lathe equipped with a variable-speed drive.
A cutting tool was mounted in the cutting force dynamometer which served as
a tool holder. As cutting progressed, the forces were recorded continuously
on charts.

TEST RESULTS

Values of cutting force (F,) and feeding force (Ff), for each com-
bination of rake angle and work material, were plotted on logarithmic coor-
dinates as a function of the feed rate. Both forces varied with the feed in
a straight-line relationship that could be described by an equation of the
form y = Cx®, where y is the dependent variable (cutting or feeding force),
C is a proportionality constant, x is the independent variable (feed rate),
and n is the slope of the straight line. The equations for the forces are
given as F, = Cf* and Fg¢ = Kf® where values of "a" and "b" are the slopes
of the lines and C and K are constants.

No curves are reported for this information since it can be ex=-
pressed reliably with equations. The appropriate constants and exponents
for all test conditions are summarized in Table V. In addition, the last
four columns give actual forces and unit horsepower for convenient compar-
ison of materials. The forces are for a cut 0,050 inch deep at a feed rate
of 0.010 ipr.

10
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TABLE V

SUMMARY OF CUTTING FORCE AND POWER DATA

Side
Work Rake Cutting Force* Feeding Force* F,,** Fp,* Unit Avg.
Meterial  Angle, F, = Cf®  Fp = KfP b 1b  HP** Unit
Degrees a C b X HP,**
SAE 0 1.00 20,700 0.8% 4,780 207 100 1.0k
1045 8 1.00 18,000 0.76 2,560 180 78 0.91 0.86
Steel 16 '1.02 16,700 0.71 1,530 151 58  0.76
2k 1.03 16,400 0.60 660 143 42 0.72
0 0.9% 12,900 0.69 2,200 178 92 0.90
Titanium 8 1.05 20,900 0.70 1,770 183 70 0.9%3 1.03
Ti-150A 16 1.09 33,400 0.75 1,540 221 50 1.11
2l 1.09 35,500 0.77 1,350 235 38 1.18
0 1.00 16,600 0.75 2,780 166 90 0.8k
Titanium 8 1.00 14,700 0.69 1,520 147 63 0.74 0.70
RC-130A 16 1.05 14,500 0.69 1,030 126 43 0.64
2L 1.10 18,000 0.66 580 114 28 0.58
0 0.95 12,900 0.71 2,150 163 82 0.82
Titanium 8 0.97 12,900 0.73 2,100 148 T3 0.75 0.71
RC-130B 16 0.98 12,100 0.76 1,980 133 60 0.67
2L 1.00 12,000 0.78 1,380 120 38 0.61
0 0.98 13,600 0,66 1,790 150 85 0.76
Titanium 8 1.05 16,700 0.70 1,560 133 62 0.67 0.71
Ti-T5A 16 1.09 18,000 0.71 985 120 38 0.60
2L 1.09 17,600 0.72 825 117 30 0.59
0 0.99 14,600 0.80 2,800 15k 70 0.78
Titanium 8 1.05 16,700 0.80 2,100 132 53 0.66 0.64
3A1-5Cr 16 1.11 19,100 0.80 1,400 116 35 0.58
2L 1.14% 20,500 0.8% 1,360 108 30 0.54
0 1.10 23,900 1.03 9,070 151 79 0.76
Titanium 8 1.03 15,700 0.85 3,040 137 60 0.69 0.63
RC-110A 16 1.0 12,600 0.75 1,320 110 Ly 0.53
2L 0.98 9,340 -- - 103 -- 0.517

* Depth of cut constant at 0.050 inch and feed rate between range of 0,003
and 0.012 ipr.
*% Values calculated for depth of cut of 0.050 inch and a feed rate of 0.010ipr.

11
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CONCLUSIONS

1. Both the tangential and feeding forces produced when turning
the six grades of titanium and SAE 1045 steel show an orderly, mathematical
relationship with changes in feed rate.

2. In practically all cases, the cutting force, Fc, varied lin-
early (on the average) with feed, while the feeding force, Fg, varies less
than linearly with the feed rate.

3. In general, hot-rolled SAE 1045 steel produces higher cutting
and feeding forces in turning than any of the grades of titanium.

4. The cutting force F, can be predicted reliably for any size of
cut and tool shape from the average unit horsepower (last column in Table V).

5. Previous studies have indicated that cutting forces vary lin-
early for all depths of cut on all types of metals.

VI. CUTTING TEMPERATURES

It is known that tool 1life is strongly dependent on cutting tem-
perature; the smaller the slope of the tool-life curve (see Report No. 3),
the greater this dependency. Thus there will be an inverse relationship
between cutting speed for a fixed tool life and cutting temperature at con-
stant cutting speed for a range of work materials. The purpose of this
study was to extend that relationship to include these two titanium alloys
with those reported previously in Report No. 16. Continuous turning cuts
were made over ranges of feed rate and depth of cut.

TEST CONDITIONS

Molybdenum high-speed tools, made by Bethlehem Steel Company, type
66, were used for all tests.

All tool shapes conformed to the ASA signature 0, 32, 6, 6, 6, 15,
0.010. A constant cutting velocity of 25 frmwas used for all tests.One series
of tests was run with a constant feed of 0,006 ipr, while the depth of cut
was varied in steps of 0.010, 0.025, 0.050, 0.100, and 0.150 inch. The se-
cond series of tests was run with a constant depth of cut (0.050 inch), while
the feed was varied in steps at 0.006, 0.009, 0.012, and 0.015 ipr. A special

12
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toolholder made of laminated plastic was used to insulate the tool from the
lathe, A lh-inch-swing Monarch lathe equipped with a variable-speed drive
was used in all tests. Work materials were in the form of 3-inch-diameter
bars except SAE 1045 steel, which has a 4-inch diameter. One end of these
bars was mounted in a 4-jaw chuck and the other end held against a live
center. All tests were run without a cutting fluid.

