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FOREWORD .

Lockheed Missiles & Space Company, Inc. is pleased to submit this Task B
final report to the National Aeronautics & Space Administration, Marshall
Space Flight Center in accordance with Contract Number NAS8-34508.

The program, summarized herein, covers Task B of the contract, plus
changes specified by Change Orders No. 1 and No. 3. Change Order No. 1
essentially added the high-speed machining of an 8 foot long panel

(Ref NASA letter of 18 December 1981 by James D. Hankins) and transferred
the activity of Task A identified by the paragraph "ldentify Potential
High-Speed Milling Frocedures" to Task B where it is entitled "High-Speed
Milling Procedures and Times". Change Order No. 3 added video taping of
the high-cp;ed machining panel cutting process.

This submission is not intended to duplicate a Task A* report and
documents only the results of the Task B activitius.

rntCEDING PAGE ELANK NO, FiLMED

®* See Task A objectives under Introduction
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Section 1
INTRODUCTION

The External Fuel Tank (ET) of the Space Shuttle (see Figures 1-1 and 1-2) is
not recovered after launch, therefore, a new one must be provided each time.

Currently, the external "skin" panels of the tank are produced by machining
from solid wrought 2219-T87 aluminum plate stock approximately 1-3/4 in.

thick.

The reduction of costs in producing External Fuel Tank panels is obviously,
then, of particular significance. This study which is divided into Tasks A
and B wvas initiated to investigate the feasibility of increas!~s production
rates and decreasing costs of the panels through the application of high-speed
machining techniques.

1=1 TASK A OBJECTIVES

Task A, which has not yet been performed, is designed to address anticipated
cost savings from converting to high-speed machining techniques from the cur-

rent conventional machining process in manufacturing Shuttle External Tank
panels. The cost savings are to be projected from conventional machining data
and high-speed machining data generated and projected during Task B activities.

1=1
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1=2 TASK B OBJECTIVES

The primary objective of Task B (the subject of thia report) was to
demonstrate the appliocadility and advantages of the high-speed machining
process to the production of Shuttle External Tank panecls by physically
machining selected sample portions of an external tank pansl. PFigure -1
shows the relationship of the Ynuttle to the Externmal Tank to which it is
attached for launching. The upproxﬁnto looation of the sample panel portion
selected for this study is illustrated in Figure 1-2.

1=4
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Section 2
TASK B TASKS

The elemen’s of Task B as delinsated in the original ocontract are as
follows:

1) Select the panel sample oonfiguration
2) Perfora the milling demonstration
3) Produce a Task B final report

The scope of Task B was subsequently increased through Change Order No. 1
to inoclude two additional tasks. The fourth task is the machining of an 8

foot long panel section, and the fifth, to inocorporate the paragraph from Task
A entitled "ldentify Potential High-Speed Milling Procedures.®™ This paragraph
was relabdbelled "High-Speed Milling Procedurass and Times™.

A sixth task, the video taping of the high-speed machining process, was added
by means of Change Order No. 3.

2-1 DELIVERABLE HARDWARE

The deliveradle items under Task B of the contract are as follows:

1) 3 - 38 in. x 86-1/2 in. (approximately) tank panel sections
2) 1 - 38 in. x 94-1/2 in. (approximately) tank panel section
3) Several small T-rib cross-sections of sample panel

§) Video tape of high-speed machining panel cutting operation
a) Original foot2age (with written narration)

b) Rough edited version (with written narration)
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Seotion 3
TASK R TECHNICAL APPROACH

A primary objective of the panel cutting of Task B was to demonstrate the
advantage of hizh-speed machining for Shuttles tank panels within the limita-
tions of equipment availabie at Lockheed and then to projeat to an ideal
situation where equipment woull be espo~1=llv Ziaigned or acapted for this
purpose.

3-1 EQUIPM:NT LIMITATIONS

The only milling machines available at Lockheed, which were large enough to
machine the panel samples selected, were the Sundstrand Omnimil NC machining

oentcrs. A model OM3 (Figure 3-1) was selected for the preliminary cutter aad
NC tape triala because of its availability a1 accessibility. However, a model

OM4 (Pigure 3-13) wes required to accommodate ths lnrger sizes during the final
panel machining. )

3-1.1 Table Feed

The maximum table feed capability of both the OM3 and OMY Sunstrand models is
200 inches per minute (ipm) which is definitely a limiting factor when high.

speed machining aluminum under these conditions. Higher cutting speeds (sfpam)
could be attained by increasing the spindle speecd; however, the volume of

metal would not be significantly increased becauss the chip load would be
simultaneously reduced unless the table feed could be increased accordingly.

3-1
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3=-1.2 Horsepower

Horsepower was also a limiting factor (16.6 hp maximum at 18,000 rpm and 5.5 hp
at 8,000 rpm). If more horsepiwer had been available, more volume (cu in/min)
of metal could have been removed by utilizing heavier depths of cut, larger
diameter cutters, and higher feed rates.

3=1.3 Sp.ndle Nose Configuration

The No. 30 Milling Machine Taper (MMT) of the Bryant 18,000 rpa spindle motor
(Figure 3-2) was definitely a limiting factor in that the tool holder shank
diameter of only 1-1/4 in. at the large end of the taper restiricted the size
of cutter which could be employed. This relatively small spindle nose also
restricted the shank diameter of the cutting tool itself, thus automatically
limiting the length of tool and depth of cut which could be utilized due to a
lack of rigidity and/or stiffness.

3=1.4 Table Travel

The table travel of Lockheed's largest capacity machining center, the Sund-
strand OMi, limited the size of panel which could be machined. When laying
the panels down flat on the OMi amachine table (Figures 3-3 and 3-4), the maxi-
sum panel size attainable was 21 in. by 96 in. Consequently, the 38-in. fin-
ished panel width was achieved only by machining half of the panel width and
then indexing to reach the second half.

3-1.5 Chip Removal Not Aut‘mated
The fact that the chip removal was not automated was not actually a sub-

stantial limiting factor for the sizes of panels involved in the project.
However, for full-size Shuttle Tank panels, a conveyor system plus a system of

3-3
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flood coolant or air blast nozzles to_iovo the chips to the conveyor would be

recommended. Perhaps an even more functional approach for chip resoval would
be the use of a sufficiently powerful vacuum system to vacuum away the chips.

3-2 PANEL SELECTION

The selection of a specific Shuttle External tank panel which was felt to
represent the majority of the panels (see Figures 1=1 and 1-2) was accom-
plished primarily by personnel from the Marshall Space Filight Center and
their prime ocontractor for th. Shuttle Tank, Martin Marietta. As the panels
are generally 11 ft wide by 20 ft long, a full panel was not feasible for
this study, especially in light of Lockheed's mgchine tool limitations.
Therefore, approximately 4 ft by 4 ft and 4 ft by 8 ft sections of an
appropriate panel were chosen. This panel is identified by Martin Marrietta
drawing number 80914400984 with selected oeétiono indicated on Sheet 2. The
configurations of these panel sections are shown in Figures3-3, 3-4, and 3-5
of this report and in subsequent phptographs.

Following the panel selection, 2219-T87 aluminum material for the study was
shipped from Martin Marietta to Lockheed. (See Paragraph 3—&.1.1 for details).

