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This report describes the work on a program designed to relax 
design requirements on milled airframe parts.  In addition, numer- 
ical control (NC) programming methods are optimized to decrease 
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and cost/weicht trade-off data Is developed.  Cuidelines for 
relaxation of specific detail design requirements are recommended 
for aluminum and titanium milled parts.  Measured surface rouuh- 
ness is shown bv component test to have no correlation with ta- 
ti^ue life, and revised surface roughness inspection guidelines 
are propO««d.  Hand-finishin^ of milled parts is shown to have 
little or no value in extending fatiKue life.  Geometric stress 
concentrations such as notches or fastener holes are shown to 

dictate fatigue life. 

NC programming guidelines are developed by conducting 
stlffener machining tests and NC programming development tests. 
Two F-16 production parts are re-programmed and machined and 
eleven pieces and the revised programming are accepted tor F-lt) 

production.  Cutting time is reduced substantially. 

Design guidelines are incorporated into F-16 production 
airframe drawings from the beginning of production.  Cost records 
show 22%  reduced hand-finishing in the factory, and a 147. total 
cost reduction for milled aluminum parts for 1000 F-lh aircralt 

is conservatively projected. 
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AITKNIUX A 

"C(.)M PARIS ON rAKT" ANALYSKS 

The analytical and d.ita basis for thi- ^'nt-rat ion of Design 
Guidelines is provid.-d In this appendix.  The guidelines developed 

•re ft I o presented. 

1.0 6BIBAL A1TKOACH TO ANALYSIS 

The approach taken to Illustrate the benefit of relaxing 
tolerances and surface finish requirements Involved three haslc 

steps: 

(1) create a small "unit" part representative of larger 
pocketed parts such that design features and machining 
procedures can be easilv varied and analyzed, 

(2) use detailed cost data from NC machined parts to 
segregate and develop cost factors, and 

(3) applv these cost factors to the unit parts to deter- 
mine the effect on costs of changes in design features 
and machining procedures. 

A "unit" part was created to be representative of a large 
variety of pocketed aluminum parts.  This, then, became a base- 
line designed with conventional features In terms of details and 
tolerances.  A NC machining program was then generated and pro- 
cessed bv | computer to give tape run time. 

A number of typical alternate design features were then 
identified; and new parts, "design comparison parts," were 
designed, each differing from the baseline in only one feature. 
NC programs were also generated for each of these, and tape time 
was determined. 

Each NC program was designed with cutter operations and feed 
rates completely realistic such that an actual comparison part 
could be machined if it was desired.  This is described in Sec- 

tions 3.2 and 4.2. 

In order to be able to estimate cost for each of the alum- 
inum comparison parts, 31 large F-111 NC machined aluminum bulk- 
heads and spars were chosen; cost data foreach part for the 
various basic factory functions was assembled from the GD/FWD 

_-  
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compurerlred cost data centers.  This was analyzed in the manner 
described in Sections 3.3 and 3.4, and the resulting relationships 
were used to estimate the man-hour cost for each comparison part, 
described in Section 3.5. 

To estimate cost for each of the titanium comparison parts, 
13 large NC machined titanium (6A1-4V beta annealed) parts were 
chosen from the Advanced Metallic Air Vehicle Structures (AMAVS) 
program, Contract F33615-73-C-3001; cost data for each part for 
the various basic factory functions were assembled from the com- 
puterized cost data centers.  This was analyzed in the manner 
described in Sections 4.3 and 4.4; and the resulting relation- 
ships were used to estimate the man-hour cost for each comparison 
part, described in Section 4.5. 

Finally, the Guidelines of Section 5.0 were created, drawing 
from the data described.  This consisted of summarizing and analy- 
zing the cost and weight differences between the baseline and 
competing comparison parts or the differences between two other 
competing comparison parts.  Each comparison led to a conclusion 

or Guideline. 

2.0 MATRIX OF DESIGN COMPARISON PARTS 

Small unit part« representative of large pocketed aluminum 
and titanium parts were designed to determine the benefit of 
relaxed tolerances (See Figure A-l), including changes in machin- 
ing procedures.  The parts were programmed for NC machining using 
the same procedures as if they were of larger parts.  The smaller 
part is large enough to illustrate the changes and permitted a 
minimum programming task.  Each NC program is complete and can 
be used to machine a part. The matrix of comparison parts exam- 
ined is shown in Figures A-2 and A-3. 

The baseline part (Figures A-4 and A-5) is typical of a part 
with pockets machined frcm one side. Machining procedures are 
typical for such a part. A rough and finish pass is made to web 
thickness, a rough cut is made in the corners and then the stlf- 
fener walls and corners get a finish cut. Two passes are then 
made on the outside perimeter of the part. 

Each alternate part differs from the baseline by changing 
only one feature.  The NC tape time then gives the change in time 
from that of the baseline for that one feature. Features examined 
include lands, flanged stiffeners, twisted contoured flanges, thin 
stiffeners, finish cuts, increased feed rates and relaxed tolerances 
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The baseline part with three pockets of varying size is typi- 
cal of pocketed structure and has all of the features ot the areas 
where 90% + of machining is done.  Local load Introduction areas 
were not Included because these vary and could not be typltied. 
Pockets were provided on one side onlv on the comparison parts 
because pronrammlng pockets on the second side Is done In the same 
manner.  In reality, the NC machine operator manually reduces the 
feed rate bv overriding the programmed teed rate a little more on 
the second side due to having less material behind the web; however, 
a designer usually provides for pockets on both sides only when 
the required flange width or connecting structure requires it. so 
an option to omit pockets on the second side seldom exists.  Con- 
sequently, no value appeared to exist to justify analysis ot such 

options. 

