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BACKGIOUND AND INTRODUCTION

The effectiveness of militay ground combat units relies heavily on the mobility of its troops and
weapons. Weapon desipers therefore, must consider weight an important feature for a good design.
Some recent large calb'er weapon designs have employed longer gun tubes to increase range, however, this
has added to the weight problem. Since the gun tubes are made completely of steel. the added length
increases weight. Metallurgists have, by extensive alloying, improved the strength of gun steels and
effectively kept the weight down by allowing gun tubes to be designed with less material (tube wall
thickness).

A new approach considered to reduce the tube's weight is to incorporate lightweight reinforcing
jackets on longer tubes designed with thinner steel tube sections. Certain titanium alloys that possess
favorable mechanical properties and weigh approximately 44 percent less than steel are currently being
used by the aircraft industry where strength and lightweight characteristics are needed. Therefore, a high
specific strength titanium beta-C alloy (3A1-8V-6Cr-4Zr-4Mo) was idez'ified as a material with the correct
properties for these lightweight reinforcing cylinders.

The introduction of titanium lightweight reinforcing jackets on large caliber gun tubes is a
relatively new application in cannon designs. Consequently, this material requires special or different
manufacturing approaches.

PROBLEM

The manufacture of large titanium beta-C lightweight cylinders requires appropriate
manufacturing methods in addition to equipment capable of processing long, hollow cylinders. The
manufacturing facility at the Watervliet Arsenal (Watervliet, NY) has the equipment and the experience to
process long. hollow cylinders such as gun tubes, but has somewhat limited experience regarding the
machining of similar components made of nonferrous materials.

Existing machining methods for titanium alloys are basically those practiced for the last twenty
years. The machinability database now used allows the selection of operating conditions on aircraft-type
titanium components, typically Ti.6AI-4V, which require extensive turning, end milling, face milling,
drilling, reaming, tapping, sawing, and grinding operations. A machinability and processing database for
long turning, deep-hole boring, and bore finishing of hollow cylinders made of high specific strength
titanium beta-C alloy 3A1-8V-6Cr-4Zr.4Mo is nonexistent.

Many characteristics of this titanium material make it very difficult and expensive to machine.
Usually, considerable stock must be removed from primary forms such as long, hollow cylindrical forgings.
Titanium is also chemically reactive, and therefore, has a tendency to weld to cutting tools during
machining. Tools experience cratering, chipping, notching, and premature failure, and they produce poor
surface finishes. Because of titanium's low heat conductivity and abrasive nature, the temperature at the
tool/work piece interface increases, adversely affecting tool life, and consequently, dimensional accuracy.
The introduction of a titanium alloy to a facility that is experienced in steel processing presents
manufacturing problems. The problems include the determination of proper tooling and methods of
manufacture. Furthermore, in order to establish manufacturing costs and production parameters, a
processing database would hive to be established.

PROBLEM APPROACH

In order to develop the necessary machinability database for the manufacture of titanium beta-C
alloy components, it was decided to perform actual testing on components made of this 3A1-8V-4Zr-4Mo
titanium alloy and configured to resemble components that would be processed in production.
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This project was divided into three phases. The first phase was an in-house effort to establish an
immediate machining knowledge on the titanium beta-C alloy. This was necessary to provide preliminary
machining information to support the manufacture of prototype titanium components for weapon
development efforts. The initial testing consisted of face milling, turning, and some boring using high
speed steel (HSS) and carbide tooling.

The second phase was a major machinability study (contract) by an independent engineering
la6oratory. The scope of work required the contractor to perform turning, deep-hole boring, and finishing
operations on titanium beta-C alloy tubes (cylinders). The contractor was required to screen cutting tool
material. establish machining parameters, determine tool life, de%,elop processing methods, and actually
manufacture components based on their results. All the work was compiled into a contractor report (ref
1).

The third phase was an in-house machinability and processing effort that consisted of deep-hole
boring and bore finishing of nearly full-length titanium beta-C alloy cylinders. This effort employed
commercial deep-hole boring and bore finishing tools to evaluate various carbide grades and insert
geometries and also to develop processing data. This phase paralleled the independent laboratory testing
contract (second phase) and allowed comparisons to be made between the two.

RESULTS

Phase b; Inita Tool Material Evaluetion

Initially, tests were performed to ascertain the level of difficulty to machine the titanium beta-C
alloy. Early test results showed that conventional steel cutting carbide grades (C-6 through C-8) did not
provide two minutes of tool life. These grades chipped, notched, cratered, and wore severely during use.
Most of the tool failure can be attributed to their titanium carbide content. The titanium alloy exhibited a
chemical affinity to the high grades and had a tendency to immediately develop a built-up-edge (BUE) or
chip welding during machining. Typically, the BUE condition may be minimized by increasing the cutting
speed; however, because of titanium's low heat conductivity and abrasive characteristics, increasing the
cutting speed simply accelerated tool failure.

Pure tungsten carbide cutting tools, typically C-2 grades, were tested, and they performed the best.
Chemically, the pure tungsten carbide grades are not similar to the titanium carbide grades: however, not
all C-2 grade equivalents performed equally, and significant performance differences were experienced.
These included variability among the C-2 category grades made by the same manufacturer and differences
between manufacturers.

Phase B Lathe Turalna Evaluation

This effort impacted on the manufacturing operations that supported the first prototype end item
(long cylindrical, hollow sleeve) to be produced. Lathe turning and boring were the two major operations
of concern. The objective was to identify cutting tools and a set of parameters that would produce the
best machining conditions tool life, chip control, and work piece accuracy. Although cutting tools that
enhanced the machining of the titanium beta-C alloy were identified. they performed somewhat marginally
with respect to tool life and machining time.

Additional information on the foregoing tests can be found in Reference 2.

Phase Eh Machinability Contract

A contract was awarded to Metcut Research Associates, Inc., Cincinnati, OH, toj conduct an
extensive machinability and processing evaluation in deep-hole boring, bore finishing, and outside diameter



(OD) turning of hollow titanium 3A1-8V-6Cr-4Zr-4Mo cylinders. Since numerous paramaeters must be
investigated, it was determined that testing this alloy in a controlled environment would be beneficial to
the overall effort. This contract was devised to develop a database that would represent and encompass
the s•ate-of-the-art in commercial cutting tool materials, tooling applications, and optimum processing
parameters. The results would be used in conjunction with the in-house effort as a process planning
database for the manufacture of 9-foot long titanium alloy cylinders in a production operation. The results
of this machinability contract can be found in Reference 1. This report summarizes the contractor's work
consisting of controlled laboratory screening tests to determine the best cutting tool material most
effective cutting fluid, and tool geometry combinations. Then, based on these screening activities, the
cutting speed, feed rate, and tool life relationships were explored and mathematically modeled to best
describe the laboratory data and provide a statistical analysis on the "speed-feed-tool life relationship." In
addition, the contractor structured the laboratory tests to produce conditions that would sustain tool life
sufficient for machining 9-foot long titanium cylinders. As a result of the foregoing laboratory work.
Reference 1 also addresses process development for manufacturing. The contractor was required to use
the laboratory data and to develop a workable machining process applicable to the manufacturing
environment. To do this, three cylinders, 3 feet long, were machined to specific requirements (see ref 1,
Figure A) and were used as a vehicle to develop the processes and inadverently qualify the contractor's
laboratory results.