3-3 CUTTER SELECTION AND TRIALS

The diameters of the cutters to be used in high-speed machining the sample
panels were limited by the horsepower and other parameters of the available
equipment (See 3-1). The cutters selected had been successfully tested pre-
viously at Lockheed for the high-speed machining of aluminum, but of a dif-
ferent alloy. Thesa chosen cutter designs had to be modified for proper
corner radii to meet the panel configuration and for shank diameter to be

utilized in the tool holder acceptable for the high-speed spindle motor
selected for the project.

3-7
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Figures 3-6 and 3-7 show the 3-flute, 1=1/A in. diameter end mill chosen as
the roughing cutter to be used for removing the major portion of the pocket
area between the T-ribs of the panel. The 3/8 in. corner radius end mill
chosen for forming the 3/8 in. radii at the base of the T-ribs and for finish-
ing the closed end of the panel is shown in Figures 3-8 and 3-9. This cutter
has the same basic geometry as the roughing cutters exoept for the large radi-
used corners. Both 1-1/4 in. diameter cutters are made from ASP60 improved
high speed steel.

The 4 in. diameter cutter chosen to cut the underside of the T-rib sections is
shown in Figures 3-10 and 3-11. This cutter also had been previously used for
high-speed machining aluminum. The corner radii of the teeth were increased
to 0.125 in. to form the required fillets of the T-rid. The brazed inserts

utiliged in this cutter are made from Weldon Tantung, an alloy of tantalum and

tungsten which iz noted for its toughness.

Because of the required modifications of the cutters, the lack of experience
in high-speed machining tho.2219-r87 alloy, and the minimum time available on
the Sundstrand OM4 NC machining center, cutter trials were oconducted previous
_to the machining of the panels themselves. These trials werc performed on a
Sundstrand OM3 NC machining center (Figure 3-1) which was more readily avail-
able than the OMU. As the cutter trials were scheduled approximately one
month in advance of the actual panel cutting demonstration, a safety period
was thus provided during which further cutter modification could be accom-
plished if necessary. Furthermore, the cutter trials provided a means of
testing the NC part program in advance.

Preparation for the cutter trials included the following activities. A some-
what reduced panel section which could be accommodated on the OM3 machining

center was selected. The NC program was written. The cutters were modified
and tool holders balanced. After the 18,000 rpm Bryant high-speed spindle

motor was installed in the OM3, vibration tests were conducted to detect any
resonant frequencies.

3-9
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Following the preparation steps, the ocutter tests were run repeating the
chosen pocketed section two times. As a result, each ocutter received minor
modification to provide additional chip clearances or room for the chips to
clear the dody of the ocutter. A few minor adjustaents were also made in the

NC program, including the feeds and speeds, and the section was reamachined the
third time.

The resulting part was felt to be very satisfactory and, subsequently, plan-
ning was continued for the machining of the regular panel sections and the

formal panel outting demonstrations on the larger machine.

3-4 RIGH-SPEED MACHINING OF PANELS
3-4.1 Preparation

Preparing for the machining of the larger vanel sections and converting the
Sundstrand OMi machining :.-nter for high-speed machining included several
steps which are descrided delow.

3-4.1.%7 Panel Blanks - Identification and Premachining. The 2219-T87 wrought
aluminum panel blanks as received from Martin Marietta wers 2 in. thick and
ink-stencilled with metal grain direction and doth lot and individual panel
identification numbers. To assure the maintenance and integrity of this

information all the numbers were recorded and the indivigual panel numbers
were steel stamped on three of the edges of each respective panel (See
Appendix A for these numbers). The fourth edge was not stamped but ink-marked
and then cut off to provide the 47 in. maximum width dimension that could be
accomnodated on the machining center. Care was taken to be certain that the
grain flow w2z left in the longer direction of the panel thus guaranteeing
that the grain direction in the finished panels would be parallel to the
length of the T-ribs.

3-16
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To ensure that the panel blanks would mount flat on the vaouun_bnne plate,
both sides were ground flat and parallel to each other. At the same time the
‘Dlanks were reduced in thickness to the 1.75 in. specified by Martin Marietta

drawings. Mounting bolt holes were provided around the perimeter on three
sides of the panels.

3-4.1.2 Base Plate. To provide adequate backup and holding capabilities for
the panels, a 2 in. thick aluminum vacuum chuck, or base plate, was decided
upon. The base plate was designed, acquired, and prepared with vacuum grooves
zoned in three separate areas to accommodate both the 4 ft. and 8 ft. long
panels (See Figures 3-3, 3-4, and 3-12). Tapped mounting holes were also pro-
vided around the perimeter of the plate by which the panels were aligned and
secured.

3-4.1.3 NC Program Preparation. The two numerical control machining centers
used on the project were selected with similar controls to facilitate the ex-
pansion of the program utilized for the cutter trials to that of the fullsized
panel sections. The use of the NC programming capabilities of Lockheed's
CADAM system also helped in expanding both the width and length of the panels
and in reprogramming the second half of each panel. The panels were pro-
grammed in halves to allow them to be indexed to produce 38-in. finished width
panels on a machine wich has only a 21-in. width capacity when machining in

the flat position. Feeds, speeds, and other machining parameters were used
which were in keeping with Lockheed's previous high-speed machining experience
and the findings of the cutter trials.

3-4.1.4 Machining Center Set-Up. After the installation in the Sundstrand

OM4 Omnimil of the nyant 18,000 rpm high-speed spindle motor with its per-

ipheral support equipment, spectrum analysis vibration tests were run. this
was done to guard aginst attempting to operate in any spindle speed range

where natural resonance vibration frequencies might cccur and thus cause pos-
sible problems with the machining process or damage to the equipment. (See
spectrum analysis data in Appendix B.)
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Plastic Lexan shielding was mounted around the periphery of the machine table
to provide safety protection for the machine operator and observers in the
event of a tool breakage and also to provide ocontainment for the flying chips
and ocutting fluid during machining. (See Figure 3-13.)

Two air nozzles were installed beside the spindle in addition to the two

existing flood coolant nozzles to aid in keeping the chips out of the path of
the cutter. In operation, the approach proved to be quite successful.

The base plate was next installed being properly aligned and secured to the
machine table. This system including the vacuum feature also was later found
to function very favorably.

3-4.2 Machining of First Panel

A 4 ft 1long panel was chosen for the first part to be high-speed machined on
the OMY machining center. The panel blank was first bolted in place and then
sealed to the vacuum base plate with modelling clay. After the NC Program
tapes were proofed by "dry runnirg® on the machine, the panel was machined.
(See Figure 3-12.) Following completion, the panel was shortened on the open
end to provide small sections of T-ribs which wére to be used as handouts
during the scheduled panel cutting demonstration.

3-4.3 Panel Cutting Demonstration

[he panel cutting demonstration was felt to be a major emphasis of this
study. It was designed to demonstrate to NASA representatives and their in-
vited guests the feasibility of utlizing high-speed mechining as a means of
producing the External Fuel Tank panels and thereby reducing manufacturing

cost and time. These reductions were to be accomplished by increasing produc-
tion rates and capacities and, in turn, reducing machine tool requirements.
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The formal panel cutting demonstration was held on June 15, 1982 in Lockhead
Building 181/182. Figure 3-13 is a photograph taken during the demonstration
which shows the Sundstrand OM4 machining center on which the demonstration was
performed and also some of the observers who were present. Formal attendees
and the Lockheed crev are pictured in Figure 3-14. A list of attendeas is
provided in Appendix C.