PROCEDURE

Essentially the same procedure was employed as in previous tests
(see Report No. 16) with the exception that contact potentials were determined
using a Leeds and Northrup Speedomax high-speed recording potentiometer. Since
the temperatures were much higher than those previously measured, check runs
were made on the SAE 1045 steel and the tool-work thermocouples were recali-
brated to insure a maximum degree of accuracy.

TEST RESULTS

The test data for all materials included in this program are plotted
in Figs. 11 through 13. Figure 12 shows the results obtained at depths of cut
from 0.010 to 0.150 inch; larger depths increased the temperature only slight-
ly. Figure 12 shows that there was a greater sensitivity to increases in chip
thickness of feed rate.

Figure 13 is the curve resulting from plotting the cutting speed,
V6o, for a l-hour tool life as determined previously against the temperature
at a constant cutting speed of 25 fpm. The tool shape and size of cut were
identical for both the tool life and the cutting temperature tests.

The data plotted in Fig. 13 are summarized in Table VI. It will
be noted that the 3A1-5Cr titanium alloy showed markedly higher cutting tem-
peratures than any of the grades previously tested, the temperature being in
the range of 1000°F as compared to 800°F for the next highest cutting temper-
ature encountered (RC-110A).

Both the 3A1-5Cr alloy and the RC-110A fit the correlation previously
indicated between tool life and cutting temperatures. Titanium alloy RC-130B
is exception to this correlation.

13
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TABLE VI

A COMPARISON OF CUTTING SPEED Vgn FOR A 1-HOUR TOOL LIFE
WITH CUTTING TEMPERATURE AT 25 FPM

Work Material Cutting Speed V6Ofpm Cutting Temperature, °F
2A1-5Cr 46.5 965
RC-13%0B 48 552
RC-110A 50.0 800
Ti-150A n 645
RC-13%0A 80 590
304 Stainless Steel 99 455
Ti-T5A 124 400
SAE 1045 Steel 187 367

This table is a comparison of cutting temperatures and cutting
speeds for a l-hour tool life, with a feed of 0.006 ipr and depth of cut
of 0.050 inch.

The effect of a coolant-type cutting fluid such as sodium nitrite
in increasing tool life bears a direct relationship to the high cutting
temperatures noted.

CONCLUSIONS: -

1. The cutting temperatures measured (under identical test con-
ditions) is markedly higher for the 3A1-5Cr alloy than for any of the other
titanium alloys previously measured.

2. The rate of tool wear is influenced to a large degree by the
high temperatures encountered and anything which reduces the temperature (such
as a coolant-type cutting fluid) or makes the tool less susceptible to
thermal failures will increase tool life.

3. The basic causes for the high cutting temperatures encountered
have not been found. However, they may be related to the thermal conductivity,
density, and specific heat as well as the microstructure of the alloy.

k., The relative cutting speeds to be used for different metals can
be predicted from cutting temperature.

14




— ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —

VII. CONVENTIONAL DRILLING

The object of the tests on the two titanium alloys, RC-110A and
3A1-5Cr, was to determine the torque thrust and unit horsepower variations
as affected by speed, feed, and drill diameter and to correlate and compare
them to similar values found for the previously tested titanium alloys.

PROCEDURE

These tests were run on the same equipment and under the same con-
ditions as the previous tests described in Report No. 20. The drills used
were standard high-speed-steel jobber drills with an oxide surface treatment.
The drill diameters were 1/4; 3/8; 1/2 and 1 inch. The feeds used were 0.00k,
0.006, 0.009, 0.014, and 0.021 ipr. The cutting speed was kept constant at
approximately 25 fpm for the various drill sizes. The torque and thrust were
measured with an electrical strainage dynamometer recorded continuously on
charts.

RESULTS

Figures 14 and 15 are summary curves showing the torque and thrust
values vs feed and diameter on all materials run, including those previously
tested and recorded in Report No. 20. Figures 16 and 17, and 18 and 19 are
the individual curves of torque and thrust vs feed and drill diameter for the
alloys 3A1-5Cr and RC-110A, respectively.

Figure 20 is a summary of all pertinent information gained from
this study. It includes the exponents and constants for the torque and
thrust equations applicable to each material. In addition, the last three
columns record calculated values of torque, thrust, and unit horsepower for
a l/2-inch-diameter drill used at a feed of 0.009 ipr. All values are con-
servatively high, particularly for titanium. Experience subsequent to these
tests indicates that lower speed and the use of sulfurized oil will reduce
both the torque and thrust. Variations in drill point grinding will also
affect the level of forces.

CONCLUSIONS

1. The 3Al1-5Cr titanium alloy is comparable to Ti-150A titanium
and to hot-rolled SAE 1045 steel in the drilling force requirements.

15
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2. RC-110A titanium also is comparable to hot-rolled SAE 1045 steel
as to torque and thrust requirements.

3. RC-130B is outstandingly more difficult to drill than all the
other titanium alloys tested.

L. All titanium alloys must be drilled at substantially lower
cutting speeds than can be used for hot-rolled SAE 1045 steel. Otherwise,
tool life is greatly reduced and cutting forces will increase substantially.

VIII. DEEP-HOLE DRILLING OF RC-110A TITANIUM

The more extensive tests reported in Report No. 21 revealed desir-
able operating conditions for deep-hole drilling of titanium. These favorable
conditions were tried with RC-110A titanium alloy with satisfactory results.
Two different drill designs and two different hardnesses of tungsten carbide
were included in the test variables.