Phase I3L Ia-House Effort

In the third phase of this project, in-house machinability tests were performed, some of which
overlapped the independent macbinability effort briefly discussed in Phase UI. Early in this project, it was
concluded that two separate but related efforts would be beneficial. The contract with Metcut Research
Associates, Inc., was to focus more on scientific analysis to develop a comprehensive database that would
represent and encompass the state-of-the-art in cutting tool material, tooling applications, and optimum
process parameters. The in-house effort, while concentrating on machining and processing methods, was
to provide a vehicle in which in-house, first.hand experience was being developed along with establishing
real-time data on components close to the potential production part.

In-house testing included conventional deep-hole rough and finish-boring, skiving, roller
burnishing, and honing on 6-foot long titanium beta-C (Ti-3AI-8V-6Cr-4Zr-4Mo) cylinders. Although the
end item was closer to 9 feet long, 6-foot long test parts were used to maximize the use ot available
material.

Figure 1 shows one of the 6-foot test cylinders with machined indicating and roller rest diameters
(normally called spots) needed to set up and support the tube in the machine. One end of the tube was
also counterbored with three different diameters concentric with the spots (Figure 2). These three
counterbored diameters served as a pilot to guide each of the boring heads into the tube's inside diameter
(ID) during the onset of the boring operation. However. normally in production, a separate pilot bushing
is fixtured in front of the work piece, thus eliminating the need for a pilot counterbore diameter.

Standard commercial tools were used for 'he boring, skiving, and roller burnishing tests. Three
boring heads were tested: a 5.000-inch diameter, a 5.200-inch diameter, and a 5.312-inch diameter. These
boring heads were designed to accept interchangeable International Standards Organization (ISO)
standard tool holders (Figure 3), so that various cutting tool insert geometries and lead angles could be
tested. The tool holders were adjustable so that any diameter could be set to approximately 0.030 inch
over or under the basic size of each head. These heads were also designed with a single tool holder using
two carbide guide pads (Figure 4) as stabilizers.

One size (5.312.inch diameter) of both a skiving and roller burnishing head were used in the
testing to produce the final finished bore diameter (Figures 31 and 35). Both of these heads were
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adju•table to approximately 0.030 inch diametrically, plus or minus the nominal dimeion of 5312 inches,
to allow accurate bore sizing.

The machine available for this testing effort was a 1945 Le Blonde hollow spindle boring machine,
with a 4-inch diameter and a 30-foot long boring bar (Figure 5). This machine is customarily used to
manufacture prototype components. Since the time involved to complete such a testing program is
substantial, the use of newer, modern production machinery was not possible because of mandatory
production schedules.

The cutting fluid used for all boring operations was oil, per MIL.C-46149 (Grade 5). which has
sulfur and chlorine additives. Oil was used to provide added lubricity to the boring head guide pads. By
doing this, the benefit of better heat dissipation that water soluble coolants provide was sacrificed. Water
soluble coolants were evaluated by Metcut (ref 1).

The material used for the testing was a titanium beta-C alloy with a chemical composition of Ti-
3AI-8V-6Cr-4Zr-4Mo, solution treated and aged to a 160 Ksi yield strength and a Rockwell hardness of
approximately Rc 45. The cylindrical tube forgings with the following dimensions were the rough
configurations of the components:

Length 72 inches
OD 7 inches
ID 4.750 inches

The rough tube forgings had a substantial wall thickness variation caused by the forming
operation. This meant the ID was not concentric with the OD by as much as 0.250 inch. Running spots
were machined on the OD to be used for set up and indicating surfaces, as shown in Figure 1. The runout
between the ED and OD was balanced so that stock was equally distributed while machining the running
spots. Counterbores were machined concentric with the running spots (Figure 2) to allow the boring
heads to enter the tube and stabilize via the guide pads prior to starting the boring cut. By machining the
counterbores concentric with the running spots, the boring began with minimal runout. In many instances,
the runout was 0.150 inch at various locations in the cylinder. During the testing, as the boring head
moved through the tube, the runout would influence the heat to gradually follow the eccentric axis of the
rough ID. As several boring passes were completed, the eccentricity gradually lessened.

Test Results

The actual testing was done in stages: first a 5.000-inch diameter bore, then a 5.200-inch diameter
bore, and ultimately a 5.312-inch diameter bore were machined. A total of eight 6-foot long tubes were
machined. All the cutting data were recorded and are listed in Tables I through 10 in the A4pendix.

5.000-Inch Diameter Boring Tests

The first series of tests was conducted to evaluate the following:

I. Single-cutter boring head with two carbide guide pads.

2. SNMG--433 and 432 insert style.

3. 15-degree tool lead angle. Cartridge PTKNR-I6CA-12.

4. Cutting tool inserts (company and grade):
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Sandvik H-10A (C-2)
Sandvik 3015 (C-2)
Kenaametal K-68 (C-2)
Kennametal K-313 (micrograin)
Sandvik H-20 (C-2)
Kennametal K-6 (C-2)
Vatinie VIN (TiN coated)
Sandvik H-13A (C-2)

The tests were conducted under the following machining conditions:

Spindle speed 82 rpm
Cutting speed 107 sfm
Feed 0.005 ipr
Depth of cut 0.125 inch
Cutting fluid Oil (MIL-C-46149 Grade 5)

Figures 6 and 7 show comparisons of the three tool inserts that performed best during this initial series of
test cuts. Figure 6 shows the distance each tool traveled in the cut prior to failure. The Sandvik H-10A
insert provided the best life under these conditions, with ten inches of bore length machined, Kennametal
K-6 insert came in a close second with seven inches of bore machined, followed by Kennametal K-68 with
six inches of bore machined. Similarly, Figure 7 charts the same inserts with respect to tool life (time),
showing the H-10A grade lasted 24.4 minutes. In all cases, the tool life was a measure of how long the
inserts cut until the tool failed, and in each case, the inserts broke catastrophically.