The agenda (See Appendix D) included an introductory presentation which re-
viewed basic high-speed machining concepts as well as the objectives of the
contract. Observation of the high-speed machining of a 4 Ft Long Shuttle Tank
panel section followed.

A cutting speed of 5,890 surface feet oer minute (sfpm) Gver 60 miler per hour)
wvas vitnessed in the 1-1/4 in. diameter roughing and finishing cutters turning
at 18,000 rpm. A table feed rate of up to 200 inches per minute (ipm) (the
maximum capability of the machine) was observed as the roughing cutter removed
up to 56 cu in./min of material while utilizing most of the maximum horsepower
available (16.6) from the spindle motor.

The finishing cutter was fed at a racte of up to 180 ipm to remove up to 25 cu
in./min of material. Rates up to 100 ipm table feed and 18 cu in./min were
employed with the 4 in. diameter T-rib cutter which was operated at a cuttiﬁg
speed of 8,378 sfpm (8,000 vpm). Further detail is provided in Appendix E,
"Setup and Operating Instructions for Muchining 4 Pt Long Panels."

During the subsequent discussion period, NASA representatives emphasized their
need for general specifications for a machine tool capable of high-speed
machining :he tank panels on a production basis. At least two attendees
commanted that because of the small size and tightly rolled shape of the chips
produced by the high-speed machining process, they did not anticipate a
progleu with chip removal. Chip removal had been voiced ptcvioholy as a
serious concern.
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Figure 3-13 Observers at Panel Cutting Demonstration on Sundstrand OM4 NC Machining Center
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3=4.4 Machining of Balance of Panels

Following the high-speed machining panel cutting demonstration, the balance of
the deliverable panels (See Paragraph 2-1) was machined. A total of three
4 ft and one 8 ft long panels were completed. A video tape recording was made

of the high-speed machining of the 8 ft long panel. Details of this effort are
givan in Section 4.

3-4.4,1 Recording of Horsepower. Ac. " horsepower utilized in making the
various cuts was recorded (See Appendix F) for use in determining power re-
quirements and in calculating cutting efficiency (See 6-1.).

3=4.5 Consideration of Cutter Wear

Particular attention was paid to cutter life (or wear) characteristics of the
three cutter designs. Undér proper conditions all three cutters showed ex-
cellent wear gapabilities. Figure 3-15 is a photograph of the roughing cutter
(See Pigure 3-7 for detailed specifications) which was used to perform the
entire roughing of the 8-ft panel. The separate magnified views of the re-
spective individual cutting edges shown in Figure 3-16 reveal only slight
nicks (.002 in.max) at the iopn of the utilized portions and at the height of
the top of lesser depths of cut. The balance of the cutting edges show virtu-
ally no wear. The lighter area just back of the used portion of the cutting
edges appears to be discoloration rather than noticeable wear. However,
eventual crater wear would seem to be suggested.

The finishing cutter saown in Figure 3-17 was used for machining all four

§ ft long panels as well as the one 8 ft panel. No noticeable wear is seen in
any of the views of this cutter. The detailed specifications for this cutter

were given earlier in Figure 3-9.

3-23



LMSC-D880308

okt

|

L] ;“"';"J"‘.{‘w T
| | !

*ONI ‘ANVdNOD 30VdS ¥ STUSSIN G33HND01

oot 0lé ols 0¢ ols 0s oy
| e | I

T (TR0

0

1 S

h

£ 0|z  oft »
T

LT TR RRTILAR

1-1/4 In. Diameter Roughing Cutter Used to Machine Entire 8 Ft Long Panel

Figure 3-15



LMSC~-D880308

GRAPH

0T,

AL PAnE
e PH

VHI

ORIGIA
'\ID \

BLACK A

(uopledpgrude x ( 3@ aeap IYSF[s LTup Bujaoys)
In) S8ujy8noy jo sa8pg Bupiin) 9I-¢ 2InJ|4

12ueq Suo] 33 g§ 2aFIuy JUFYOIE 03 pasq I

T°ON I50d ODNILLIND

Z°'ON ADdd ONTILLND

€°ON FD90d ONILLND

e ———




LMSC-D880308

(1eaM @1qeadtioN oN Bupmoys) syaueyg 21qeadATTI3q IV
SUTYOEW 03 pas) 1933n) Bujysjufy i123swefq ‘uj v/1-1

(NOILVOIAINOVK X [ XTALVKIXOHddY)
4903 ONILIND TVIIdAL

(NOILVOTAINOWH X € XTALVWIXOMddV)

'TOGRAPH

|-

LT-¢ @an813

(4Z21Ss aaonazy)

b |

"ONI 'ANVANOL 3OVdS ¥ STUSSIN QIFHIO00M

|9

oot

ol

ot

orl

[



LMSC-D880308

Figure 3-18 pictures the T-rid cutter used for machining &ll five of the

panels. As with tbe roughing cutter only a slight discoloration is shown
bshind the cutting edges of the inverts (See magnified views in Figure 3-19).
No measuradble wsar is present.
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Section 4
VIDEO TAPING OF HIGH-SPEED MACHINING PANEL CUTTING PROCESS

. As an addition to the original contract authorized by Change Order No. 3,
the machining of the 8 ft long panel was video taped in color. After
careful planning, a total of approximately 50 minutes of original footage
was taken using four 15 minute 3/4 in. Umatic tape format cassattes.

The original footage was rough edited down to 23 minutes by omitting
repetitious scenes and other extraneous portioms. Both the original footage
and the rough -edited versions were narrated in writing and mailed to the
Marshall Space Flight Center.
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Section S5
FINAL PREPARATION AND SHIPMENT OF DELIVERABLE ITEMS*

The 1-1/2 in. margins used for mounting during machining were removed from
the panels in preparation for shipment. The identification numbers which
had been steel-stamped on the edges of the panel blanks were carefully
transferred to the backs of the finished panels. The panels were then hand
deburred and chemically cleaned to avoid corrosion. Figure 5-1 ;nd 5-2 are
photographs of the finished 4 ft and 8 ft panels, respectively.

The three 4 ft long (i{dentification numbers LS1, LS3, and LS4 - See Appendix A)
and one 8 ft long (LL2) finished panels were properiy crated and shipped with
the two rmining‘ 4 ft long (LS2 and LS5) and one 8 ft long (LL1) panel blanks
to the Marshall Space Flight Center.**

The video tapes were also properly prepared and shipped to the Marshall Space
Flight Center (See 4.0 for details.).

* See Section 2.1 for list of deliverable items.

#% Note: The sixth 4 £t by 4 ft (LS6) panel blank had been used for the
- cutter trials.
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Section 6

HIGH-SPEED MILLING PROCEDURES AND TIMES *

The intent of this section is to identify the various high-speed machining
process parameters, to describe the actual valuss of these parameters utilized
in this project, and to identify optimum parsmater values if different from
those employed during the project. Times and operations involved in high-speed
machining the Shuttle Tank panels will be stated and the time required to
high-speed machine a compleve panel will be projected.