PROCEDURE

Four samples of l-inch round stock 6 inches long were drilled with
four different l/2-inch-diameter drills as follows:

Carboloy 883 carbide-tipped, conventional center-cut drill
Carboloy 883 carbide-tipped, trepanning target drill
Carboloy 905 carbide-tipped, conventional center-cut drill
Carboloy 905 carbide-tipped, trepanning target drill

The speed was kept constant at 1065 rpm or 139.6 fpm. The feed used was

0.005 ipr. The other test conditions and equipment used were identical
with those in Report No. 21.

RESULTS

The results of the four test runs on RC-110A are summarized in
the following table:

16
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TABLE VII

SUMMARY OF OBSERVATIONS

Test Tool Wear
No. Drill Design uHPc  Flank Wear Drill Appearance Hole Appearance

1 883 center cut 2.58 <.002 Slight amount of Large amount of
pickup on land. rough spots due
to chip interfer-
ance.
2 883 target 2.18 <.00% Chip on point is Good, fairly

0.010" along face, smooth hole.
0.018" wide, and
0.005" deep.

3 905 center cut 2.77 <.00%3  Chip on point is Three large areas
0.010 along face, of rough run due
0.015" wide, and  to chip interfer-

0.005" deep. ance.
4 905 target 1.80 <.002 3-4 small chips Good, fairly
out of the face smooth hole,

of the carbide
along the cutting
edge 0.004 long,
0.006 wide, and
0.002 deep, appro-
ximately.

Test Conditions were as follows:

material cut: RC-110A

0il pressure: 600 psi

oil: Stanoil No. 75

feed: 0.0005 ipr

speed: 1065 rpm or 13%9.6 fpm

length of hole: 6 inches (time of cut = 11.3 minutes)

The tool wear was measured on the flank of the tool below the cut-
ting edge. The unit horsepower was calculated from the power consumption as
recorded on the wattmeter. The hole appearance was judged after the specimen
had been milled so as to expose the length of the hole.

17



— ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

The total input power was recorded continuously during all tests.
These records indicated that the standard design, center-cut drill caused
power surges of more than 200% while the trepanning-type target drill never
deviated from the mean by more than 15% and remained within + 5% most of
the time. The power surges were caused both by chip-rubbing in the flute
and by seizure of the drill on the wall of the hole.

Visual observations and tool-wear measurements appeared to favor
the harder grade of carbide as a tool material for this operation. However,
some difficulty was experienced with spalling or "chipping" with both grades,
generally it is worse with harder grades.

CONCLUSIONS

1. Titanium alloy RC-110A can be deep-hole drilled successfully
and economically.

2. Trepanning-type deep-hole drills give distinctly improved
performance over standard center-cut drills.

IX. FACE-MILLING 3A1-5Cr AND RC-110A ALLOYS

The objective of this study has been to compare the cutting-speed—
tool-life relationships of 3A1-5Cr and RC-110A titanium alloys with other
titanium and ferrous alloys in controlled laboratory tests.

The results of these tests indicate, with a good degree of certain-
ty, the tool-life-—cutting-speed relationships which might be expected in
typical, commercial face-milling applications (see also Report Nos. 23%a, b
c, and d).

b4

Both high-speed steel and sintered-carbide cutting tools were used
under conditions previously found to be most satisfactory for these materials.
Using high-speed steel, face-milling cutters the 3A1-5Cr titanium alloy was
found to be intermediate between Ti-150A and RC-13%0B alloys. Cutting speeds
ranged from approximately 48 fpm for a l-minute tool life to 33 fpm for a 30-
minute tool life under the cutting conditions used. The RC-110A gave results
similar to those previously reported for Ti-150A and the two curves are co-
incidental.

The 3A1-5Cr and RC-110A alloys were face-milled with sintered-car-
bide cutting tools at the higher speeds used in the previous program, and

18
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the results indicate a range of 1000 fpm for a l-minute tool life to 420 fpm
for a 30-minute tool life for the 3A1-5Cr alloy as compared to a’'range of
1115 fpm for a l-minute tool life to L6 fpm for a 30-minute tool life with
the RC-110A alloy. These materials allow higher cutting speeds for a given
tool life than the Ti-150B material originally reported, but are lower than
either Ti-150A or RC-130B in this factor.

EQUIPMENT

The same Kearney-Trecker 5-HM milling machine was used for these
as in other face-milling tests (see Report Nos. 2%a, b, ¢ and d). Single-
tooth face-milling cutters of 9 inches and 4 inches were used with sintered-
carbide Grade 883 and Mo-Max high-speed-steel tools. The bar width was 3
inches for the 3%A1-5Cr and 4 inches for the RG-110A; the bar was positioned
on the center line of the cutter.

The single-tooth cutter was used to conserve metal and tool shapes
and was ground to the following signature:

Mo-Max high-speed steel:
axial rake angle, T7°
radial rake angle, L4°
face relief angle, 6°
peripheral relief, 6°
face-cutting edge angle, 2°
peripheral cutting edge angle, 0°
champer, 0.070 inch wide x 45°

Grade 883 carbide tools:
0
0
12N
12N

L5e°

PROCEDURE

The cutting-speed tool-life tests were run at varying speeds using
the procedure described in Report No. 2%a and the recommended feeds reported
in Report No. 23d.

Tool wear was measured at frequent intervals and plotted. The tool
was considered to have failed when the wear land on the flank of the tool
reached 0.03%0 inch.
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Constant conditions were as follows:

high-speed steel:
depth of cut, 0.100 inch
cutting fluid, none
feed, 0.010 inch per tooth

sintered carbide:
depth of cut, 0.100 inch
cutting fluid, none
feed, 0.002 inch per tooth

The tool-life time reported in machine-cutting time corrected for
tool contact with a 4-inch bar mounted on the center line of the cutter.

RESULTS

The types of failures encountered were very familiar to those re-
ported previously and shown in previous photographs. Cratering of the high-
speed steel near the cutting edge was found in all failures. Chipping of
the carbide tools was not encountered (except for accidental chipping due
to stopping the cutter in contact with the workpiece).