Based on these results, the 15-degree lead angle was suspected of causing the tools to break
because heavy chatter was presen" during all machining from the beginning. To further evaluate the 15-
degree lead angle, an attempt was made to stabilize the cut by reducing the feed to 0.0037 ipr, in effect
reducing the chip load on the cutting edge. The severe chatter remained, and there was no measurable
tool life change. Figures 8 and 9 show the results of this exercise. Actually, because of the catastrophic
tool breakage, the foregoing machining parameters proved to be unacceptable to nachiue a 5.000-inch
bore in the titanium cylinder, and the tool life of each insert grade tested is questionable, i.e., the tool life
depicted in Figures 7 and 9 may not represent what each insert can actually do.

45-Degee Lead Angile ChanM

Since the 15-degree lead angle was unacceptable, the cutting tool lead angle was changed to 45
degrees by changing the tool holder to a PTSNR- 16CA- 12, which takes a triangular-shaped TNMG-style
inert (Figure 10). All other machining conditions remained unchanged. Sandvik H- 13A and 3015
triangular inserts were used in this testing. Again, vibration persisted during boring, causing the inserts to
eventually break. Also, damage to the carbide guide pads became evident (Figure 11). However, cutting
length and tool life were slightly improved, as shown in Figures 12 and 13. Figure 12 shows the H-13A
insert bored 38 inches of tube, while the 3015 insert bored 21 inches of tube. However, consistency in tool
performance could not be obtained, e.g., another H- 13A insert also failed after 10.5 inches of boring
depth. The tool breakage seemed to be caused by the heavy vibration, and the galling appeared to be
created by the chips interfering with the carbide guide pads. Figure 13 compares the tool life of these
inserts, showing that the H-13A insert had a tool life of 89 minutes while cutting 38 inches of bore, and in
contrast, 24 minutes when boring the second time, thus demonstrating inconsistency. The 3015 insert
lasted 49 minutes, boring 21 inches of the tube.



At this point, it was felt that the vibration was caused by the unbalanced cutting force of the single
tool and by the chips lodged between the guide pads and the bore.

5.000-Inch Diameter Borine Tests Using the Boring Head Modified to TWo Oynosinf Tool
Holders and Two Guide Pads

The 5.000-inch diameter boring head was modified to accommodate two opposing tool holders to
balance the cutting forces. An additional pocket was also added to relocate one of the guide pads, so that
the two tools opposed each other, and the guide pads also opposed each other. Figure 14 shows a front
view comparison of a single tool boring head and one with two opposing tools. Figure 15 shows a side
view of the same two boring heads.

Boring resumed using the modified 5.000-inch diameter head with two Sandvik H-13A inserts.
The spindle speed was set at 82 rpm, but the feed was increased to 0.0097 inch per revolution, which
approximated the 0.005-inch feed per revolution used for the single-cutter design. The results were
approximately the same as that experienced with the single tool boring head. Extreme vibration was still
present. It was suspected that the carbide guide pads did not allow a smooth bearing action on the
titanium alloy. Also, the speeds, feeds, chip interference, and the position of the guide pads may be
contributing factors. Therefore, a decision was made to remove the carbide guide pads and bore without
them. Beginning with a 5.010-inch diameter setting on the boring head, a total of 61 inches was bored
without vibration. However, the bore diameter at the exit end of the tube measured 4.950 inches, which
resulted from 0.060 inch of diametric wear or. the inserts. At this point, it became apparent that the tool
wear producing bore diameter reduction was causing the guide pads to operate in a severe interference
condition. This situation was the contributing factor in the vibration problem and the subsequent damage
to the guide pads (Figure 11).

In order to prevent the chips from flowing back to the boring head and interfering with the guide
pads, a teflon ring was installed on the 5.000-inch diameter boring head (Figure 16). The guide pad seats
were also modified to position the pads farther back on the head in an attempt to correct the chip
interference problem. Again, Figures 14 and 15 show comparisons of the two boring heads, one with a
single tool holder and two guide pads and the other with two tool holders, two guide pads, and a teflon
ring for blocking the chips.

This modification was tested at the same 82-rpm spindle speed. The guide pads were again galled,
and heavy vibration also occurred during boring. Therefore, the guide pads were removed, new inserts
were installed (H-13A), and the remainder of the tube was bored using the same machining parameters.
A total of 51 inches was bored without vibration resulting in a tool insert life of 19 minutes. However, the
inserts wore 0.030 inch diametrically causing the teflon ring to also wear 0.030 inch diametrically. This
confirmed that the carbide guide pads were causing the vibration by trying to move through an undersized
bore. As the bore became smaller, the guide pads were building up heat from friction and approaching
seizure, causing the boring operation to become progressively worse as the head advanced through the
tube.

An analysis of the 5.000-inch boring tests yielded the following conclusions:

I. The 45-degree lead angle outperformed the 15-degree angle by a margin of 3 to 1 in boring
length, as shown in Figures 6 and 12, and in tool life by comparing Figures 7 and 13.

2. The vibration experienced in this early testing seemed to be attributed to the carbide guide
pads operating in an undersized bore. This was proven by removing the pads and boring without them.
This was only possible when the boring head was modified to a two-cutter head, whereas the cutting tools
balanced each other's radial cutting forces. Guide pads are needed with the single tool boring head.
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Therefore, further testing on the larger heads will include boring using guide pads manufactured from
other materials such as brass and hardened steeL

3. The feeds and spindle speeds used in the 5.000-inch boring tests were not considered optimum
because of tool wetar and repeated tool breakage. During testing of the larger boring heads, an attempt
will be made to establish an optimum cutting speed which will allow successful boring of a complete 6-foot
titanium tube without tool failure (breakage) or excessive wear causing the MD to be tapered.

5.200-Inch Diameter Borinr Tests Using the Bornga Head Modified to Two Opposinf Tool
Holders and Two Guide Pads

The 5.200-inch diameter boring head was modified to accommodate two opposing tool holders and
two guide pads. A teflon ring was also added to the boring head to prevent the chips from flowing back
and interfering with the guide pads, as previously shown in Figure 14. Figure 5 shows a side view of the
modified 5.200-inch diameter boring head mounted in the boring bar of the machine.

In order to further investigate the effect of the guide pads, a decision was made to manufacture
pAds from different materials to see how they affected the performance of the boring heads. Pads were
manufactured from hardened (Rc 50) tool steel and brass. The tests were conducted to evaluate the
following

1. Two-cutter boring heads.

2. SNMG-433 insert style.

3. Guide pads made of hardened steel and brass.

4. A teflon ring mounted on the head to prevent chips from flowing back.

5. 45-degree tool lead angle--tool holder PSSNR-16CA-12.