Figure A-l illustrates how the baseline Is I typical portion 
of several type_s of,machijied pocketed structure.  The weight and 
cost ■figm-es'presented"will, ofcourse, change to some extent for 
the various types of larger parts that exist but are believed 
sufficiently indicative to permit decisions that may be somewhat 

better than in the past. 

3.0 ALUMINUM NC DATA AND COST ANALYSIS 

Aluminum NC data and cost analysis for the guidelines in 
Section 5.1 are provided in this section. 

3.1  Matrix of Aluminum Design 
Comparison Parts 

Figure A-2 summarizes each of the comparison parts analyzed. 
a A-4 illustrates the geometrical features of each compari- Figure 

son part. 

3.2 Design Comparison Parts- 
Data Summary 

Each design comparison part was programmed for NC machining 
to determine the tape time for machining the part.  In this way 
the tape time differences for various design features, feed rate 
changes and machining concepts could be measured  Methods of 
estimating costs are usually not sensitive to differences in de- 
tail design of the types being examined here, so a better pro- 
cedure was needed to determine the cost of the design features 

12 
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bslM BOMlterM.  CorwUtion of NC tape time and NC machine 
^an^hours was then estahllshed as explained In the IMIOWIM* 

paragraphs. 

The NC 
operati on. 
tor changes 

programs were processed to v;lve the time tor each 
Ueh operation was tlu-n examined to dc-termine rMtOOl 
In total machine time.  This data tloilg with weights. 

cutter si/es and teed rates is summarized in Ial>l. A-1 . 

|,3  Cost Analysis Summary of U 
F-iii ProdnelLoa Parti 

To estahlish the total cost of the cost comparison parts, 
cost data for 31 production parts were analyzed to establish 
cost factors for estimation purposes.  These parts were hulk- 
heads, wing spars, and longerons, each having teatures similar 

tot he cost c ompa rIs on paits. 

Manufacturing cost data is collected for each part hy cost 
task center on a computerized system at GD/FWD. Kach P;'yt in 
manufacturing has a computer card with a code number «hch iden- 
tifies the part, work order and other data.  Ihis card Is patt 
of the "traveler" package that Includes planning lor the part. 
When an employee begins work on a part, he goes to a nearby com- 
puter terminal, inserts his employee identification badge, the 
computer card and a plastic card Identifying the task center and 
indicates that he Is starting the job.  When he completes one ob 
and starts another, he repeats the procedure closing out the lltst 

by starting the second job. 

This data Is transmitted from the computer terminal to the 
central data processing system where It Is processed to produce 
data In the form shown In Figure A-6.  The data shown is a 
monthly report which Is placed on microfiche. 

Data has been collected by task center since January Hit, 

Basically the report shows the average hours ^l- ^ i J s'^nd »T 
the number of parts Indicated.  Total cost data for 1%5 and on 
Is also shown.  This data was used to develop the cost factors In 

Section 3.4. 

The costs affected by relaxed tolerances are machining cost 
and hand finishing costs.  The other costs such as material pre- 
paration, etc.. are not affected directly by tolerance relaxations 
Costs were placed In three categories:  (1) NC machine hours. 

13 
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wm 

adiusifd to single iplndU times. (2) hand finish hours  and (3) 
all other costs.  Each of the three cost areas were analyzed to 
determine to which parameter the cost could best be related 
r ,sts Lor each part were related to NC tape time, cubic inches 
removed and cubic inches left.  This data is summarized in 

Table A-1I. 

f 

3.4 Analysis of Production Cost Factors 

The F-lll cost analysis summary (Table A-ll) was used to 
Mtabllth the factors for ostimating the cost of the comparison 
parts  Each of the cost parameter relationships was examined 
statistically to determine which was best for each of the three 
cost areas.  The mean and the standard deviation was computed. 
The cost parameter relationship where the standard deviation was 
the smallest'pe'rcenta^o of the mean was selected as the one to 

use for that cost arpa. 
■> 

NC machine time (set up time plus run time) was best related 
to tape run time, as expected.  Tape time multiplied by a factor 
is used atV.D/FWD to schedule. part s on NC machines thus demonstrat- 
ing its J>ower as a.measure of cost.  Included in the NC machine 
time is part 'set-up tinv which includes positioning the material 
on,the machine, changing tapes and cutters, part removal, and 
other tasks done with {.he part on the machine, while metal is not 
being cut.  This time is not affected by changes to NC machining. 
To determine the portion of time on the NC machine identified as 
"set-up time," twelve aluminum F-16 NC parts were surveyed.  These 
parts are machined on 3, 4 & 5 axis machines and in manv cases 
machined on two of them.  Machine shop industrial engineering 
estimated the set-up time and actual run time for each part on 
each NC machine for a first article.  Set-up time for these parts 
averaged 327, of the total time on the NC machine. 