The results of the tests (Fig. 21 for high-speed steel [HSS] and
Fig. 22 for carbides) show the following:

Cutting Speed

Alloy Tool Tested Feed  60-Min Life 100-Min Life
3A1-5Cr HSS .010 ipt 33.5 fpm 29.5 fpm
Carbide .002 ipt 360.0 fpm 315.0 fpm
RC-110A HSS .010 ipt 38.5 fpm 36.6 fpm
Carbide .002 ipt 371.0 fpm %24 ,0 fpm
CONCLUSIONS

1. The results of tests on 3A1-5Cr and RC-110A with Mo-Max high-
speed-steel tools show the RC-110A identical to Ti-150A and the 3A1-5Cr alloy
between Ti-150A and RC-130B in performance. The slopes of the cutting-speed—

tool-life curves are similar to those originally reported for the other
alloys.

20
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2. The results of tests with carbide tools indicate that RC-110A
can be milled at slightly higher cutting speeds than the 3A1-5Cr alloy and
the flank-wear rate is less for both materials than the results previously
reported for Ti-150A.

X. SURFACE BROACHING

This investigation supplements the work reported earlier in Report
No. 10. Broaching tests were conducted on the 3A1-5Cr and RC-110A alloys at
the most favorable conditions revealed in the earlier work. This permits
comparison with the other alloys whose machining properties are already well
known. The results show that both the 2A1-5Cr and the RC-110A alloys can
be broached with little difficulty.

PROCEDURE

Blocks of each alloy, 1 x 2 x 2 inches in size, were prepared as
work specimens. These in turn were mounted in a suitable work fixture. The
cutting tools consisted of 6-tooth cutters, 1 inch wide with 0.002 inch rise
per tooth ground to 5° rake, 5° relief angle, and 0° helix; the cutter teeth
were spaced 1/2 inch apart. "Circle-C" high-speed steel was used as the
tool material.

All test cuts were made without the aid of cutting fluid and at a
constant cutting speed of 20 fpm. An American 6T-6-2L4 vertical broaching
machine was used for all tests. A pressure-sensitive pickup and recording
device was used to monitor and record the cutting force continuously during
tests. Surface roughness measurements of the machined surface were made at
regular intervals. One hundred fifty cuts were made at each test condition.

RESULTS

Cutting force and surface finish data for the 3A1-5Cr alloy are
shown plotted in Figs. 23 and 24, respectively. Similar data for the RC-110A
alloy are shown in Figs. 25 and 26.

Table VIII summarizes the pertinent results of the study by giving
a comparison of unit-power cutting force at test conditions, and range of
surface roughness for all materials studied in this program. It will be
noted that the additional alloys compare favorably with all those tested
previously. Only the RC-130B gave better surface finish and only Ti-T5A
required less power.
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TABLE VIII

« UNIVERSITY OF MICHIGAN

FINISH IN SURFACE BROACHING

SUMMARY OF POWER REQUIREMENTS AND SURFACE

Cutting Surface
Tool Rise Unit Force Finish
Material per Tooth, HPC Avg. for Range for
Inches 150 Cuts 150 Cuts
.002 1.291 4,090 115-1%5
SAE 1045 .005 1.305 10,360 100-150
) .002 1.205 3,820 13-23
Ti-T5A .005 1.1hh 9,080 10.5-1k
) .002 1.814 5,750 19-28
Ti-1504 .005 1.298 10,300 32,5250
o 5 .002 1.825 5,780 11.5-13.5
1-10 .005 1.868 1k,820% FT%
RC B .002 1.64 5,190 6-11
=150 .005 1.023 8,120 7.5-14.5
%A1-5Cr .002 1.27 4,015 15-20
RC-110A .002 1.20 3,800 15-17

CONCLUSIONS

1.

* Three cuts only
** First cut

22

The use of a cutting fluid could be expected to reduce the power
requirements appreciably and to increase tool life substantially. In many
respects, the titanium alloys are easier to broach than hot-rolled SAE 1045
steel; this is especially applicable to behavior in connection with surface
finish, chip formation, and power requirements.

Like the other alloys of titanium studied in this program,
RC-110A and the 3A1-5Cr alloy can be broached as readily as hot-rolled SAE
1045 steel, providing that the relief angle is of the magnitude 5°.
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2. A cutting speed of 20 fpm will yield economically long tool
life.

3. The rise per tooth or chip thickness should not exceed about
0.002 inch,

XI. BAND SAWING

The results of band-sawing tests on 3A1-5Cr and RC-110A titanium
alloys are included in this report to supplement the original Report No. 11
of June, 1953.

A1l conditions of machine, cutting speed, feed rate, blade geo-
metry, and force dynamometer were repeated in this work according to the
specifications of the preceding report.

PROCEDURE

Bars of 3A1-5Cr and RC-110A titanium, l-inch thick by 2 inches
wide by 4 inches long, were band-sawed at cutting speeds of 52 and 77 fpm
and feeds of 80, 100, 120, 200, and 300 x 10'6 inches per tooth (ipt) with
a 6-pitch, 3/L4-inch wide, Simonds "hard-edge" band. Power feeds were ob-
tained by the special drive mechanism discussed in the original report and
the two-component tool dynamometer in combination with the 2-channel Sanborn
recorder-oscillograph were used in measuring the cutting and feeding forces.

Tests were conducted by sawing l-inch thick titanium alloy bars,
until the feeding force reached a value of 100 pounds, which was again used
in the definition of tool life.