The tests were conducted under the following machining conditions:

Spindle speed 82 rpm
Cutting speed 112 sfm
Feed varied
Depth of cut 0.100 inch

The cutting tools (inserts) tested (company and grade) were Sandvik H- 13A (C-2) and Kennametal K-313
(micrograin). The carbide guide pads were replaced with brass for the initial boring passes to test the
effects of the softer material as a stabilizer. The feed rate was also varied from 0.021 to 0.040 inch per
revolution.

During this test, the best results were obtained using Sandvik H-13A inserts at the 0.021-inch feed
rate, where 35 inches of bore was machined before the inserts failed, resulting in a tool life of 20 minutes.
Increasing the feed rate had a negative effect on tool performance. For comparison purposes, using
Sandvik H-13A inserts and a feed rate of 0.030 inch per revolution, 20.5 inches of bore wa3 machined with
a tool life of 8 minutes. Again using the Sandvik H-13A inserts, a feed rate of 0.40 inch per revolution
produced 9 inches of machined bore, or a tool life of 2.7 minutes. When the H- 13A inserts were replaced
w, th two Kennametal K-313 inserts and all other parameters were the same, the results were identical.
The results of this testing are illustrated in Figures 16 and 18, showing the length of cut and tool life,
respectively.
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The vibration and chatter, which were evident while boring with the carbide guide pads, did not
ocur when using the bras guide pad material, but the pads wore approzimately 0.012 inch diametrically
(Figure 19). However, the bore diameter size was within 0.001 Inch Indicating that the runout of the
tube's ID was responsible for this wear. This suggests that the brass material is too soft to use as guide
pads for boring this titanium alloy.

The brass pads were then replaemd with AISI 4340 alloy steel pads hardened to Rc 50. Testing
was conducted under the following conditions.

Spindle speed 60 rpm
Cutting speed 80 sfm
Feed 0.013 ipr
Depth of cut 0.100 inch

This phase of testing was not successful since heavy vibration and chatter began after seven inches
of the bore was machined. The steel pads were severely galled and showed titanium deposits on their
surface, as shown in Figure 20. This result was comparable to the previous boring trials using the carbide
guide pads, but without an undersized bore. It is apparent that steel is not compatible with titanium, and
therefore is not a good bearing material

New brass pads were reassembled on the boring head and shimmed to make contact with the
bore. Testing was conducted to evaluate the following:

I. Modified two-cutter boring head.

2. SNMG - 432 insert style.

3. Guide pads -brass.

4. Tool holder PSSNR-16CA-12, with a 45-degree lead angle.

The following machining parameters were used:

Spindle speed 40 rpm
Cutting speed 54 sfm
Feed 0.016 and 0.020 ipr
Depth of cut 0.100 inch

The cutting tools tested were Excello (Carbi-Tech) - XL-202 (TiN-coated) and ExceUo (Carbi-Tech) - E-6.

The Excello XL.-202 Insert successfully machined 54 inches of bore usivi the above machining
parameters. This yielded a tool life of 84.37 minutes, as illustrated In Figures .1 and 22. A diametric
measurement taken of the inserts after the boring pass revealed no reduction from the preset size of 5,207
inches. The bore finish was visibly good, and the ID measured within 0.001 inch for the complete 54
inches. A measurement taken of the bras guide pads revealed a diameter reduction of 0.022 inch. This
was attributed to the runout of the bore, i.e., the rubbing of the harder titanium material on the brass pads
caused the wear. However, as expected, some of the runout was removed without this boring pass.

Because of the improved success of boring at a reduced cutting speed, another attempt was made
with the hardened steel guide pads to reassure that the faster cutting speed was not the determining factor
for the failure. The same tooling and machining parameters were used as in the foregoing boring pan.
This attempt was not successful since vibration and chatter occurred immediately upon contact of the steel
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guide pads. Therefore, the steel guide pads were removed and the remaining 35 inches of tube was bored
suwccesflly without incident resulting in a tool life of 43.8 minutes (Figures 21 and 22). A measurement
over both inserts was taken before and after the boring pan and found to be the same. The bore was also
measured and found to be within 0.001 inch in the 35 inches bored.

As the test results Umproved, an attempt was made to bore a tube with an increased chip load by
increasing the depth of cut to 0.450 inch, i.e., bore with a 5.200-inch diameter head without first boring
with the 5.(,00-inch diameter boring head. The tes', was conducted to evaluate the following:

1. Two-cutter boring head.

2. SNMG-432 insert style.

3. 45-degree tool lead angle - PSSNR.16CA.12 tool holder.

4. Insert Excello- E-6 (C.2).

The test was conducted under the following machining conditions:

Spindle speed 40 rpm
Cutting speed 55 fm
Feed 0.016 ipr
Depth of cut 0.225 inch

No guide pads were used because the two tools seemed to balance the cutting forces. Boring was
successful for 60 inches, yielding a tool life of 93.75 minutes (Figures 21 and 22) with good chip control
(chips breaking). Figure 23 shows chips produced during this boring test. At 60 inches, one insert failed,
and when the head was retracted, the teflon ring was severely damaged and worn. Thi inserts were
replaced, and with the worn teflon ring still in place, boring was again attempted without success. This
indicated that the teflon ring acted u a guide bushing, much like the guide pads, and after it wore down,
Its guiding/stabldizAngeffect was eliminated. AM analysis of the 5.200-inch boring tests yielded the following
conclusions:

1. Soft guide pads could only be used on the two-cutter modified head, because the tool pressure
from the single-cutter head wore down the pads, eliminating their stabilizing effect and causing a tapered
bore.

2. The brass guide pads eliminated chatter and vibratiozn becaw- a bearing surface, brsa. is
more ompatible with the titanium alloy, but wore substantially from abrasion caused by the IM runout.

3. The two-cutter modified head can bore without guide pads because the teflon ring helps to
stabilize the boring head.

4. Boring length and tool lfe decreased at the feed was increased using the same cutting speed
and depth of cut (Figures 17 and 18).

5. Bofina results Improved as the cutting speed was reduced.

6. The bot-ing head tends to follow the runout of the bore, and consequently, caums significant
wear to the guide pads.

7. Hardened steel Is not a good guide pad material because it is not compatible with titanium.
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3.312-ch Diameter Boring Tests

Bcaue remsts improved by reducing the cutting speed, testing of the 5312-inch boring head was
conducted using the original single tool design with two carbide guide pads. The first series of tests was
conducted to evaluate the following:

1. Single-cutter boring head-two carbide wear pads.

2. SNMG-432 insert style.

3. 45-degree tool lead angle-PSSNR-L6CA-12 tool holder.