6~1 DEFINITIONS AND ACTUAL VALUES OF RIGH-SPEED MACHINING PARAMETERS
The operations employed and the actual valuas of the various parameters used
(See Table 6~1) are given below and in Appendix E, "Setup and Operating
Instructions for High-Speed Machining of 4 ft Long Panels". The actual values
are also given in Appendix F, "High-Spaed Milling Data Sheet for 8 ft Long
Panel #1L2." A compilation of these actual values is listed in Table 6-1.

6-1.1 Spindle Speed. Spindle speed is expressed in revolutions per minute
(rpm) of the spindle or spindle motor. The spindle speeds used were 18,000
rpm for the 1 1/4 in. dismeter roughing and finishing cutters (Figures 3-6 to
3-9) and 8,000 rpm for the 4 in diameter T-rib cutter (Figures 3-10 and 3-11).

6.1.2 Cutting Speed. Cutting speed when using a milling cutter uluprcued
as the peripheral speed of a cutter tooth tip stated as feet per minute (fpm)
or surface feet per minute (sfpm). The cutting speed values employed in the
high-speed machining of the tank panels were 5,890 sfpm for the 1-1/4 in.
dianeter cutters and 8,378 sfpm for the 4 in. diamster cutter.,

* NOTE: This section was originally part of Task A but was transferred to
Task B by direction of Change Order No. 1.

6~1
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ACTUAL AND PROJECTED PARAMETER VALUES FOR

TABLE 6~1

HICH-SPEED MACHINING TANK PANELS #

I

— — Optimum
Proven -
Exanmple: Cincinnati
Parameter ..._... Actual Milacron Gantry Mill
)
Spindle Speed 18,000 7,200
(rpm) (9,000 available

Cutting Speed 5,890
(sfpm)

Table Feed 200
(ipm)

Chip Load .0032
(in.)

Depth of Cut

Axial (in.) 300

Radial (in.) 1.250

Matal Removal 56
Rate (Cu mo /m)

Horsepower 13.4

6-2

Available or Expected
_to be available soon

from Cincinnati Milacron)
3,600

- 150
(300 available from
Cincinnati Milacron)
.010

1.0

2.0

300 with
75hp

75 at 7200 rTpm

60,000 with 20hp
40,000 with 40hp
12,000 with 100hp

4,000 - 10,000
currently felt to
be most efficient.
(20,000 now used on
large dia face mills
etc.)

400
(1500 with 20hp)

.010?

Dependent on hp
available and dia of
cutter

(Shuttle panel limited
to 1.625 in. maximum)

Dependent on dia of
cutter and hp

400 expected with
100hp (Up to 450 now
using large dia face
aills)

100 at 12,000 rpm

(Cont'd)
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TABLE 6-1 (Cont'd)

ACTUAL AND PROJECTED PARAMETER VALUES
FOR HIGH~SPEED MACHINING TANK PANELS #

Optimun e
Proven
Example: Cincinnati Available or Expected
Paramster . Actual Milacron Gantry Mill To be available soon
Cutting Efficiency 4.0 4.0 | ? o
(cu in./min/hp)
(Unit hp-- 0.25 0.25 ?
hp/cu in./min)
Tine to Machine 2.019
4 ft long Panel
(hrs)
Time to Machine 3.49
8 £t long Panel
(hrs)
Projected Time 27.256 . 6.0 4.48
to Machine (Projected (Base on uincinnati
11 ft x 20 £t from 8 ft Milacron data using hp) (Based on inverse
Panel (hrs) long Panel proportion of 100 hp
data) ' vs time projected from
5.1 8 ft panel machine
* time)

(Based on maximum metal
removal rates and adjusted
using actual machining time)

# NOTE: These valuss are based on the maximum rates used for the roughing
operation (Cutter No. 02). The blank panel is considered to be 1.75 in.
thick and to have approximately 912 of the metal removed. Full-sized
panels are considered to be 11 ft x 20 ft.
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6-1.3 Table Feed. Table feed or feed rate when milling is the rate at which
relative motion takes place between the machine table and the spindle, or head,
of the machine. Table feed is expressed in inchas per ldnuto'(ipl). Feed rates
ranging from 150 to 200 ipa (the maximum capability of the machine) wers used for
. the 1=1/4 in. dismeter roughing and finishing cutters, and from 40-to 100ipmfor ——
the 4 in. diamster T-rid cutter.

6~1.4 Chip load. Chip load is the amount of metal that each flute or cutting
edge removes as the cutter turns through one revolution as the workpiece is

fed against it. Chip load is also called chip per tooth or feed per tooth and
is expressed in inches (in). The chip loads utilized in high-speed machining
the panels ranged from .0025 to .0032 in. for the roughing cutter, stayed
constant at .0032 in. for the finishing cutter, and extended from .0016 to

.0032 in. for the T-ridb cutter. These relatively small chip loads helped to
achieve the fine surface finish required by the part.

, 6=1.5 Depth of Cut. There are actually two types of depth of cut involved in
ailling. One is defined as axial depth of cut which is parallel to the
centerline of the spindle. The other is called radial depth of cut and is
perpendicular to the centerline of the spindle and cutter.

For the roughing cutter the axial depths of cut ran from .070 to .300 im.
depeuding on how the levels, or layers, of cutter passes were divided. The
radial depths, or widths, of cut ranged from 1.1 to 1.250 in., the full
diameter of the cutter. The finishing cutter with the 3/8 in. cormer radius
vas used primarily to provide the .370 fillet radius of the part. Therefore,
boch axial and radial depths of .370 in. were used. Axial depths from .075
to .635 in. and radial depths from .025 to.550 in. were utilized with the
T-ridb cutter.

6~1.6 Metal Removal Rate. This parameter is usually expressed in terms of
cubic inches per minute (cu in./min) of metal removed. The values obtained
were from 18 to 56 cu in./min (approximately 3X the comparable conveniional
sachining rate at Lockheed) with the roughing cutter, to 25 cu in./min with
the finishing cutter, to 18 cu in./min with the T-rib cutter. The two
primary limiting factors in this case were horsepower and table feed.
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6-1.7 Horsepowsr. Available power, or horsspower, to turn the cutter is the
most limiting paramster where larger volumss of metal are to be removed, as
with the tank panels. The Bryant 15,000 rpm spindle motor is rated at 16.6 hp
at the full 18,000 rpa. Horsepower readings ag recorded in Appendix F,
"High-speed Milling Data Sheet for 8 ft Long Panel No. LL2", ran at
approximately 13.4 hp for the roughing cutter for most of the cuts. Occasional
peak loads ran momentarily higher. For Tool Ro.03, the finishing cnitot. the
loads ran at approximately 8.4 hp. The relatively light loads used with the
T-rid cutter (Tool Ko. 04_) drevw s maximm of approximsztely 5.1 hp which was
almost at the 5.5 hp maximum available at 8,000 rpm at which the spindle was
operating.

6-1.8 Cutting Bfficiency. Cutting efficiency is often expressed as cubic
inches per minute per horsepowsr (cu in./min/hp). Using the values :lready
cited in 6-1.6 and 6-1.7 to calculate cutting efficiency for the maximun metal
removal rate, we f£ind that 56 cu in./min divided by 13.4 hp yields a cutting
efficiency of 4.18 cu in./min/hp. This valus compares very favorably with the
figure of 3.0 cu./min/hp which is felt to be a somevhat conservative number
for high-speed milling of aluminum. ‘

Cutting efficiency is the mathematical reciprocal of unit horsepowar which ia
expressed as horsepower per cubic inch of metal removed per minute. The unit
horsepower equivalent to the 3.0 cu in./min/hp given above is 0.33 hp/cu in./min.