Hand finish time related best to cubic inches left (or weight) 
which was to be expected since hand finish time would be a function 
of part size or surface area.  Once having established hand finish 
time for the baseline by this relationship, however, the differ- 
ences created on the comparison parts were allowed to affect hand 
finish time onlv if there was a significant surface area change 
or if finish tolerances were relaxed.  All other time was related 
to cubic inches removed, which is a measure of the work done on 

a part. 
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The F-lll costs were for an average of 51 units.  Cost fac- 
tors were then adjusted to give the first article cost on a 907» 
learning curve.  The 90% learning curve is the policy of GD/FWD 
Industrial Engineering on NC parts of the type analyzed.  There- 
fore, all costs in terms of man-hours for the cost comparison 
parts are first article costs.  Table A-III summarizes the factors 
developed. 

3.5 Cost Analysis of 
Comparison Parts 

Using the cost factors developed in paragraph 3.4, the 
man-hours to manufacture the first article were computed for each 
comparison part.  Set-up time for each part was established as a 
constant of 2.68 hours based on 327. of the NC machine time of 
8.38 hours (11.435 x 0.733) for the baseline part.  For the other 
comparison parts, NC machine run time was computed as 687» of 
11.435 man-hrs  x tape hours.  Hand finish time was divided into 

tape hour 
types of hand finishing that would be done to the comparison parts. 
This division was based on a survey of the amount and type of hand 
finishing done on parts similar to the comparison parts.  The time 
was divided as follows: 

Deburr 297. 
Surface Finish       427. 
Tolerance Control     297. 

The total man-hours were expressed also in hours per pound 
and hours per cubic inch removed, for use in the Guideline 
development. Table A-IV summarizes the cost data for e^ch com- 
parison part. 

4.0 TITANIUM NC DATA AND COST ANALYSIS 

Titanium NC data and cost analysis for the guidelines in 
Section 5.2 are provided in this section. 

4.1 Matrix of Titanium Design 
Comparison Parts 

Figure A-3 summarizes each of the comparison parts analyzed. 
Figure A-5 illustrates the geometrical features of each compari- 
son part. 
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 . 4.2  Design Comparison Parts-- 
Data Sunimarv 

Kach cost comparison part was programmed for NC machining to 
determine the tape time for machining the part.  In this way the 
tape time differences for various design features, feed rate 
changes and machining concepts could he measured.  Conventional 
methods of estimating costs are usually not sensitive to differ- 
ences in detail design of the types heing examined here, so 1 
better procedure was needed to determine the cost of the design 
features heing considered.  Correlation of NC tape time and NC 
machine man-hours was then established as explained in the follow- 

ing paragraphs. 

The NC programs were processed to give the time for each 
operation.  Each operation was then examined to determine reasons 
for changes in total machine time.  This data along with weights, 
cutter sizes and feed rates is summarized in Table A-V. 

4.3 Cost Analysis Summary of 
13 AMAVS Titanium Parts 

To establish the total cost of the cost comparison parts, 
cost data for 13 AMAVS parts were analyzed to establish cost 
factors for estimation purposes.  These parts were bulkheads, 
beams, sculptured plates, large pocketed fittings, each having 
features similar to the cost comparison parts.  Data was collected 
from the GD/FWD computerized cost task center system described in 
Section 3.3.  NC tape time and material removal data was collected 

for each part. 

The costs affected by relaxed tolerances are machining cost 
and hand finishing costs.  The other costs such as material pre- 
paration, etc., are not affected directly by tolerance relaxations 
Costs were placed in three categories:  (1) NC machine hours, 
(2) hand finish hours, and (3) all other costs.  Each of the 
three cost areas were analyzed to determine to which parameter 
the cost could best be related.  Costs for each part were related 
to NC tape time, cubic inches removed and cubic inches left.  This 
data is summarized in Table A-VI. 
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4.4 Analysis of Production 
Cost Factors 

The cost data summary (Table A-VI) was used to establish tlu- 
factors for estimating the cost of the comparison parts.  Each of 
the cost parameter relationships was examined statistically to 
lift ermine which was best for each ot the three cost areas.  The 

> in and the standard deviation was computed.  The cost parameter 
relationship whSTC the standard deviation was the smallest per- 
centage of the mean was selected as the one to use for that cost 
.ir<M.  lliis data is summarized in Table A-V1I. 

NC machine time was best related to tape run time as expected. 
Tape time multiplied by a factor is used at CD/FWD to schedule parts 
on NC machim-s thus demonstrating its power as a measure of cost. 
Hand finish time related best to cubic inches left (or weight) which 
was to be expected since hand finish time would be a function of 
part size or surface area.  Once having established hand finish 
time for the baseline bv this relationship, however, the differ- 
ences created on the comparison parts were allowed to affect hand 
finish time only if there was a significant surface area change 
or if finish tolerances were relaxed.  All other time was related 
to cubic inches removed, which is a measure of the work done on 
a part. 

4.5 Cost Analvsis of Comparison Parts 

Using the cost factors developed in paragraph 4,4, the man- 
hjurs to manufacture the article were computed for each compari- 
son part. 

Set-up time for the titanium parts is assumed to be the same 
number of hours as that for aluminum parts.  For the baseline 
titanium part, NC machine time is 21.4 hours (4.0 tape hours x 
5.35 man hours per hour of tape) of which 2,68 hours is set-up 
time, leaving 18,72 hours of NC machine run time.  The NC machine 
run time for the baseline part is 87.5%  (18,72/21.4) (100%)  of 
the total time on the machine.  NC machine run time for the com- 
parison parts is then computed at .875 x 5.35 hours per tape hour 
x tape hours.  A constant 2,68 hours per part is used for set-up 
time. 