RESULTS

Figures 27 and 28 show the values of feeding force in pounds as
ordinate vs time in minutes as abscissa for the 3A1-5Cr and RC-110A alloys,
respectively. On each of the materials, the higher speeds of 77 fpm and the
higher feed rates of 100 to 200 x 107" ipt gave relatively short tool life.
The tool life as defined by the attainment of 100-pound feeding force was
higher for the RC-110A than for the 23p1-5Cr at 52 fpm and each of two feeds
80 x lO"6 and 100 x 10‘6, the value for the former on RC-110A being 38.7
minutes gool life as compared to 14 minutes tool life for the 3A1-5Cr at
80 x 107" feed (condition No. 6 listed on each graph), At 120 x 10-6 feed
rate and 52 fpm, the RC-110A gave 20.6 minutes tool life as compared to
12.1 tool life for the 2A1-5Cr material shown (item No. 5 on each of these
figures).
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Figures 29 and 30 show the results of cutting-speed-tool-life tests
on the two materials with cutting speed plotted as ordinate and tool life
in minutes as abscissa. The slopes of the curves are steeper at the light
feed rate of 80 microinches than for the heavier feed of 120 microinches
with values of 0.203 for RC-110A and 0.225 for the 3A1-5Cr at the former
feed as compared to 0.189 for the RC-110A and 0.1415 for the 3A1-5Cr at
the latter feed rate. The values of height of the curve are very similar
for the two materials indicating that they react very similarly in the cut-
ting-speed=tool-life relation.

Figures 31 and 32 show the square inches of material cut vs the
feed rate x lO'6 ipt at cutting speeds of 52 and 77 fpm. The values obtained
for the areas of cut on these two materials are definitely above those orig-
inally reported for RC-130B but are lower than those reported for Ti-T5A,
RC-1%0A, and Ti-150A alloys.

Figures 33 and 34 show the results of tests on cutting force and
feeding force in the band-sawing operation with each of the forces plotted
vs feed rate x 10'6 ipt. The curves indicate the same general relationship
for each of the two materials with feeding force higher than cutting force
in each case. In Fig. 33, the cutting force is approximately 67 tq T2% of
the feeding force for the 3A1-5Cr material and for the RC-110A (Fig. 3k4)
the cutting force ranges from 73 to 78% of the feeding force.

Figures 35 and 36 show the same plots on logarithmic coordinates
as were given in the preceding figures on cartesian coordinates with the
same general indication of results originally listed.

Table IX gives the computed velocities for a 60-minute tool life
at feeds of 80 and 120 x 107° ipt. This table was given as Table I in the
original report, but it now includes the two new alloys, 3A1-5Cr and RC-110A.
The velocity for a 60-minute tool life is of the same magnitude as that for
the RC-130B at the 80 x lO'6 feed. However, it is higher for each of the
materials at the heavier feed of 120 x 107~ and closely approaches the re-
‘sults shown for Ti-150A.
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TABLE IX

UNIVERSITY OF MICHIGAN

CUTTING SPEEDS (FPM)
FOR 60-MINUTE TOOL LIFE AT 80-AND 120-MICROINCH FEEDS

£ = 80 x 10~Cipt

£ = 120 x 10~Cipt

Material Velocity SAE 1045  Velocity SAE 1045
Value, % Value, %
SAE 1045 218 100 197 100
Ti-75A 98 L5 85 43
Ti-130A T0 32 59 30
Ti-150A 65 30 51 26
RC-130B L3 20 35 18
3A1-5Cr Ly 20 L6 23
RC-110A b4 22 ho 4 21.5

Table X lists the computed values of n (slope of curve) and C
(velocity for a l-minute tool life) in the equation VI™ = C for the feeds
of 80 and 120 x 10-6 ipt.

The value C, indicating the height of the curve,

TABLE X

VALUES OF "n" AND "C" FOR THE VARIOUS MATERIALS

shows that each of the new materials 3A1-5Cr and RC-110A are higher than
RC-1%0B, but slightly lower than Ti-150A at each of the two feeds. Each of
these materials show steeper slopes, 0.225 for 3A1-5Cr and 0.203% for RC-1104,
at the lower feed of 80 microinches and a lesser slope of 00,1415 for the 3A1-
Cr at 120 microinches as compared to the 0.189 slope for RC-110A (similar
to the slope obtained on RC-130B in the original report).

FOR VI" = C
n C

Material f = 80 micro- f = 120 miero- f = 80 micro- f = 120 micro-

inches inches inches inches
SAE 1045 0.123% 0.122 358 326
Ti-T5A 0.15% 0.1k2 182 151
RC-13%0A 0.180 0.156 140 112
Ti-150A 0.152 0.16k4 120 99
RC-1%0B 0.163 0.190 8L 76
3A1-5Cr 0.225 0.1415 110 81.5
RC-110A 0.203% 0.189 109 92

25




— ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN —

Table XI shows the computed values of area cut at two speeds and
two feed rates with the new alloys added to the four original materials.
These values were computed from curves of feed vs time on log-log plots as
the area of cut for a function of feed in inches per minute and thickness
of the workpiece. Results indicate that the two new alloys give larger areas
of cut than the RC-130B, but lower than the other materials Ti-75A, RC-130A,
and Ti-150A.

TABLE XT

ARFAS OF CUT FOR THE VARIOUS MATERIALS

V = 52 fpm V = 78 fpm

Material* f = 80 micro- f = 120 micro- f = 80 micro- f = 120 micro=

inches inches inches inches
Ti-75A k20 294 L9 21
RC-13%0A Lo 19.9 7.2 2.4
Ti-150A 19.5 10.4 3.7 1.2
RC-130B 1.8 1.0 0.34 0.2
3A1-5Cr 2.8 3.6 .72 .33
RC-110A 3.86 3.08 576 37T

*¥SAE 1045 steel not included because of excessive extrapolation at these
speeds.

Table XII gives the relative values of tool life in minutes and area
of cut in square inches for two speeds and two feeds from the same feed vs
tool-life curves as those used in Table XI. Comparisons of these two mate-
rials with the Ti-75A are made on a percentage basis in this table.