6-1.9 Time to Machine 4 ft Lomg Panel Section. The actual machining, or chip
cutting time for high-speed machining the 4 ft long panel sections is presented

in Table 6~1. The 2.019 hrs listed is the time generated by the NC program and
found to be reasonably accurate in actual operation. This time does not include
such activities as part loading and unloading and tool changes.

6-1.10 Time to Machine 8 ft Long Panel Section. As with the & ft long panel,
the 3.49 hrs listed in Table 6-1 as sctual time for high-speed machining the

8 ft long panel was generated by the Lockheed NC program. This computer
calculated tims was also found to be reasonably accurate.

6-5
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6-2 PROJECTED TIME TO MACHINE FULL~SIZED 11 FT X 20 FT TANK PANKL BASED ON
ACTUAL PROJECT DATA

The NC prog=am cutter paths and times for high-speed machining the 8 ft long
panel saction were meticulously expanded to project a cutting time required to
machine the entire full-sised 11 ft x 20 ft panel from which the sample section
was taken. The total estimated time (as given in Table 6-1) 1is 27.2567 hrs.

As only 13.4 hp was employed in machining the 8 ft sample panal, it becama very
apparent that horsepower was the greatest limiting factor,aspecially in the
roughing operation at which over 80 percent of the time was spent. Obviously,
even though thedsmonstration panel sections were high-speed machined very
successfully and convincingly, the rates attainable on the available Lockheed
equipment were not optimal for machining full-sizad tank panels.

6-3 PROJECTIONS OF OPTIMUM HIGR-SPEED MACHINING PARAMETERS AND TIMES

Righ-speed machining is prasently in a dynamic state of developmemt.
Therefore, projections of vhat appear to be "optimm" paramster values today
3y not be optimum tomorrow. In an attempt to deal with this rapidly changing
situation, two sets of optimum parameter valuas are presented in Table 6-1

in addition to tha "actual" values utilized d-ring tliis demonstration project.

6-3.1 Projections Based on Proven Data. The first set of optimum paramater
values projected for high-speed machining Shuttle External Fuel Tank panels is
based on proven dats given as an example. This data was made available by
Cincinnati Milacron * and is presented to emphasize that equipment capable of
providing the high-speed machining parameter walues listed in Table 6-1 is
readily available today.

* T. Raj. Aggarval. Research in Practical Aspects of High Spead ™{lling of
Aluminum. Presented at the SME Annual International Tool and Manufacturing
Engineering Conference, Philadelphia, PA, May 17, 1982,

(NOTE: T. Raj Aggarwval is an RED Associate at Cincinnati Milacrom).
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As presented in Table 6-1, the impressive volume of 300 cu in./min of metal
removed by Cincinnati Milacron was achieved using a 75 hp spindle turning &

2 in. diametor end mill at 7200 rpm. The surface finish resulting from the
relatively heavy chip load of .010 in. and cutting spesd of only 3,600 efpm,

no doubt. was accsptable for a roughing orzzation. However, to produce less

tool side prassure and better surface finish which would likely be equired

for the T-rid sections of the tank panals, highar cutting speeds would probably
be required. The highar cutting speeds could be achieved by either increasing
‘the dismeter of the cutter vhile keeping the rpm constant or by increasing the rpm
with the same diameter cutter. In either event, s table feed faster than the 150
ipm cited in the example would be in order to be able to maintain a proper chip load.

Using the high-speed machining parameter valuas available as shown in tb’s
example, the projected time to machine a full-gized 11 £t x 20 ft pansl was
computed by two methoda. Both projection mathods yielded impressively less
time than predicted from the 8 ft panel cutting data,

Tirst, horsepower was used as a predictor as it had been found to be the

dominant limiting factor in our Lockheed panul cutting operations. It was
determined that cutting time could be expressed as being in a direct but

inverse relationship to available horsepower. Basad on a machining time of 27 hrs
tequired by the 16.6 hp spindle motor used, it was determined that a 75 hp motor
should be able to accomplish the same job in approximately 6.0 hrs.

The second method employed to predict cutting time for a full-sized panel was
based on the computed volume of metal to be removed and the maximuz metal
removal rate for each of the spindles being compared. Using an estimated
volume of 50,182 cu in. of metal to be removed, the 16.6 hp Lockheed spindle
with a maximum metal removal rate of 56 cu in./min could be expected to
machins the full panal in 14.9 hours. However, the actual projected KC program
tims to machine the panel usipg the 16.6 hp spindle was 27.3 hrs (See Table
6-1). Therefore, an adjustment factor of 1.83 was computed by dividing the
27.3 actual projected hours by the 14.9 calculated hours. By adjusting the
2.8 hre calculated for the 75 hp spindle by this 1.83 factor, a more logical
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projected machining time of 5.1 hn was determined. As noted above, either of
these projected machining times would suggest considerable potentisl savings
in machining time.

6-3.2 Projections Based on Cspabilities Which are Available or ars Expected
to Be Available Soon. The second set of optimm paramster values projected

for high-speed machining Shuttle External Fual Tank panels is a compilation of
information from various sources. Most of these capabilities are available
singlely now. However, the exact combination of all "optimm" parameter values
desirable for high-speed machining Shuttle Tank panels has probably not yet
been assembled.

As horsepower vas determined to be the most critical limiting parama.er for
the high-speed machining of parts rasquiring relaiively large ==<unts of
material to be removed, including Shuttle Tank panels, the "optimum machine”
would most likely be fitted with as large a horsepower motor as possible. The
100 hp, 12,000 rpm spindle motor listed in Table 6-1 is the largest knowm to
the author which has been conceived spacifically for high-speed machining.
Although this motor has not yet been built, the tecunology required is
reportecly available and proven. If such a motor were capadble of operating at
a cutting efficiency of 4.0 as vas demonstratad during the Lockhead panel
cutting desonstration and claimed by Cincimnati Milacron in the example cited
in Table 6~1, it would be able to remove 400 cu in./min. This would equate to
8 2.5 in. dia cutter cutting at 1.624 in. deep (the maximum possible depth of
cut required for machining a 0.126 in. panel skin from a 1.75 in. blank) at a
table feed of 98.5 ipm. Since the cross-sect.onal area of 2.5 in.x 1.624 4n.
= 4.06 8q. in. essentially an entire pocket between T-rids could be machined
out in four passes at approximately 100 ipm. Zor finish machining the radii
and for machining tha T-rib sections, the cruss-sectional area of metal to be
removed per pass would be considerably less. Therefore, available table fceds
should be higher in proportion to maintain as high a volume of metal removal
as possible. As 300 ipm table feeds are available now for gantry-type sachines
such as would be expected to be used for machining cank panels, it is logical
to expect that 400 ipm table feeds sre either also available now or will be in

6-8
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the near future. Rsportedly, m company has bduilt a light duty gsutry-typs
aschine with a table travel capability of 1500 ipm.