The total man-hours were expressed also in hours per pound and 
hours per cubic inch romoved for use in the Design Analysis Guide- 
lines.  Table A-VIII summarizes the cost data for each comparison 
part, 
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TABU A-vil     RODOCnOi COW FACTORS--TITANIUM   (3) 

Cost   U ein Hean 

NC Macht no  Timo 
o  per  hour   of   tapo 
Q   MC   LB '   ffiiun'tni 

Hapa  Finish Timt' 
0 por  hour   of   tapo 
,1  per   in-^  removed 

T 
Si aiulard 
ni>\i at i on 

o ptc 
O    piT 

itv^   left 
in-   of   surface   area 

Al 1 Other Time 
0 per in' left 
,>  per   in^   removed 

35 
0.M67S 

1. ;'> 
0.01797 

'   0.04b54 
0.012S0 

0.1870b 
0.0271S 

U20 
0.03758 

0.72 
0.01484 
0.02999 
0.01401 

0.22159 
0.02220 

Coefficient 
of Variation 

22.4%* 
5b. 37. 

57.6% 
82. bX 

S4.4X* 
10^). 4-.. 

118.5% 
8l.8%* 

NOTES 
1. "* indicates cost factors selected to estimate 

cost of cost comparison parts. 
2. Cost factors listed are first article cost 

factors. 
3. Statistical data was derived from Fahle A-\l. 
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5.0 GUIDELINES DEVELOPED 

Guidelines were developed for both aluminum and titanium parts 
to exploit design features and the relaxation of tolerances and 
surface finish as demonstrated by the cost data analysis presented 

earlier. 

5.1 Aluminum Guidelines 

Design Guidelines for aluminum parts are presented in Figures 
A-7 thru A-12.  Guideline No. 5 (Figure A-ll) demonstrates the 
cost reduction and associated weight increase for machining the 
design comparison part with larger corner radii (1/2M vs. conven- 
tional 3/8").  The cost required to remove the additional weight 
associated with the larger radii will vary depending on the num- 
ber of corners, the depth of cut, and the number of parts to be 
produced.  In order for this guideline to be useful to the design- 
er, an in-depth study of the factors involved and development of 
the analytical relationships are required to determine the cost 
difference for any application.  This study is presented in 

section 5.3. 

■ 

5.2 Titanium Guidelines 

Design Guidelines for titanium parts are presented in Figures 
A-13 thru A-17.  Guideline No. 5 (Figure A-17) addresses the 
advantage of increasing the corner radii of titanium parts.  The 
cost and weight factors presented, however, are applicable only 
to the design comparison part.  The study presented in Section 
5.3 is for aluminum, but substitution of cost ratio, cutter feed 
rates and material density applicable to titanium will permit the 
determination of the cost difference for any application. 

5.3 Cost Analysis for Machining Two Different 
Corner Radii in Aluminum 

In an effort to make Guideline No. 5 more easily applied to 
any pocketed part, the following analysis and resulting nomograph 

is offered. 

5.3.1 Introduction 

A designer of large machined aircraft parts must make a num- 
ber of trade-off decisions between cost and weight in detail 

35 
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design.  One such is the simple one of what the corner radius of 
pockets should be in integrally stiffened spars and bulkheads. 
It is common knowledge that the larger radius is less costly to 
machine, but it does, of course, leave a significant amount of 
weight in the part, usually up to \-\\  percent of the part weight. 
Not knowing how much less costly, and being pressed to achieve 
minimum weight, the designer usually decides on the smallest 
radius he believes to be practical. 

Fron, analysis of numerical control (NC) programming and 
factory machining cost data, the following approach was derived 
to aid in trade-off decisions. An aircraft design program will 
sometimes establish a weight/cost trade-off value i.e., how many 
dollars it is worth spending to save a pound of weight.  Compari- 
son of the trade-off value with the cost in man-hours times the 
factory hourly rate to remove one pound would then permit a 

decision. 

5.3.2 Discussion 

Because a 1-inch diameter end mill is over three times as 
stiff as a 3/4-inch cutter, the larger cutter can mill finish 
cuts alongside stiffeners and flanges 50-100 percent faster and 
can remove corner material left by a Z-inch diameter rough cutter 
in one pass where the 3/4-inch requires two passes.  The 1-inch 
cutter does, however, leave more corner material.  This raises 
the question as to whether the cost saving per additional pound 

remaining is cost effective. 

The following data offers an estimate of the average cost 
saving per pound. Machining cost of a part is seldom the same 
from part to part and variation can be as much as 100 percent. 
Cost factors used herein are. therefore, statistical with a 
measured scatter.  They are based on some 30 F-lll aluminum part 
numbers with an average of 51 manufactured pieces per part number. 

Numerical control (NC) machine time per part as used herein 
and as charged in factory accounting includes all productive 
(actual machining) as well as unproductive time charges such as 
set-up and tear-down of tooling, cutter changes, machine and 
tape malfunctions, material problems, rest periods, shift changes, 

operator tape override, etc. 