Table XIII gives the cutting force Foy at O feed and the value of
Ke from the equation Fp = Foo + Kof, where f equals the feed rate x 1O"6 ipt.
The values of force at O feed for each of the two new alloys are lower than
the original materials listed and the K values are of the same magnitude as
Ti-T5A and RC-130A.
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TABLE XIIT

F., AND K, IN THE EQUATION F, = Foo + K.f*

Material

Feo Ke

SAE 1045 6 0.100
Ti-75A 11.5 0.105
RC-130A 7.5 0.125
Ti-150A 12 0.1%0
RC-130B 15.5 0.180
3A1-5Cr 2.0 0.110
RC-110A 1.1 0.129
* F, = force of cutting in pounds

Feo = initial force of cutting at O feed
f = feed rate x 10-6 ipt

Table XIV shows the values of F, and K¢ from the equation Fy =
Ffo + Kef where f equals the feed rate x 10-6 ipt, and in this case, as
in Table XIII, the two new alloys show lower feeding force at O feed (Fgq)
than the other titanium materials.

TABLE XIV

Fpo AND Kp IN THE EQUATION Fr = Fpo + Kef*

Material Ffo Kf
SAE 1045 4 0.0k25
Ti-T5A 11 0.105
RC-130A 1k 0.125
Ti-150A 21.5 0.130
RC-13%0B 33 0.195
3A1-5Cr 2.5 0.148
RC-110A 3.1 0.156
* Fp = force of feed in pounds

Ffo = initial force of feed in pounds at O feed
f = feed rate x 1076 ipt
V = 52 fpm
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Table XV shows the values of C. and a slope "a" for the equation

F, = Ccfa, where f is the feed rate x 107°“ipt and "a" is the slope of the
curves in Figs. 35 and 36. The values of the slope "a" are consistent with
metal-cutting practice. C; might be used in making predictions of the magni-

tude of cutting forces at conditions other than the points on the curves.

TABLE XV

Co AND "a" IN THE EQUATION F, = Cf7*

Material Cc a
SAE 1045 0.4 0.79
Ti-T75A 1.07 0.65
RC-130A 0.66 0.74
Ti-150A 1.3 0.65
RC-130B 1.8 0.64
3A1-5Cr 1.9k 0.91
RC-110A 1.9k 0.86
* Fc = cutting force
Cc = constant ¢
f = feed rate x 107° ipt :
a = slope of curves in Figs. 35 and 36.

Table XVI shows values of Cyp %nd the slope "b" in the equation
Fe = Cffb where f is the feed rate x 107> ipt and "b" is the slope of the
curves on Fig, 21 of the original report and Figs. 35 and %6 of this
Report. C¢ (constant for feeding-force curve) might be used in predicting
points other than those shown on the curves.

The cutting force data give higher values C. and exponent "a" for
each of the new alloys as compared to those originally reported, and the
feeding forces show Cf values of the new alloys to be similar to Ti-150A
and the slopes "b" to be higher than those originally reported.

29




— ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN —

TABLE XVI

Cp AND "b" IN THE EQUATION F, = Cpfo*

Material Cr b
SAE 1045 0.39 0.67
Ti-75A 1.05 0.65
RC-130A 1.52 0.62
Ti-150A 3.3 0.52
RC-13%0B 4.5 0.53
3A1-5Cr 2.56 0.91k4
RC-110A 2.28 0.91
* Fp = feeding force

Ce
f
b

constant for feeding force curve
feed rate x 10-0 ipt
slope of curves in Figs. 35 and 36.

Table XVII shows the additional information on 3A1-5Cr and RC-110A
on the original table as listed.

TABLE XVII

UNIT HORSEPOWERS FOR THE VARIOUS MATERIALS

ulHR at ulR at

Material Fo at £ =80 Fec at £ = 320 80 x 10-6 ipt* 320 x 10-6 ipt

SAE 1045 1k 37.5 k.0 2.6
Ti-T5A 20 L .5 5.7 4.0
RC-130A 17.5 7.5 5.0 3.5
Ti-150A 22.5 53.5 6.4 L.5
RC-1%0B 30 73 8.6 6.0
3A1-5Cr 11 37 3.16 2.65
RC-110A 11.6 38 3,33 2.63
Fc x 52
P (at £ = 80) = 3 50% 0B x B X 0B xS x e - O e
*XUHP, (at £ = 320) = Fe x 52 = 0.0692 F,

—

33,000 x .055 x 320 x 10™° x 1/3 x 72 x 52
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where

V = 52 fpm

uhpe

reported before).

hp unit =

— ENGINEERING RESEARCH INSTITUTE

Fe Ve

width of cut = 0.055 inch
thickness of pieces = 1.00 inch

UNIVERSITY OF MICHIGAN

In the formula for unit horsepower,

Fe Ve

— o . .
ullP, = 33,000 % CATT® * F (in. per min)

the following definitions are valid:

33,000 x CoA (in.<) x f (In. per min)’

horsepower per cubic inch minute
cutting force in pounds
cutting speed in feet per minute

cross-sectional area of cut in square inches
feed rate in inches per minute obtained from

£ x 1076 ipt

TABLE XVIIT

Table XVIII shows the additional data of the two alloys in the
original table of coefficient of friction for the various materials. The
values of cutting and feeding forces were lower than those originally
listed for the other titanium materials, but the coefficient of friction
for the 3A1-5Cr is comparable to that of the Ti-T75A whereas the RC-110A
material shows a relatively low coefficient of friction (below any of those

COEFFICIENT OF FRICTION FOR THE VARIOUS MATERIALS

31

Material Foo Fro u¥*
SAE 1045 6.0 k.0 1.5
Ti-T5A 11.5 11.0 1.05
RC-130A 7.5 4.0 0.5k
Ti-150A 12.0 21.5 0.56
RC-130B 15.5 33.0 0.47
3A1-5Cr 2.0 2.5 0.80
RC-110A 1.1 3.1 0.3%55
F
*po=_C0
Ffo
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CONCLUSIONS

1. Both of the new titanium alloys 3A1-5Cr and RC-110A are machin-
able by the band-sawing process. The degree of success depends on the con-
ditions of operation.