The tests were conducted under the following machining conditions:

Spindle speed 40 rpm
Cutting speed 54 sfm
Feed 0.008 and 0.015 sfm
Depth of cut 0.056 inch

The cutting toob tested were Saudvik H-13A (C-2), Kennametal K-313 (micrograin), and Excello (Carbi-
Tech) E-6 (C-2).

Fifty-three inches of the tube was bored using a Sandvik H-13A square insert. The insert was
indexed at 26 inches, not because of visible wear, but because the head began to vibrate. The feed was
varied from 0.006 to 0.012 inch in an attempt to stop the vibration, but was unsuccessful. A Kennametal
K-313 insert was then tested. This is a micrograim grade with a larger chip breaker. However, vibration
continued, and the test was terminated. The K-313 insert was then replaced with an Ezcetlo (Carbi.Tech)
E-6, which is a C-2 gade. The remaining 16 inches of tube was bored producing good chips virtually
without incident. Figures 24 and 25 compare the three inserts with respect to cutting length and tool life,
respectively.

A tube was then prepared with a 5.312-inch counterbore to accommodate the largest boring head
without first boring with the smaller 5.000-inch and 5.200-inch diameter heads. This was done to increase
the chip load to 0.285 inch, via depth of cut, but using the same spindle speed and cutting feed. This
series of tests was conducted to evaluate the following;

1. Single-cutter boring head.

2 TNMG - 332 and 333 insert style.

3. 45-degree tool lead angle - PTSNR-16CA-12 tool holder.

The cutting twols material tested were Kennametal K-313 (micrograin), Exceilo (Carbi-Tech E-6 (C-2)),
and Carbaloy E-48 (C-2).

The test was conducted under the following conditions:

Spindle speed 40 rpm
Cutting speed 55 fam
Feed 0.010 ipr
Depth of cut 0.285 inch
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The best results were obtained from the Excello E-6 insert, where 52 inches of tube was bored
with a tool life of 130 minutes followed by the Carbaloy E-48 insert, where 48 inches of tube was bored
with a tool life of 120 minutes. Figure 26 charts each tool with respect to cutting length, and Figure 27
compares their respective tool life in minutes. Figure 28 shows chips produced during this phase of testing
while boring with the Excello E-6 carbide insert. lhe curled chips are those produced at the beginning of
the cut. As the tool wore, the material began to fragment into smaller chips. An analysis of the 5.312-
inch boring tests resulted in the following conclusions:

1. The single-cutter and two carbide wear pad designed boring head is effective once an optimum

cutting speed is established.

2. The optimum cutting speed is 55 sfm.

3. The optimum feed rate is from 0.008 to 0.010 ipr.

4. Carbide as a material for guide pads will last approximately 130 minutes (it is not the best, but
it is better than brass and teflon because of its hardness).

5. Runout accelerates guide pad deterioration.

6. The heavier depth of cut does not seem to affect the performance of the boring head at these
speeds and feeds.

Boring Tests Using High Speed Steel Tooglin

One of the titanium cylinders was prepared with a 5.318-inch counterbore to test the performailce
of HSS tooling in boring the titanium alloy. A wood packed reamer body. Figure 29, was used during this
testing phase. The wood is turned to a diameter slightly larger than the pilmt counterbore (or cutter
diameter) so that it interferes with the ID as it advances through the tube during boring. This provides
stability to the boring head. The tooling used for this test was Braecut P144 HSS and ground with a 45-
degree lead angle.

The initial test was run under the following cooditions:

Spindle speed 17 rpm
Cutting speed 23 sfm
Feed 0.010 and 0.020 ipr
Depth of cut 0.285 inch

Three attempts were made to bore this material. At best, four inches of bore length was
machined producing a tool life of less than 20 minutes. Vibration and chatter began to occur almost
immediately once the tools made contact with the bore. Upon retracting the boring head, the tools were
badly worn, as shown in Figure 30, requiring complete reconditioning. The spindle speed of 17 rpm or a
cutting speed of 23 sfm was the slowest the machine would run, therefore, adjustments could not be made
to reduce the cutting speed. The next two boring attempts were made with similar poor results when
adjustments were made in the feed rate only. This was done by first doubling the feed to 0.020 ipr and
then reducing the feed to 0.007 ipr. An analysis of the boring tests using high speed tooling resulted in
the following conclusions:
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1. The cutting speed of 23 sfm was too high resulting in rapid tool failure.

2. In order to bore this material using HSS tooling, the cutting speed must be reduced to less
than 10 sft, and the feed rate must be less than 0.005 inch per revolution. This would make it costly and
impractical to machine with HSS.

eiatLqnt: Bore finishing tests were conducted on two tubes to establish a uniform bore size and
finish throughout the full length of the tube and make the bore void of tool marks. The tubes would later
be used for roller burnishing and honing tests. Tests were conducted using the following equipment:

1. Single-cutter boring head with two carbide guide pads.

2. TNMG.333 insert style.

3. 45-degree tool lead angle - PTSNR-16CA-12 tool holder.

The cutting tool used for bore finishing tests was Excello (Carbi-Tech) E-6 (C-2).

Tests were conducted using the following conditions:

Spindle speed 40 rpm
Cutting speed 55 sfm
Feed 0.010 ipr
Depth of cut 0.005 inch

Bore finishing was done in one complete pass, and in both instances, the machined bores were tapered
approximately 0.002 inch smaller at the exit end of the tube and had a surface finish averaging 70 rms.

SWISS

Skiving is a process of bore finishing by incorporating cutting tools designed with a very slight lead
angle of 9 degrees from the axial plane of the bore (81 degrees from the perpendicular). This tool
geometry produces better finishes than conventional boring and is commonly used for rapid finish
machining alloy and low carbon steel cylinders, e.g., hydraulic cylinders. The cutting action can be
described as shaving the material compared to conventional boring using steeper lead angles. The skiving
head used for this testing phase was designed with two diametrically opposed cutting tools mounted on
individual cartridges which, as an assembly, produced a floating "knife." The "knife" is collapsed at the end
of the skiving process so that the head can be retracted without marking the machined surface. The body
of the head is equipped with four guide pads made of a proprietary material closely resembling delrin or
nylon. The pads are equally spaced around the periphery of the body and serve as stabilizers during the
skiving process. The inserts are preset to the desired cutting diameter and the "knife" is allowed to float.
This floating action allows the tools to center to the bore diameter and equalize the depth of cut. Figures
31, 32, and 33 show the skiving head used for this testing.