The real time it takes an NC-programmed tape to run through 
its entire operation is, of course, much less than machine time 
due to all of the foregoing unproductive events, but the ratio 
of NC machine time to NC tape time is constant enough to be a 
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practical means for scheduling the NC machine shop.  Analysis of 
th« MJ part numhers machine time to tape time ratio yields an 
aver. ■• of 7.33 with a standard deviation of 2.58 or 35.1 percent 
of the mean for an average of 51 pieces per part number.  From 
the 7,33 average and a 90 percent learning curve (rellecting NC 

(.\p>»lencc), the first part cost ratio would be 11.435, and a cost 
• itlo representative of an average part for I 1000 aircraft pro- 
gram would bf 4.71 which will be used herein.  These cost ratios 
reflect the total NC machine time which includes part set-up, 
cutter changes, part removal, clean-up, etc.  Production planning 
assumes that these non-productive operations consume 32% of the 
total machino time.  To obtain a true ratio between machine run-^ 
time and tap« time, the total machine time must be reduced to 68/o 
of the total.  The true cost ratio representative of an average 
part for a 1000 aircraft program would then be 0.68 x 4.71 or 3.20. 

An NC program is created by putting together many standard 
program segments or computer instructions which are modified for 
the geometry of the part involved.  A cutter making a radial 
finish cut proceeds along a stiffener removing typically 0.030 
inch of material from each side left by the roughing cutter.  When 
it approaches a corner where it must change direction, it deceler- 
ates to a complete stop, dwells stationary for a finite interval 
and accelerates in the new direction to the programmed feed rate 
again, rotating and cutting at a constant rpm throughout. 

In addition, if the cutter is below a certain diameter, it 
may have to repeat the cutting operation ir the corners where a 
substantial thickness is left by the large roughing cutter. 

For the purpose of this program, a sample part with typical 
features was fully programmed by factory programmers using program- 
ming techniques and feed rates typical of production parts.  Pro- 
gramming was done using a variety of cutter sizes and radial cuts, 
both conventional and unconventional.  These programs were then 
printed out bv the computer, and each machining step was analyzed 
in terms of time duration, feed rate, metal removal rate and other 
characteristics.  From this data, the time required by various 
cutter diameters to machine various features including corners 
was determined.  The values used for the various parameters des- 
cribed below were obtained from this source. 
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Taking I SIMKU' pocket, Figuro A-18, Lho following relation- 

ships can bo established; 

i 

rXOOU A-18    SAMPl.K ANAbYTlCAb PART-COST ANALYSIS 
FOR TWO DIFFERENT CORNER RADII 

L] • L'J + 2R 

L2 - h' 2 + 2R / 
2Ll + 21,2 - 2L i + 4R + 2L 2 + 4R, or 
IL • IL' ♦ 8R for one pocket 

lot 11 ■ L be the sum of the length of all sides, Nc be 
the number of corners to be finish machined on the entire part, 
nui I 1/ - 1/ be the sum of all cutter centerline travel.  Then 

L - l 
' + 8R(^) 

L - L ♦ 2R Nc 

L4 - 1, - 2R Nc ^Al> 

From the NC program of the sample part, the NC tape time 
required for a 3/4-inch diameter, 2-inch long, <!-flute HSS cutter 
to finish machine the pockets was analyzed as follows: 
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total NC tape time - 9.0 minutes 

12 for 3 pockets 

106 inches 

0.38 inch 

n 
Nc 

L 

R 

f^ - 20 inches per minute 

tl - L' 1 -fj + Nc tcl 

-L-2RiNc   .« ,.  J-a  ♦ Nc tc1 

Solving for tc^ 

(A2) 

:ci " 1L tl 

Nc 

9.0 
12 

L - 2 Ri Nc 
n Mc— 
106 - 2 x 0.38 x 12 

20 x 12 

■ 0.3463 minutes per corner 

In the same manner, for a 1-inch diameter cutter to finish 
machine the same part, the total time, t2, was 4.0 minutes, 
R2 - 0.50 inch and f2 - 30 inches per minute. 

t2 - L - 2 R2 Nc + Nc tC2 

tc2 " 0.0722 minutes per corner (A3) 

These time estimates for corner machining should be typical 
for aluminum for up to 1.5-inch deep pockets for 2-inch long 
3/4-inch and 1-inch diameter cutters.  At first glance the differ- 
ence in time between the two cutters to machine one corner appears 
excessive: however,  the 3/4-inch cutter not only machines corners 
at a lower feed rate but must also make two passes and requires 
additional '.ime for "free" travel (no cutting) between corners 

for the second pass. 
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The total part difference In weight is: 

AW -A ANc»V (M) 

The cost penalty of avoiding the weight increase associated 
with the larger corner radius in man-hours per pound is then: 

AC    RNC H / ti - t2 v (A^> 
lb " ^T   V  AW  / 

Substituting equations A2 , A3 and A4 in A5 yields: 

AC . RNC 
lb      60 

'(kgh ! Nctci)   - ^g ♦ ^ 
A A Nc h^ 

+ ? AC -      RNC        [L_   n     _ J_\   + 2    ^    .    tf\ ♦ (tcl   -   tc2)| (A6) 
Tb       öÖTÄh^l  NC    \tl       *i) V2 ?\) 1 _1 

Applying equation   A6   to an aluminum part with pocket depth 
h,  Nc corners, L total  length,  and RNc cost ratio: 

p - 0.10 

R! - 0.38 

R2 - 0.50 

AA -  0.0236 

t]   -  20 

f2 - 30 

tci - 0.3463 

tC2 - 0.0722 

AC      RNC     ^0.1179 L_ + 1.9032 ) 
U      "i       \ Nc / 

(A7) 
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Applying I ratio representing the average for 1000 units so 
as to measure program impact, RNc ■ 3.20 (set-up time deleted). 
Equation A7 then hecomes: 

AC     l f O.S773 L     f 6.0f021 
ih * h V NC / 

(A8) 

The trade-olf cost value is plotted in Figure A-19 for h = 
1.0 and 1.50.  A designer need only determine the immher of 
inches of pocket wall and the numher of pocket corners, calculate 
1,/NC, enter the curve and read the AC/lh.  He would then apply 
his factory total dollar cost per man-hour and ohtain the dollar 
trade-off cost of avoiding a one-pound weight increase. 