2. 3Al1-5Cr and RC-110A give a response to cutting speed for a 60~
minute tool life that is similar to that obtained on the Ti-150A in the
previous report.

3., Cutting speed is very critical in the band-sawing of the two
new alloys.

4, TFeed rate in inches per tooth is critical and positive feeds
must be insured in the band-sawing of these alloys as well as the others
previously reported.

5. The cutting forces of the new alloys 3A1-5Cr and RC-110A are
approximately 75% of the feeding forces as measured with a two-tool dyna-
mometer.,

6. The unit-horsepower values obtained in the band-sawing of the
new alloys are very similar to those that had been previously obtained and
reported.

XII. SURFACE FINISH

This investigation supplements the work reported earlier in Report
No. 17 of June, 1953. Turning tests were conducted on the 3Al-5Cr and RC -
110A alloys at the same conditions that were used in the preceding work.

PROCEDURE

Round bars of the 3A1-5Cr and RC-110A titanium were machined in an
American Pacemaker engine lathe at speeds of 50, 100, 200, 300, 400, and 500
fpm with a depth of cut of 0.025 inch and a feed of 0.015 ipr to obtain the
effect of the cutting speed in fpm on the resulting surface finish in micro-
inches, root mean square. A second series of tests was conducted with feed
as the variable and the following increments of 0.005, 0.010, 0.015, and
0.020 ipr with a velocity constant at 100 fpm and depth of cut constant at
0.025 inch.
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The actual tests consisted of machining a representative cylindri-
cal surface with a newly ground tool of "905" carbide (Carboloy Company).
This tool was supported in a tool holder to give a tool signature of -T7°
back and side rakes, 7° end and side relief, 15° end-cutting and side-cut-
ting angles and a nose radius of 3/64 inch.

RESULTS

Figure 37 shows the original summary of the various materials in-
cluded in Report No. 17 with the addition of the two alloys, 3A1-5Cr and
RC-110A as indicated in the key, Except for the feed rate of 0.020 ipr on
the RC-110A, the results of these two materials are very similar to those
reported previously. There is an indication however that the surface finish
at the fine feed rate, 0.005 ipr, on each of these two materials was slightly
higher than the surface-finish readings given for the materials tested pre-
viously.

Figure 38 shows the actual data points in microinches, root mean
square, obtained with a profilometer on the titanium 3A1-5Cr material. The
results are typical of those normally expected in this type of operation
with values ranging from 60 to 270 across the feed marks, and from 25 to 30
parallel with the feed marks.

Figure 39 shows the actual data obtained on the surface of the RC-
110A material with values shown from 57 to 560 across the feed marks and 26
to 27 parallel with the feed marks.

Figure 4O shows results obtained in surface-finish microinches,
root mean square, vs cutting speed in fpm. The range of values measured
across the feed marks is 175 to 250 with the peak value shown at 300 fpm
which is similar to the original results shown for 304 stainless steel.
This form of curve varies slightly from those shown in the original report
for Ti-75A and RC-130A and it gives an indication of better surface finish
up to 100 fpm or between 400 to 500 fpm.

Figure 41 shows values of 190-low to 310-high microinches showing
an indication of the beneficial effect of lower cutting speeds (less than
100 fpm) as preferred in obtaining the lower values of surface-finish micro-
inches, root mean square.

Table XIX shows the original curve of the surface finish of the
test materials included in Report No., 17 with the addition of values for
3A1-5Cr and RC-110A. The values listed in this table are compared directly
to theoretical curve units at each of the selected feed rates.

33




— ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

09 oLe aee 0L¢ 182 09¢ 09¢ G6a g 020°0
cse 06T Loz gce 06T ofwe ¢Te CHh T ¢TO 0
Get OTT 00T LTT 96 0¢T GoT 062 T 0TO 0
LG 09 9 “q ¢e 2g ch oqT c G000
3TqTSsOog
_ _ _ _ _ _ T993g sSsoaT 19939 20BJaNg Jdt
VOTT-08  IDG-Tve  d0¢T-D¥  VOSLT-D¥  VOGT-TI  VGL-TL -uTeag O  CHOT VS S
SHHONTOYOIW. NI SSHNHONOY HOV.IMNS
XX TIdVL
°9%BJ PIdF PI1O9TSS YOBS 3B 1TUN 9YJ SB SAINO TBOTIDJIOSNY]F 93 WOJLJ SJB PISN SaNTBAx
9°9 ¢ 6°¢ ¢ H ¢ 2 2 L T 020°0
8°¢G ¢ L°H "G ¢ ¢ q 6% oT T G100
¢°g ) L9 8" L "9 L8 L ¢ 6T T 010" 0
6°¢ 0% 9T G LT ¢ 1T 92 e oL T 00" 0
VOTT-0d  I0G-TVE  €0ST-OM  VOST-OM  VOGT-TL  VGL-TL  Looxs §99T 19938 Sarmp - 247
-uTe3ls H0¢  GHOT AVS  °J03yg JEEX:

SHHONTOYOIW NI

*STVIHHLVN LSHL A0 HSINIJ HOVAINS HHL 40 NOSIHVAWOD

XIX HIdVL

3l




— ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN

Table XX shows the original table for all materials with actual
values of surface roughness in microinches for all test materials and the
"Best Surface Possible". The results of 3A1-5Cr and RC-110A have been added
for convenient comparison.