The basic diameter of the skiving head is 5.312 inches, but it is adjustable to approximately 0.030
inch above and below the basic diameter. This allows fine adjustments to be made to control bore sizing.
The skiving tests were performed on tubes bored with the 5.312-inch boring head. Since the skiving
process is common for low carbon and alloy steels, the only inserts available for the skiving operation were
S-2 type (Sandvik), P-20 (C-6 grade equivalent) carbides that are specifically designated for steels. The
skiving tests were conducted under the following conditions:

12



Spindle speed 40 rpm
Cutting speed 54 and 30 aim
Feed 0.020 and 0.040 ipr
Depth of cut 0.007 inch

The skiving tests showed that the tool inserts were only adequate for short distances between 12 to
20 inches, or a tool life not exceeding 15 minutes. When adjustments were made by increasing the feed to
0.040 ipr and lowering the cutting speed to 30 sim, no measurable improvement was observed. The
inserts' cutting edge wore to a point where a 0.003-inch taper was produced in the cylinder. The finish in
the tubes prior to skiving averaged 150 rms. The skiving operation improved the bore finish to an average
of 85 rms. In contrast, the bore finishing operation produced finishes of 70 rms and held the diametric
size to within 0.002 inch throughout the full 72 inches of cylinder length.

Figure 34 shows chips produced during the skiving operation on the titanium beta-C cylinders.
Some of the chips were curled with smooth edges indicating they were produced by a sharp insert. As the
inserts wore, the chips became ragged along the edges and eventually broke away in smaller pieces without
curling. A visual inspection of the bore after skiving revealed changes in the surface finish appearance as
the head advanced through the cylinder. This corresponded to the profilometer inspection of the bore
showing that the finish became rougher as the instrument advanced downbore.

An analysis of the skiving operation concluded the following.

1. The tooling (inserts) available for the process failed rapidly disallowing a favorable evaluation.

2. Test results indicate that skiving may be a potential finishing operation if proper C-2 carbide
grades are used.

A roller burnishing head, shown in Figure 35, was tested on two of the titanium tubes. The first
tube was previously bore-finished and inspected with a portable profilometer. The avenge surface finish
recorded was 70 rms. The roller burnishing head was pulled through the tube at a feed rate of two inches
per minute with a spindle speed of 20 rpm. Profilometer readings taken after roller burnishing showed no
improvement to the bore finish. The second tube had been skived first and had an average finish of 85
rms. The roller burnishing head was pulled through the tube at a feed rate of three inches per minute
with a spindle speed of 44 rpm. Profilometer readings again indicated no measurable improvement in the
finish of the bore. An analysis of the roller burnishing testing resulted in the following conclusions:

I. The titanium material appears to be too tough to be deformed by roller burnishing.

2. Roller burnishing is not a practical process to improve the bore finish on this titanium beta-C
materiaL

The boning tests were conducted on the same tubes that were roller-burnished because they were
relatively uniform in size. Prior to honing. the surface finish of each tube was measured with a portable
profilometer at 12-inch intervals throughout the full length of the bore and recorded. The ID) was also
measured with a dial bore gage at 12-inch intervals throughout the full length of the tube and recorded.
Both tube profiles are shown in Figures 37 and 39.
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TUbe 01 was hosed using tones designated as A-240-V6S, which is a 240-grit aluminum oxide
sulfUrizd sone (Figure 36). The boning head held twelve sones (112 inah by 112 inch by 6 inches). The
bar rotational speed was set at 105 rpm. and the traverse speed was set at 45 feet per minute. One set of
stones was adequate enough to remove 0.005 to 0.006 inch of stock from the bore at a stock removal rate
of 0.0003 inch per minute. The finish was improved from 70 to 12 rms (Figure 37).

Tube #2 was honed using stones designated as C320-L7-VX. which is a 320-grit silicone carbide
sulturized stone (Figure 38). The honing head was loaded with twelve stones (112 inch by 1/2 inch by 6
inches). The bar rotational speed was set at 105 rpm, and the traverse speed was set at 45 feet per
minute. One set of stones was adequate to remove 0.003 to 0.005 inch of stock from the bore at a stock
removal rate of 0.0005 inch per minute. The finish was improved from 80 to 18 rms (Figure 39).

An anasis of the honing tests resulted in the following:

1. A comparison of stock removal rates between the silicone carbide and aluminum oxide honing
stones shows the silicone carbide has a slightly higher metal removal rate. i.e.. 0.0003 inch per minute for
the aluminum oxide compared to 0.0005 inch per minute for the silicone carbide. Courser stones are
needed to increase the metal removal rates.

2. The finish was improved favorablyin both tubes and proved that a fine finish is attainable in
this material The degree of finish obtained is relative to the grit of the honing stones, therefore, to obtain
an even better finish. finer grit stones would have to be used.

PROCESS PLAN FOR BORE FINISHING FULL LENGTH TITAN[MU BETA.C COMPONENTS

Based on the machinability test results, a process plan was developed to establish manufacttring
costs to produce full length (9-foot long) titanium beta-C components.

The following process plan covers bore finishing of 9-foot long cylinders to a 5.310 ±: 0.001-inch
[D with a 16-rms surface finish.

Rough material configuration:

Length . 9 feet (108 inches)
OD - 7 inches
ID - 4.750 inches

Load the cylinder in the hollow spindle lathe and indicate the bore at both ends to 0.010 inch total
indicator reading (TIR). Turn three 6 ± 0.062.inch long spots ou the OD of the cylinder, one at each end
and one at the center to 6.00t ± 0.005-inch diameter. Use C-2 grade carbide with 45-degree lead and 5-
degree negative rake angles.

Mamhninsr Parameters RamnTI

Spindle speed - 30 rpm I hour 30 minutes
Cutting speed- 55 sfm
Feed - 0.010 ipr
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Set up the cylinder in the hollow spindle boring machine with the roller rest located at the center
spot. Indicate the turned spots at both ends of the tube to within 0.001 inch TIR. Adjust the rollers to
support the cylinder at the center spot maintaining 0.001 inch TiM. Using a guide bushing to start a two-
cutter boring head, cylinder to 5.200 :t 0.005-inch diameter.

1. Two-cutter boring head with fiber (micarta) guide pads.

2. 45-degree tool lead and 5-degree negative rake angles.

3. C-2 grade carbide inserts.

Msachining Parameters Oeainln

Spindle speed. 42 rpm 2 hours 40 minutes
Cutting speed - 55 sfm
Feed - 0.016 ipr
Cutting fluid - emulsifiable chlorinated soluble oil

Change to a 5.300-inch diameter, two-cutter boring head with fiber (micarta) guide pads. Using the same
cutting tool inserts and tool holders and a guide bushing to start the boring head, finish bore to 5.300 i
0.002-inch diameter.