Yaster feed rates also roquire higher xpm to keep the chip/tooth: loads light
snough to minimisze sida loads on the T-rid sections and provide sufficient
surface finish. The smalier the dismeter of cutter used, tha higher the rpm
will need to be. Presently the bearings for relatiwely large horsepower
motors are the limiting factors in increasing the rpm above approximately
9,000 to 12,000, Por this primary reason, soms manu’::turers of high-speed
cpindles are dnveloping magnetic bearings. 7To date, the author is not aware of
any proven magnetic bearing spindles with the horsepower level recommended for
machining tank panels.

A projected time to high-speed machine a full-sized tank panel was calculated
based on the 100 hp, 12,000 rpm spindle. A value of 4.48 hrs was dsterminad
based on an inverse proportion using the 100 hp and the 27.3 hrs projected from
the 8 ft long panal data. This represents an additional 25 parcent reduction
in tius from the 6.0 hrs ptodictod for the 75 hp spindle. The assumptions of
a continued cutting efficiency figure of 4.0 cu in./min/hp and the maximm
matal removal raies used in the projections should be kept in mind.

6-9
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SECTION 7
SIMMARY AND CONCLUSIONS

7-1 - SIMMARY

Lockheed Missiles & Space Company, Inc. contracted with the NASA Marshall
Space Flight Center in Huntsville, Alabama to provide certain technical
sexrvices for the purpose of evaluating the flexidility of applying high-
speed machining techniques to the milling of Space Shuttle External Fusl
Tank panels. The contract was divided into two main categories or tasks.
Task A was designed to document and eavaluate the parameters currently
involved in conventionally machining the Shuttle Tank panels and to compare
them with equivalent high-speed machining parameters. An economic analysis
was to be made projecting expected savings in machining costs from the
comparisou. This document rsports Task B activities which are summarized
below.

Task B was primarily designed to demonstrate the applicability and advantages
of high-speed machining for producing Shuttle Tank panals by physically
sachining selected sample portions of an exturnal tank panel. Lockheed was
asked to show that the high-speed machining techniques and technical expertise
employed in machining missile hardware could be transferred to tha production
of Shuttle Tank panels. Actual data from the high-speed machining of the
sample panel sections were to be used to project the anticipated time for
high-sreed machining an entire Shuttle Tank panel using optimal equipment.

Specific Task B tasks ﬁre as follows:

1) Select a panel sample configuration

2) Perform a high-speed machining demonstration and machine additional
- panels

3) Prepare a Task B final report.

7-1
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Through change orders the following tasks were added.

4) Nachine an 8 ft long panel section

S) 1Incorporate the paragrsph from Task A entitled "Identify
Potential Bigh-Speed Milling Procedures" including projections
for using optimal equipment into Task B

6) Videc tape the high-speed machining process.

The ahove tasks were successfully completed within budget, on schedule
(as adjusted), and with all goals and specific technical objectives
achieved.

The sample panel configuration was selected in accordance with Marshall
Space Flight Center requirements and within the limitations of Lockheed's
available equipment. Threa cutter designs were selected based on the
requirements of the part and on Lockheed's background in the high-spead
machining of aluminum. After sslection the cutters were tested on a
sample part. )

A Sundstrand OMé Omnimil NC Machining Center was retrofitted with an
18,000 rpm Bryant spindle motor to machine the panels and perform the
demonstration for NASA representatives and their invited guests. During
the high-speed machining of the panels the various parameters involved
were monitored and recorded. The spindle was operated at 8,000 and
18,000 rpm yielding cutting speeds of 5,890 and 8,378 surface feat per
ainute (sfpm). '

Table feeds of up to 200 in./min (ipm) (the maximum capacity of the machine)

producing metal removal rates up to 56 cu in./min (approximately 3x the
comparable conventional machining rate at Lockheed) were employed.
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From the data generated during the actual panel machining, projections
were made to optimum rates which could be expected to ba achieved if
ideal aquipment wers svailable for machining full-sized Shuttle Tank
panals. A video tape record was made of the machining of the 8 ft long
pansl.

'CONCLUSIONS

In conclusion, the high-speed machining techniques utilized in Lockheed's
aissile production were successfully transferred to the manufacture of portions
of Shuttle External Tank panels.

Furthermore, it was projected that with properly designed equipment,

metal removal rates up to 300 cu in./min could be achieved and an entire Shuttle
Tank panel could be high-speed mach’ned from a 1.75 in. thick solid panel

in as little as 6.0 hrs using equipment known to be available today. Even

less time was projected using equipment for which technology io build is now
svailable.

7-3
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APPENDIX A

IDENTIFICATION NUMBERS OF SHUTTLE TANK PANEL BLANKS
4 FT BY & FT PANELS T

RS9-790460 MMS118M771

LOT CODE AWG LOT-269-211, 273-511
255-331, 273-521-269-221 *

DATE 7/28/79 TRACEABLE

(Only partial stencilling)
RS9-7904
DATE 7/28/79 TRACEABLE

RS9-790460 MMS118M771 RTR-106 '

LOT CODE AWG LOT-269-211, 273-511
255-331, 273-521-269-221

DATE 7/28/79 TRACEABLE
RS9-790460 MMS118M771 _ RTR-106
LOT CODE AWG LOT-269-211, 273-511
255-331, 273-521-269-221

DATE 7/28/79 TRACEABLE

(No stencilled marks on edges)

(No stencilled marks on edges)

* The lot number 269-221 is the only lot number stencilled on
the panel blanks that was excluded from the list of lot numbers
provided by Martin Marietta in a letter dated January 22, 1982

from Gerry Scott to Dr. R.I. King of Lockheed. Also, the lot

number 273-512, listed in Mr. Scott's letter, was not stencilled
on any of the panel blanks,

PRECEDING PAGE LisaK ROV Finiaed
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APPENDIX A

4 ¥T BY 8 FT PANELS

L1
RS9-790460 MMS1118M771 RTR-106

LOT CODE AWG LOT-269-211, 273-511
255-331, 273-521-269-221

(No Date)

RS9-790460 MMS118M771 RTR-106

LOT CODE AWG LOT-269-211, 273-511,
255-331, 273-521-269-221

DATE 7/28/79 TRACEABLE

NOTE: LS and LL numbers were steel-stamped midway on 3 edges
of each part. The atamp was omitted on the edge to be cut
off to narrow the panels to 41 in.

A-4



g APPENDIX B !

IMSC-DBBO3OR
et ot Cacxntis Aracease cotrasstian REPORT 1961
8 July 1982

- gee? i?
'\
Aol W

ORIGINAL ¥+
OF POOR QUALITY

ENGINEERING TEST REPORT
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LOCKHEED MISSILES & SPACE COMPANY. INC.
A SVUBSIDIARY Or LOCKNEE D AlRCRArPY CORPORATION REFPCRT 1961
Page 1
SDMARY OF RESULTS/CONCLUSIONS:
A vibration spectrum analysis of the Bryant 18,000 rpm spindle mounted in
the OM3=3 in Bldg. 170 and in the OM4B in Bldg. 182 was performed. The
spindle was operated both with and without tools. The 1-1/4 inch diameter
tool exhibited a minimum vibration level at 18,000 rpm while the 4.0 inch
diameter tool minimum vibration level was at 8,000 rpm in the OM3=3. These
speeds ware successfully used to machine the NASA Space Shuttle Integral
Stiffner Panels.
REFERENCES:
Test Authorization: ™™ T26595 High Speed Machining of
NASA Shuttle Tank Integral 1 Beam Panels
Test Procedure: Op Order 15146
Test Start/Completion Dates: 5«12«82 /6=9-82
Reference Documents: Test Report 1736
OkiGo e v oL L
OF PCOR UALTY
B~2

FORM LMSC 37673
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LOCKHEED MISSILES & SPACE COMPANY. INC.