CONCLUSIONS

1. Definite improvements in the quality of surface finish have
been observed as a function of a reduction of feed in ipr on each of the
work materials included in this report. These results appear to be consist-
ent with the conclusions on the materials reported previously.

2. The 3Al1-5Cr material shows the best surface quality up to 100
fpm and from 400 to 500 fpm. The intermediate speeds of 200 to 300 fpm in-
dicate higher values of surface finish.

3. The RC-110A material shows a high value of surface finish of
310 with improved values of surface quality at 100 fpm or less and slightly
lower values of surface quality at 300 to 40O fpm.

L., Similar results in the condition of the finish was observed on
both grades of titanium, %A1-5Cr and RC-110A and were superior to those at-
tained on SAE 1045 steel.

5. In general these materials react in surface quality in a simi-
lar manner to those previously reported as far as surface finish is concerned.

XIII. TAPPING

A number of tapping tests were made at substantially the same con-
ditions used initially for other titanium alloys as recorded in Report No. 22.
In addition two new tap designs were tried. The new designs involved diffe-
rent lengths of chamfer on the end of the tap. The principle objective of
this series of tests was to determine the tapping behavior of titanium alloys
RC-110A and 3A1-5Cr as compared to hot-rolled SAE 1045 steel and other tita-
nium alloys. For this purpose the best tap addition found in previous tests
was used for this series. This was an 11° spiral-point angle tap sometimes
known as "chip-driver" or "gun tap". These were chamfered for a length of
four threads.
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The two alloys of titanium were tapped at five different speeds
ranging from 14.5 up to 71.9 fpm. The tests were conducted in a Detroit
Precision lead tapper with the work specimens mounted in a dynamometer
capable of giving continuous indications of the torque required both to
cut and to back the tap out of the work., The 1/2-13 taps were mounted directly
in the spindle.

The results of the first series of tests on RC-110A and the 3Al-5Cr
are summarized in Fig., 42 along with corresponding data for hot-rolled SAE
1045 steel and other titanium alloys. It may be noted that both the new
titanium alloys behaved similar to the other titanium alloys in that the
torque required to tap increased very rapidly beyond what might be called a
"eritical speed". It would appear to be significant that the RC-110A did
not show any increase in torque until the speed was increased beyond 50 fpm.
All other titanium alloys caused significant increases in torque at speeds
between %0 to 50 fpm.

One of the most unique tapping properties of titanium in the torque
required to back the tap out. This is sensitive to both the cutting fluid
and the tap design. A lithipone paste was applied to the tap during the
variable velocity test series. The back-out torque varied from a trace to
as much as 1.3 1b-ft for the RC-110A. It is significant that the back-out
torque was greatest at the lowest cutting speed and it deereased to only a
trace at the highest speed. Similarly, the back-out torque varied from 3.2
to 5.2 1b-ft forthe 3A1-5Cr titanium. Once again the greatest back-out torque
was redquired at the lowest cutting speed and the least at the highest prac-
tical speed.

Additional tests were run with the same tap design at a speed of
21.8 fpm, but using a heavy sulphochlorinated oil as a cutting fluid. At
this condition the tap stalled in the work with both alloys of titanium;
however, these alloys were tapped successfully with two recent new designs
of taps. These designs are characterized as "short chamfer" and "long cham-
fer". They were four-flute taps in contrast to the three-flute taps used
for the first tests reported in Fig. 42. The "short-chamfer" tap was cham-
fered for five threads in contrast to a four-thread chamfer on the three-
flute taps. The "long'chamfer" taps were chamfered for 15 threads. As
mentioned previously, both four-flute taps were used successfully in tap-
ping both the 3A1-5Cr and RC-110A alloys of titanium and while using the
sulphochlorinated oil as a cutting fluid.

The short-chamfer four-flute tap required 17 and 18 1b-ft of torque
when tapping the 3A1-5Cr titanium with sulphochlorinated oil and lithopone
paste, respectively, Only a trace of back-out torque was observed with the
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lithipone paste whereas the sulphochlorinated oil required more torque for
back-out than for cutting. Similarly the long-chamfer four-flute tap re-
quired 9.1 and 11 1b-ft of torque for the sulphochlorinated oil and lithi-
pone paste, respectively. On the same tests the back-out torque was 7 and
4.5 1v-ft, respectively.

In tapping the RC-110A with four-flute taps the long chamfer re-
quired 12 1b-ft of torque for cutting and 11 1b-ft for back-out when the
sulphochlorinated oil was used. When lithipone paste was used with this
same tap design the cutting torque was 13.3 1lb-ft and back-out torque was
only 3 lb=-ft. The short-chamfer tap stalled and could not be used with the
sulphochlorinated oil; however, with lithipone paste the short-chamfer tap
required 15 lb-ft of torque for cutting and only 2.8 1b-ft for back-out.

CONCLUSIONS

1. The difficulties in tapping titanium are dependent on cutting
speed, cutting fluid, and size of cut.

2. The inherently small relief angle peculiar to taps makes them
susceptible to seizure both during cutting and particularly during back-out;
consequently, an effective lubricant must be used. It may be necessary in
many cases to result to mechanical separators in the cutting fluid as in the
case of the lithipone paste.

3. Titanium and titanium alloys have demonstrated a marked sensi-
tivity to cutting speed in that the torque increases precipitously. beyond the
threshhold speed peculiar to each alloy; thus, it is important that the tap-
ping speed be limited.

L., The incidence of seizure is related to the size of the indivi-
dual chips taken by each tooth of the tap in that larger chips require more
torque and cause more frequent stalling for the same size thread.

These tests have demonstrated the advisability of using long cham-
fers and relatively large numbers of flutes, both of which results in smaller
chips for the same size of thread.
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