Machining Parameters Operation Tune

Spindle speed - 40 rpm 2 hours 48 minutes
Feed - 0.016 ipr

Load the cylinder and clamp in the yoke fixture on the honing machine. Load the honing head
with a minimum of twelve silicone carbide stones designated as C320-L7-VX. Hone the cylinder to 5.305
:t 0.001-inch diameter with a 16-rms surface finish.

Machinlny ParameterO

Bar speed- 105 rpm 45 minutes
Traverse speed - 45 fpm

Composite of Overations:

First Operation: turn spots - I hour 30 minutes

Second Operation: rough bore - 2 hours 40 minutes
finish bore - 2 hours 48 minutes

Third Operation: hone - 45 minutes

Total Operation Time Per Cylinder. 7 hours 43 minutes
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CONCLUSIONS AND RECOMMENDATIONS

Machinability tests conducted both in-house and by Metcut demonstrated that machining the
titanium beta-C alloy is difficult, but not impossible. Comparatively. Metcut's and the in-house results
show distinct similarities and discrepancies. Metcut's report stated that the 150-sfm cutting speed was
most effective, however, our tests concluded that 55 sfm was optimum. Metcut also indicated that
reducing the cutting speed reduced the tool life, and we demonstrated that reducing the cutting speed
actually increased the tool life. In addition, Metcut stated that increasing the depth of cut decreased the
tool life, and in-house results showed that a depth of cut over 0.100 inch had no significant impact on the
tool life. These discrepancies are attributed to the depth of cut under which testing was performed.
Metcut's work centered around an 0.050-inch depth of cut, which can be classified as a finish-machining
parameter. Therefore, based on this, Metcut'x work identifies a distinct pattern of change as machining
parameters approach rough-machining conditions. Our work was concentrated around rough-machining
conditions and identified a totally different trend as machining conditions became more severe. At the
finish-machining stage, there is a tendency for tool life to drop when the cutting speed is reduced and
similarly, when the depth of cut is increased. However, after a 0.100-inch depth of cut, the trend is
reversed when the cutting speed is increased, and it is stable when the depth of cut is increased. Logically,
looking at both situations, it is concluded that finish-machining and rough-machining must be approached
separately. Therefore, 150 sfm is appropriate for finish-machining, and once the depth of cut reaches or
exceeds the finish cut stage (0.100 inch), the cutting speed must be kept at 55 sfm.

Although the cutting speed and depth of cut at finish- and rough-machining conditions affected
tool life diffeiently, the effect of feed (ipr) in both cases was the same. Increasing feed decreases tool life,
therefore, tool life drops off linearly. Both Metcut and in-house tests concluded that a feed range of 0.003
to 0.008 ipr would be optimal.

The boring tests performed by. Metcut utilized a two-cutter boring head. Metcut states their
boring head used "fiber (micarta type) guide pads instead of carbide" because, "titanium alloys have a
strong tendency to weld or seize against tungsten carbide at normal machining temperatures" (ref 1. p.
31). This statement is partially incorrect because the American Heiler boring head did have four TiN-
coated carbide bearing pads located in line with the two cutters. Micarta guide pads were also present.
but were used to guide the body of the boring head in back of the cutters. Basically, their head simulated
our modified two-cutter boring head, and the carbide affinity was similar to what was experienced in-
house.

Metcut's report also fails to specifically comment on the results of the boring operation.
Therefore, it is difficult to show a relationship between the in-house boring test and theirs. However,
having the opportunity to witness their test, recollection serves that the "124 fpm" (sfm) speed worked best,
and the results were somewhat better than in-house tests. This was mainly because the Beohringer
machine was more rigid and provided better control of the operation.

Our in-house test, after considerable speed adjustmeats, demonstrated that the single-cutter and
two-cutter heads can be used adequately. In both cases, 55 sfm was the best cutting speed and the carbide
guide pads lasted approximately 130 minutes. The exercise with alternate guide pad materials did not
substantiate replacing carbide.

Another significant consideration is the difference in the equipment used in each of these separate
efforts. The machine used for the in-house testing was a 1945 Le Blonde hollow spindle boring lathe with
a 4-inch diameter and a 30-foot long boring bar. Metcut's boring tests were conducted on a visibly newer
and more rigid 40 horsepower Beohringer Model V 800 Trepanning machine. This machine, with its
shorter boring bar, higher pressure coolant system, and more rigid construction, contributed to significantly
better boring results.



MetCut's testing of a 15-degree versus a 45-degree tool lead angle proved that the 45-degree lead
produced greater tool life. This conclusion was verified by the in-house testing where the tool life
increased from 38 minutes (15-degree tool) to 89 minutes by using the 45-degree tool with the same
machining parameters. This was attributed to the thinning of the chip by distributing the material over a
longer cutting edge, thus, in effect, reducing the chip load.

Metcut's comparison of negative versus positive tool rake angles showed that for a tool life level
of 30 minutes, a negative tool had a 19 percent higher cutting speed than a positive tool. The ISO tool
holders used for the in-house boring tests were designed to hold the inserts at a 5-degree negative tool
rake. In-house boring tests did not include cutting with positive tool rake angles.

Metcut tested two cutting fluids against cutting this titanium beta-C alloy dry. The two cutting
fluids were Trim-Sol (an emulsifiable heavy duty chlorinated soluble oil) and Mobilmet 235 (a semi-
synthetic). Results showed that a one.third increase in tool life was possible by using Trim-Sol. as
opposed to cutting dry (ref 1). The cutting fluid used by Metcut for the ID boring operation was Garia-T.
which is a sulfo-chorinated oil.

All of the boring and skiving tests performed in-house were conducted with cutting oil. per MIL-
C-46149, Grade 5, which has similar sulfur/chlorine additives. In both cases, this cutting oil was used to
add lubricity to the boring head guide pads while sacrificing better heat dissipation that the water soluble
fluids provide. Emulsifiable heavy duty chlorinated soluble oils such as Trim-Sol are recommended for
boring this titanium beta-C material when using two-cutter heads, because the two cutters balance the
cutting pressure and alleviate the pressure on the guide pads. This fluid, because it is blended with water,
provides better heat dissipation, and consequently, better tool life.

However, for boring, this titanium beta-C material with a single-cutter bead, sulfo-chlorinated oil.
such as the Garia-T oil used by Metcut or the oil per MIIL-C-46149, Grade 5, used in-house is
recommended. The single-cutter head requires guide pads harder than the material being bored so that
the boring head will be stabilized and the bore size will be maintained. These guide pads are subject to a
great deal of radial pressure, and thus, need fluid with added lubricity to reduce some of the friction
generated by their interaction with the bore. The sulfur and chlorine additives help prevent the chips from
welding to the tool while cutting.