The cost saving for the entire part using the larger radius 
would he ohtalned hy the product of equations M    and A8 . 

5       10       15 

AC (man-hours)/lb. 

20 

FIGURE A-19   COST OF AVOIDING a 1-LB. WEIGHT INCREASE 
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5.3.3 

AA  ' 

tl  ■ 

C| - 

h ■ 

L'    - 

L  = 

Nc   = 

RNC ■ 

td  " 

tc2 = 

Nomenclature 

difference in plan view area in corner between the two 
proposed cutters, square inches 

feed rate of smaller finish cutter, inches per minute 

feed rate of larger finish cutter, inches per minute 

height of stiffener or flange, inches 

actual distance traveled by centerline of cutter, inches 

sum of length of pocket walls to be finish machined, 
measured oy the overall pocket dimensions, inches 

number of pocket corners 

cost ratio of NC machine time to NC tape time for a 
given learning curve and number of units 

time required for smaller cutter to remove material in one 

corner, minutes 

time required for larger cutter to remove material in one 

corner, minutes 

p   = density of metal being machined 

AC = cost of avoiding a one-pound weight increase, man-hours 

lb.   per pound 

; 

53 

    - - ■ 



I    I MM Hill 11 1 " ", - 

5.3.4 Conclusion 

The approach described herein is in use on the F-16 program. 
Its applicability is, of course, dependent on the NC programming 
techniques and values used in a given machine shop although those 
at General Dynamics' Fort Worth Division are typical for a large 
part of the aerospace industry. Where adaptive control equipment 
is in use, the cost differences obtained may be low since the one- 
inch diameter cutter capability is probably not fully exploited 
by programmers for conventional NC equipment. 
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APPENDIX B 

SHOP DIMENSIONAL SURVEY 

Dimensional and surface quality data for various F-Ul 
production parts are presented In the following paragraphs. 

1.0 OBTAINING AND RECORDING OF DATA 

Over a period of five months, the RTC Quality Assurance team 
member and F-lll production inspectors surveyed ten major F-Ul 
aluminum NC machined parts.  Thirty-six pieces were inspected 
with up to six pieces for each part number.  One thousand seventy 
thickness measurements were made on webs and 866 measurements on 
stiffeners and flanges.  Five part numbers involving eight pieces 
were checked for surface roughness early In the survey. With one 
exception, all measurements were well within current requirements 
of 125 microinches, AA.  Consequently, measurement of roughness 
was stopped in the interest of economy.  Parts were selected that 
were known not to have unusual features that made machining 
particularly difficult.  It was assumed that design guidelines 
would reduce the likelihood of unnecessarily difficult designs on 
future programs.  This has generally held true on the F-16 design. 

1.1 Type of Part and Manner of Recording 

Figure B-l illustrates one type of part surveyed.  Such a 
sketch was used to record actual and required dimensional and 
roughness data.  Dimensional measurements were usually made on 
as-machined parts before hand-finishing and on those hand- 
finished parts known not to have had significant material pol- 
ished away (which is the usual case).  For dimensional measure- 
ments, a Parametrics Ultrasonic Gage. Model 5221. was used.  A 
digital readout profilometer with a 0.030 cut-off setting was 
used for surface roughness measurements. 

1.2 Treatment of Data 

Data was transferred to data summary work sheets recording 
date part and serial number, finish condition, drawing nominal 
thickness, pocket width, and actual web and stiffener thicknesses 
Tables B-I thru B-VI are typical of all data summary work sheets. 
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The thickness deviation data from the various data summary 
sheets was then accumulated on Tables B-VII and B-VIII.  These 
tables permitted organization of results in terms of frequency 
of occurrence versus the magnitude of deviation.  These data were 
accumulated from the highest negative to the highest positive 
occurrence frequency.  Results were plotted in Figure B-2, per- 
mitting the recommendation described therein. 

Tables B-I thru B-Vl present survey data from b individual 
parts (6 drawing numbers), that were used to construct Figures 
B-4 thru B-7.  Figure B-3 was constructed from data obtained 
from a part (12B2101) with excessive stiffener spacing, invali- 
dating it as a comparison part for normal machining tolerances. 
These figures are plots of web thickness deviation from nominal 
dimension vs. pocket width.  The figures allow an accurate 
determination of maximum panel width at any particular web 
thickness concurrent with dimensional tolerance. 

As a measure of the shop's repeatability capability, a large 
F-lll bulkhead was selected and the envelopes of web thickness 
deviations for four serialized pieces were superimposed in 
Figure B-8.  These were machined over a four month period with 
the usual changes in operators and equipment that is common in 
a large factory. 