A

SUSSIDIARY OF LOCKWEED AIRCRAP! CORPORATION REPCRT 1961

I.

II.

III.

cc:

Page 2
Objectiv

The objective of this task was to determine the rotationci vibrations
and resonancaes of the Bryant 18,000 rpm spindle mounted in iuth the

OM3«~3 4n Bldg. 170 and in the OM4B in Bldg. 182. The OM3-3 was used
for cutter trials and the OM4B was used for cutting integral stiffner

demonstration panels for the NASA Shuttle Tank High Speed Machining
Tast. ‘

Test Spindle and Tools

The spindle tested was the Bryant 18,000 rpm direct drive spindle
motor mounted in the Sundstrand OM3=3 in Building 170 and in the
OM4B in Building 182. Tools tested consisted of a high speed steel,
three flute 1-1/4 inch diameter cutter and a 4.0 inch diameter brazed
insert cutter.

Test Procedure

An Endevco 2236 acceleromater was mounted radially on the face of the
Bryant spindle. The acceleromater output was amplified by an Eandeveo
Model 2735 charge amplifier and analyzed by a Schlumberger 1510 real

time analyzer. The vibration data was recorded on an HP X-Y recorder,

-

The spindle was installed in the OM3-3 without a tool and operated st
speeds from 6000 to 18,000 rpm. Data was taken at 2000 rpm intervals.
This data is plotted in Figure 1. The data for the 1-1/4 inch and

4 inch diameter cutters is shown in FPigures 2 and 3. The 1-1/4 inch
diameter showed a minimum v/’ 'ation level at 18,000 rpm and the 4.0
inch diameter cutter had less vibration at 8000 rpm. Tool tryout
cuts wvere made at these speeds using this setup in the OM3-3.

The spindle was moved to the OM4=2 in Bldg., 182, The rpm spectral
map for the empty spindle in this machine tool is shown in Figure 4.
The data for the 1l-1,4 inch and the 4.0 ifuch diameter cutters is
shown in Figures S and 6.

The tool test data appears similar to that obtained in the OM3 except
that the 1-1/4 inch cutter vibration level minimum was at 16,000 rpm.
Successful demonstration cuts were made at 18,000 rpm using the 1-1/4
inch cutter and at 8000 rpm with the 4.0 inch diameter cutter. The
table feed rate was 200 in/min.

J. A, Miller 86-61/170

B-3

FORM LMSC 857873
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APPENDIX C

Attendees at NASA Shuttle Tank High-Speed Machining Demonstration
June 15, 1982, B/181 and B/182

i NASA Marshall Space Flight Center (MSFC)
Edward J. Bryan

Paul H. Schuerer

Martin Marietts

Gerry Scott

R. G. "Bodb" Williams
Steven A. Delony

Cleveland Pneumatic an

John A. Wulf

Reynolds Metals Co.
R. J. "Bob" Kazmier

U, S. Navy - Sunnyvale
Mike Maionchi

1Msc

Robert 1. King
A. J. Kish

J. A. Miller

¢ E. A. "Gsr" Eger

C. Gallman

R. N. Johnson

I. M Suarez

M. I. Jacobson

Cc-1




8:15 a.m,

8:30 a.m.

8:50 a.m.

10:00 a.m.

11:30 a.m.

12:45 p.m.

1:45 p.m.

3:00 p.m. -

4:00 p.m.

1MSC-D880308

APPENDIX D

AGENDA

HIGH SPEED MACHINING OF SPACE SHUTTLE
EXTERNAL TAMK PANELS
PANEL CUTTING DEMONSTRATION

June 15, 1982

Arrive in Bldg. 181 Lobby

Welcome (Navy Conference Rm. B) - Joe Miller, Program Manager

MSD Background - Ssm Dollar, Mgr., Manufacturing Program Support
High-Speed Machining Concepts & Contract Briefing - Joe Miller

Panel Cutting Demonstration
(Sundstrand OM4B, B/182, Column E23)

Lunch in Cafeteria (Bldg. 149)

Panel Cutting Demonstration - continued

Discussion Per. 4 - (Navy C. .ference Room B)

Tour of LMSC Space Shuttle Tile Fabrication Facility (Bldg. 174)

Return to Bldg. 181 Lobby

D-1
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APPENDIX E

ORIGY

L s T
OF =y re=y

SETUP & OPERATING INSTRUCTIONS

1. Load NAS 8664 fixture onto OM-4 table and secure.

2. Load shuttle No. 2

tape into reader.

Set block delete off and

cycle tape.

3. Program stop. Indicate left locating pin. Retract "2" axis and

cycle tape.

4. Program stop. Indicate right locating pin. Home "Z" axis and

cycle tape.

5. Program stop. Load part per sketch on page 3 . set block

delete on and cycle tape.

£EQ. NO. OPERATIONS TOOL NO.

Program stop. Touch off, on top of part 02
using a 1.000 feeler. Cycle tape.

010 Mill .126 Dim, 02

020 Mill .126 Dim. 02

030 Mill .126 Dim. . 02

040 Mill .320 Dim. and .141 Dim. 02
Program stop. Touch off, on .126 Dim. 03
using a 1.000 feeler. Cycle tape. .

050 Mill .37 corner radius. 03
Program stop. Touch off, on .126 Dim. 04
using a 1.000 feeler. Cycle tape.

060 Mill under flange. 04

END OF PROGRAM.

TOOL NO. TYPE RPM F/R
02~ 1.250 pia. E.M. .060 R. 18,000 150-200
03 ' 1.2506 pia. E.M. .370 R. 18,000 180
04 4.000 Dia. Wheel Cutter 8,000 40-100

.125 R.
. SHUTTLE-SHORT-1
REV Page | of ¢

FORM LMSC 2602 8-

LOCKHERD AIRCRAFT CORPORATION

e
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{mﬂ—j

CUTTING DATA

TOOL NO. DEPTH OF CUT WIDTH OF CUT CUBIC INCHES

02 .070-.300 1.1-1.250 18-56
03 .370 .370 25
04 .075-.635 .025-,550 18
TOOL NO. SFM CHIP LOAD
02 5,890 .0025-.0032
03 5,890 .003
04 8,378 .0016-.0032
E-3

SHUTTLE-SHORT-1
REV Page 2 of 4

PORM LBC 2002 803 LOCKIHUEED AIRCRAFY CORPORATION
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APPENDIX F
(FIRST HALF) (12 No.1