The inserts that performed best in the boring tests on this titanium beta-C material are listed

below in priority order.

1. Excello E-6 (C-2) - uncoated - supplied by Carbi-Tech

2. Excello XL-202 (C-2) - TiN-coated - supplied by Carbi-Tech

3. Carbaloy E-48 (C-2) - uncoated - supplied by General Electric

4. Sandvik H-13A (C-2) - uncoated- supplied by Sandvik

5. Sandvik 3015 (C-2) - aluminum oxide-coated - supplied by Sandvik

The coated carbide inserts performed somewhat comparable to the uncoated type. Their performance,
however, is attributed more to their substrate material, which, in each of these cases, is a C-2 grade. For
example, the two Excello inserts listed above are the same except for the TiN coating. The performance
of the uncoated insert was somewhat equal, and therefore, it is concluded that the coatings do not enhance
tool perforr.ince when cutting this titanium beta-C materiaL In comparison, the carbide inserts used
during the in-house testing showed similar trends to those results presented in Metcut's report (ref 1).
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Metcut's three best performers were aluminum oxide-coated, C-2 grades, and T'IN-coated carbides, in
order of priouity. Both test results on tool performance were very close in most cases, whereas any of the
Identified best performers could surpan the others on any gtven cut. Therefore, the group of best
performers used during the in-house testing are concluded to be similar to those tested by Metcut and are
recommended for boring this titanium beta-C material

Braecut brand M44 HSS was tested both in-house and by the contractor. The in-house testing
consisted of boring with a two-cutter head at a 0.280-inch depth of cut. Using a cutting speed of 23 sfm
and a feed rate of 0.010 ipr, a tool life of less than 20 minutes was attained. Figure 2 and Table II of
Reference I show that during single-point turning tests, a tool life of 420 minutes was attained by using a
cutting speed of 30 sfm, a feed rate of 0.003 ipr, and a depth of cut of 0.050 inch. The poor results of the
in-house testing may be attributed to both the heavier depth of cut, which was five times as great, and the
feed rate, which was three times as great as the Metcut tests. It is suspected that when cutting this
material with HSS, any increase to the depth of cut. feed rate. and/or cutting speed has a very detrimental
effect on tool life. This is substantiated by Metcut's report, where an increase in the feed rate from 0.003
to 0.005 ipr reduced the tool life from 420 minutes to 180 minutes. In addition, changing the cutting
speed from 30 to 50 sfm and using the same feed rate of 0.003 ipr reduces the tool life from 420 minutes
to 28 minutes.

It is concluded that if HSS tooling is used to machine this titanium beta-C material, in order to
obtain a reasonable tool life, the recommended machining parameters are a cutting speed of less than 30
sfm. a feed rate of 0.003 ipr, and a depth of cut no greater than 0.050 inch.

Skiving tests were performed in-house only, therefore, no comparisons can be made with Metcut.
The only carbide inserts available for this testing were those designated for use on steels equivalent to a C-
6 grade. Although skiving did improve the surface finish, the tools were rapidly resulting in a taper of
0.003 inch. It is concluded that skiving could be used successfully to finish bores on titanium beta-C
material if inserts made of C-2 carbide grades are used. However, further testing is needed.

Roller burnishing was only performed during in-house testing and did not improve the surface
finish at all. The titanium beta-C material is too tough and resists deformation. This process is not
recommended for finishing bores made of this material.

Honing tests were performed on this titanium beta-C material both in-house and by Metcut to
demonstrate the feasibility of this process for improving the surface finish of the bores. The in-house
honing tests were conducted with both 240-grit aluminum oxide and 320-grit silicone carbide honing
stones. The aluminum oxide stones removed stock at a rate of 0.0003 inch per minute. improving the
surface finish from 70 to 12 rms. The silicone carbide stones removed stock at a rate of 0.0005 inch per
minute, improving the surface finish from 80 to 18 rms. Similarly, the honing tests performed by Metcut
reported that 150-grit aluminum oxide and 220-grit cubic boron nitride stones were used. The stock
removal rates of 0.0003 to 0.0005 inch per minute were essentially the same as our in-house tests, and the
surface finish was improved from 164 to 10 rms.

Therefore, the in-house and Metcut honing tests were comparable, since the stock removal rates
and surface finish improvements were similar. Any of the honing stones used in either of these efforts are
recommended to hone titanium beta-C material. Both of these testing efforts proved that honing is a
viable, although slow, means of improving the surface finish of the inside diameter of titanium bcta-C
cylinders. Courser stones have to be tested to improve the stock removal rates. To improve the finish
even further, finer stones would have to be used, but it is expected that the stock removal rates would
decrease as the finish improved.
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Finally, the cubic boron nitride stones used by Metcut are more expensive then the standard
aluminum oxide and silicone carbide stones, but they have a significantly slower wear rate; therefore, they
would require less changing and may be more cost-effective.

In conclusion, most of the data compiled during both testing efforts is comparable. It would not
be economically feasible to test every type and grade of tool under every criteria. Therefore, the testing
followed a course of pursuing positive changes in the parameters in a direction that shows favorable
results. For example, the tool inserts were failing catastrophically in relatively short distances during initial
boring tests. Adjustments were made to the cutting speed and feed rate until tool performance improved.
Finer adjustments were then made to improve tool performance further, so that optimal conditions could
be achieved. Also, variations in depth of cut and double-cutter heads versus single-cutter heads were also
tested to observe how these changes affected the process.

The test data recorded herein and in Reference I can be used as a process planning tool to
machine titanium beta-C material It should take the costly, time-consuming guesswork out of choosing
appropriate tooling and machining parameters needed to machine a titanium component to a reasonable
degree of accuracy with good surface integrity and a reasonable tool life.
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Figure 2. Titanium beta.C test cylinder counterbored to accommodate borinp heads.
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450 LEAD ANGLE WITH TRIANGULAR INSERT

-- - ~ 15* LEAD ANGLE WITH SQUARE INSERT

Figure 3. ISO standard boring head tool holders.
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Figure 4. Carbide guide pad used to stabilize deep.hole boring head.
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Figure 10. ISO standard deep-hole boring head tool holder

with 43-degree lead angle and triangular insert.
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Figure 11. Carbide guide pads destroyed while boring titanium
beta-C alloy at 107 sfm and feed rate of 0.005 ipr.
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Figure 33. Front view of skiving head.
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APPENDIX

Mabimability Testing of Titanium 38-06-44 Alloy
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