Surface roughness data is summarized in Table B-IX.  It is 
of interest to note the lack of correlation between roughness and 
"hand-finished" parts.  Labeling a part as having been hand 
finished often means only that trouble spots are hand finished. 
Large portions of surface areas may not be touched.  A total of 
49 measurements were made on as-machined surfaces.  The mean 
roughness was 43.3/LtAA with a standard deviation of 13.57^AA 
(43.3/13.57) for 47 of these measurements.  The other two points 
reflected a minor cutter malfunction (P/N 12B4166, S/N 2).  The 
combined roughness for all 49 measurements was 50.3/36.9.  On 
the so-called hand finished surfaces, 22 measurements resulted 
in roughness of 69.9/19.14. 
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Data Base:  Number of Measurements 
Number of Measurements 
Number of Part Numbers: 
Number of Pieces: 

Webs: 1,070 
Stiffeners: 866 

11 
36 

Notes 
(1) 

(2) 

Data was Gathered During November 1974-March 1975 by 
General Dynamics Inspection on F-Ul Production Aluminum 
Machined Parts 
Analysis was Restricted to Parts with + 0.010 Tolerance, 
Excluding Parts with History of Material Warpage or Other 
Problems 

That Standard Recommendation; 
Drawing Tolerances for Stif- 
feners and Flanges be Relaxed 
from ±0.010 to -t-0.015, -0.010 

".020    -.010      0      +.010    +.020 
DEVIATION FROM NOMINAL DIMENSION (INCHES) 

+.030 

FIGURE B-2 RECOMMENDED RELAXATION ON DRAWING 
TOLERANCES FOR WEB AND STIFFENERS 
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+.040 

+ .030 
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SPACING FOR NOMINAL WEB THICKNESS - 0.040 

63 

. - -- --- -- -■ ~*~—^ 



—. 

■»-.0/40 

> 

o e 
Si 
Ü 
M 
H 

ä 
E 
a 

PA1T NO.: L2B2703 
i ■ 

»•.030 :1 

* 

♦•.010 

• • 

... 

. 

(1 

  
. . . 

r 

—►._^—^ ^. _. 

' 

•;: 1::: 
• • • i  

WBB THZCKNBSS: 

• 

,010 

0?(' 

RKCUW 

• t 

■ 

  
.045  IN. 

L 

KNOKD 
MAXIMUM 
TANKL WIDTH 

■ ■ 

__ 

4 6 

PAMIL WIDTH,   IN. 

8 10 

FIGURE   U-4 
IfU   D1MKNS10NAI,  DKVIAT10N  OCCUURKNCKS  VS.   ST1KFKNKR 
SPACING   KOR   NOMINAL WKB  THICKNKSS   ■   0.045 

64 

-  -*-■- - — 



+.040 

-K .JJO 

PART NO.: 12B2703 

:: 

i5 
O o     +.020 

z 

s 

§ 

O 

! 

z o 
H 
H 

S 

+.010 

it:: ,.. 

0 

: 

010 

-.020 

em 
0 

—FT^^T^ 

f-- 

• 
WEB THICKNESSa.055  IN. | 

E: 

I  I I I I - 

' 

■l-M- titt 

^T.'. RECOMMENDED 
MAXIMUM 
PANEL WIDTHI 

 ;;1 
8 10 

PANEL WIDTH, IN. 
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FIGURE B-6    WEB DIMENSIONAL DEVIATION OCCURRENCES VS. STIFPENER 
SPACING FOR NOMINAL WEB THICKNESS - 0.064 - 0.065 
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FIGURE B-7 WEB DIMENSIONAL DEVIATION OCCURRENCES VS. STIFFENER 
SPACING FOR NOMINAL WEB THICKNESS - 0.070 - 0.085 
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TAIUK  B-l WHKK   SlIKKI   TAMUTMi OF   lltt903   SUKVKY   KKSULTS 

DWC.   NO.    1^B?703-HT HANU-KINISIIKD    □ 

AS-MACHINKI) H 

■Ml    Am/73 

owe. t 

l 
? 

A 
S 
6 
7 
S 

10 
I 1 
1? 
1 I 
M 
is 
l». 
17 
1H 
11 
N 
?i 
?? 
13 
-?'. 
2'> 
?(. 
?7 
28 
24 
30 
31 
32 
n 
M 
3S 
M 

.(y.s 

.OAS 

.OAS 

.OAS 

.OAS 

.ObS 

.0<>S 

.0')S 
. H l> 
.OS'- 
. Of I 
.oss 
.oss 
.06S 
.OSS 
.OSS 
.Ot>S 
.oss 
.oss 
.OS'. 
. 0'' s 
.oss 
.0t>S 
.OSi 
. Ot>S 