HIGH SPEED MILLING DATA SHEET.
FOR 8 FT LONG PANEL NO. LL2

T00L » 02
.126 DIM.
PRSS  ZAXIS DEPTH FEED RATE  RPM H/P
] -22.6750____.300 50 18000 [/3.¢
2 -22.9750 __.300 150 BOOD [z <
3 —23.2750 . 300 150 18000 [ /¢ 8
g =23.5750 300 150 18000___| /3. ¢
5 —23.6290___.054 200 8000 2.z
3 —23.9290 . 300 150 BODD | zo
7 =23.9990___.070 200 800D 7.¥
1 -22.6750 __ .300 150 18000 /3y
2 =22.9750 . 300 50 [8000__| s z.7
3 =23.2750 __. 300 50 8000 [t
g —23.5750 . 300 150 18000 [ sx.2.
5 =23.6290 . 054 200 18000 >y
6 =23.9290 _ . 300 150 18000 __ | /3.3
7 =23.5990 070 200 8000 2.8
.320 DIM.
] -22.6750___ .300 150 18000 |/ 2. ¢
2 —22.9750 . 300 150 18000 _ /7. @
3 —23.27/50 . 300 150 18000 |, . <
M ~23.4350 . 160 200 18000 |, 0.0
5 —23.7350 . 300 150 18000 /= 4
- _-23.8050 __.070 200 18000 ‘. ¢
1 -22.6750 __.300 150 18000 . |/7.1
2 =22.9750 300 150 18000 /3.
3 =23.2750 300 150 18000 | 1o 7
~y =23.1350 . 160 200 18000 |/ 0 =
5 =23.7350____.300 150 18000/ 7. ¢
6 ~23.8050 __. 070 200 18000 T 2.7
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APPENDIX F

(FiRsT HALF)  LI2 No.i

HIGH SPEED MILLING DATA SHEET

FOR 8 FT LONG PANEL NO. L2

TOOL = 02
. 141 DIM.
PASS ZAXIS DEPTH FEED RATE  RPM H/P
1 -23.9840 179 200 18000 7.2
1 -23.8840  .179 200 18000 | ¢ .2
1.250 DIM .
1 -22.6750  .300_ 150 18000 ¢.1
2 —22.8150 ___.200 200 18000 | ¢.o_
1 -22.6750 . 300 150 18000 /3.¢
-22.8750 . 200 — 200 BOOO /7.2
T00L = 03
.126 DIM.
1 -23.9990  .370_____1BO_ 18000 e v
.1u1 DIM.
1 -23.9840 .3,70‘_‘—‘31,0 18000 | £ ¥/
.320 DIM
1 -23:8050 _ .370 180 18000 | 7. v
1 -23.8050 370 180 18000 | .7 =
] .1u1 DIM.
) -23.9840 370 180 18000 £z
TOOL = OY
1 -21. 8090 635 _4D-5 8000 e/
2 —21.6350 . 150 100 8000 3.7
3 -21.9840 150_ 100 _ 8000 > 7

F=2
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APPEXDIX F
(SECOND HALF) LL2 No.2

HIGH SPEED MILLING DRTR SHEET
FOR 8 FT LONG PANEL NO. LL2

TOOL = D2
.126 DIM.
PRSS ZRXIS DEPTH FEED RARTE RPM H/P
1 -22.6750 ___.300 ) 8000 27
-22. . 300 8000 YAl
-23.2750 ___.300 50 18000 1,1 ¢
g -23.5750 .gg% 0 18000 £
3 -§§:§§96 .3-65 lg% 8000 /2. &
7 -23.9980 .070 200 £2
1 -22.6750  .300 50 8000 |,z
-22.9750 . 300 50 2.¥
-23.27 . 300 8000 |,z ¢
4 -23.5750 . 300 8000 1 2.9
——53-3500— 03— 00— o000 — -7
-23. . ] 2. 4
Ty 23,9330 070 300 18000 | ¢ 3
.320 DIM.
1 -22.6750 300 S0 18009 /2.9
2 -22.9750 300 ) 80O o2
-23.2750_ . 300 150 8000 12 ¢
y -23.435 . 160 200 8000 (0. ©
5 -23.7350 ___.300 150 18000 /2. ¥
b -23.8050 ___.070 200 1800 2.1
] -22.B7S0 /300 5J 8000 VA4
@ -22.89750 __ .30C S0_ 18000 =
— 3 -?23.2750 300 50 1800 (7. S
y ~23.4350 160 2 18000 /0. 2
-23.7350 300 150 18000 Y
6 -23.8050 070 200 8000 2.0
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APPENDIX F
(SECOND HALF) LL2 No.2

HIGH SPEED MILLING DATA SHEET
FOR 8 FT LONG PANEL NO. LL2

TOOL » D2
141 DINM. :
PRSS ZAXIS CEPTH FEED RRTE RPM H/P
1 -23.9840 179 200 18000 /08
1 -23.9840  .178 200 18000 /p. 2
1.250 DIM. .
% -22.6750  .300 150 18000 /2.7
-22.81; . 20 200 18000 /0. &
1 -22.6750 . 300 150 18000 o g
-22. 200 200 BOOO | /o0 ¢
TOOL = 03
.126 DIM.
1 -23.9990 .370______1%0 18000 p.3
141 DIM.
1 -23.9840 .370 180 18000 7 Y
.320 DIM.

1 -23. 8050 .370 180 . 18000 £ .3
1 -23.8050 .370 180 18000 5 Y
.141 DIM.

] - -23.8840 .370 180 18000 y.o2
| . TOOL « Ou4 ‘

1 -21.8090 .635  _ 40-50 B0O0O §.2
2 -21.6350 L1560 100_ BO0OD | ¢. / ‘
—3  -21.984 .150 100 8000 2 7

F=4

NAS Av—MgPC—C



	0044A02.pdf
	0044A03.pdf
	0044A04.pdf
	0044A05.pdf
	0044A06.pdf
	0044A07.pdf
	0044A08.pdf
	0044A09.pdf
	0044A10.pdf
	0044A11.pdf
	0044A12.pdf
	0044A13.pdf
	0044A14.pdf
	0044B01.pdf
	0044B02.pdf
	0044B03.pdf
	0044B04.pdf
	0044B05.pdf
	0044B06.pdf
	0044B07.pdf
	0044B08.pdf
	0044B09.pdf
	0044B10.pdf
	0044B11.pdf
	0044B12.pdf
	0044B13.pdf
	0044B14.pdf
	0044C01.pdf
	0044C02.pdf
	0044C03.pdf
	0044C04.pdf
	0044C05.pdf
	0044C06.pdf
	0044C07.pdf
	0044C08.pdf
	0044C09.pdf
	0044C10.pdf
	0044C11.pdf
	0044C12.pdf
	0044C13.pdf
	0044C14.pdf
	0044D01.pdf
	0044D02.pdf
	0044D03.pdf
	0044D04.pdf
	0044D05.pdf
	0044D06.pdf
	0044D07.pdf
	0044D08.pdf
	0044D09.pdf
	0044D10.pdf
	0044D11.pdf
	0044D12.pdf
	0044D13.pdf
	0044D14.pdf
	0044E01.pdf
	0044E02.pdf
	0044E03.pdf
	0044E04.pdf
	0044E05.pdf
	0044E06.pdf
	0044E07.pdf
	0044E08.pdf
	0044E09.pdf
	0044E10.pdf
	0044E11.pdf
	0044E12.pdf
	0044E13.pdf
	0044E14.pdf
	0044F01.pdf
	0044F02.pdf
	0044F03.pdf
	0044F04.pdf
	0044F05.pdf
	0044F06.pdf
	0044F07.pdf
	0044F08.pdf
	0044F09.pdf
	0044F10.pdf
	0044F11.pdf
	0044F12.pdf