.oss 

.06S 

.oss 

.OAS 

.oss 

.OAS 

.OAS 

.OAS 

.OAS 

.OAS 

KM U1 
WIDTH 

S 
s 
3.S 
2 
A.S 

S/N 
DAIK 

WKBS 

Kl'' ('»00 
3/.M//S 

7 

7 
A.? 
A.8 
7.S 
2.0 
7.2 
7.2 
7.2 
S.A 
7.S 
A.1» 
h.8 
3.7 
A.2 
A.2 
A.2 
3.S 
2 
S 
S 
s 
s 
A.« 

ACTUAL t 

. Mt 

. OSA 

.0S5 

.0S6 

.0S3 

.OSb 

.0S3 

.0/8 

.067 

.079 

. 0t>t> 

.078 

.0«i7 

.OOS 

.077 

.OM 

.06S 

.077 

.0«>A 

.Odh 

.OdS 

.079 
. Ot>« 
.078 
.Ob(> 
.077 
.066 
.076 
.066 
.OSS 
. 06A 
.033 
.033 
.033 
.03A 
.OSA 

At 

.011 

.009 

.010 

.011 

.008 

.011 

.002 

.013 

.012 

.01A 

.Oil 

.013 

.012 
,010 
.012 
.011 
.010 
.012 
.009 
.011 
.010 
.01A 
.013 
.013 
.011 
.012 
.011 
.011 
.011 
.010 
.009 
.OOS 
.008 
.008 
.009 
.009 

S/N 
DAIK 

KlR6?n 
>/2l/7> 

ACTUAL   t 

.031 

.OS.' 

.032 

.033 

.033 

.OSA 

.IK..' 

.0/6 

.Ü6( 

.077 

.06A 

.078 

.06/ 

.06A 

.079 

.066 

.063 

.079 

.06 3 

.061 

.06 3 

.078 

.063 

.078 

.063 

.078 

.066 

.076 

.063 

.033 

.062 

.OSA 

.033 

.0S3 

.033 

.033 

At 

. 006 

.00/ 

.00/ 

.008 

.008 

.009 

. 00/ 

.011 

.008 

.011 
. 009 
.013 
.012 
.009 
.01A 
.011 
.010 
.01A 
. 008 
.006 
.008 
.013 
.010 
.013 
.010 
.013 
.011 
.010 
.010 
.010 
.007 
.009 
.008 
.008 
.008 
.008 

si im-NKKS/n.ANia's 

owe t 

. 103 

. 109 

. 100 

. 100 

. ISO 

. 100 

. 110 

.110 

.110 
. 100 
.123 
. 100 
. 1 00 
. 100 
.130 
. 100 
.100 
.103 
.103 

S/N 
DATK 

n» )9oo 
3/217/3 

ACTUAl, I 

117 
, 117 
,101 
.101 
.163 
.102 
. 12A 
.122 
.110 
.102 
.126 
. 108 
.103 
.101 
.16A 
.101 
.101 
.116 
.118 

At 

.012 

.012 

.001 

.001 

.013 

.002 

.OlA 

.012 
0 

.002 

.001 

. 008 

.003 

.001 

.OlA 

.001 

.001 

.011 

.013 

S/N 
DAIK 

ACIl'Al. t 

KlSi..'l i 
TTJfTrs 

,116 
,116 
, 103 
. 106 
. 162 
. 103 
.122 
. ll1" 
.11A 
.103 
.129 
.103 
.106 
.103 
.162 
.103 
.103 
.116 
.117 

At 

.011 

.011 
,oos 
,001 
.011 
. oos 
.01.' 
. 00" 
. OOA 
. oos 
.00. 
.oos 
. 001 
.00'. 
.012 
. OOS 
.OOS 
.011 
.012 
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TABLE  B-l  CONTINUED 

DWC NO.   12B2703 -83 HAND-FINISHED    H 

AS-MACHINED        Q 

DATE    UmiT, 

WEBS STIKFENKRS/F1ANCES                                 1 

S/N    #1 S/N #2 S/N #1 S/N «2 
DATE     11//./7i DATE   11/4/74 DATE njüliu DATE   11/4/74 

POCKET 
J_ DWG  t WIDTH ACTUAL t At ACTUAL  t At DWC  t ACTUAL  t At ACTUAL  t At 

1 .045 4.5 .049 .004 .045 .000 .105 .116 .011 .115 .010 
2 .045 5.0 .048 .003 .047 .002 .105 .118 .013 .112 .007 
3 .045 5.0 .050 .005 .047 .002 .100 .098 -.002 .097 -.003 
4 .045 5.0 .047 .002 .046 .001 .100 .098 -.002 .102 .002 
5 .045 5.0 .050 .005 .049 .004 .150 .162 .012 .162 .012 
6 .045 3.5 .047 .002 .044 -.001 .100 .102 .002 .099 -.001 
7 .055 2.0 .059 .004 .057 .002 .110 .118 .008 .116 .006 
8 .055 4.5 .059 .004 .058 .003 .110 .123 .013 .119 .009 
9 .055 4.5 .058 .003 .057 .002 .110 .119 .009 .118 .008 

10 .065 3.0 .068 .003 .062 -.003 .110 .115 .004 .114 .004 
11 .055 4.2 .058 .003 .053 -.002 .100 .099 -.001 .101 .001 
12 .055 6.7 .059 .004 .057 .002 .125 .123 -.002 .124 -.001 
13 .065 7.2 .068 .003 .062 -.003 .100 .100 .000 .099 -.001 
14 .055 6.7 .057 .002 .052 -.003 .100 .100 .000 .100 .000 
15 .055 4.2 .058 .003 .055 .000 .100 .098 -.002 .101 .001 
16 .055 4.8 .056 .001 .055 .000 .150 .161 .011 .159 .009 
17 .055 7.5 .055 .000 .052 -.003 .100 .097 -.003 .099 -.001 
18 .055 2.0 .057 .002 .057 .002 .110 .101 -.009 .102 -.008 
19 .065 7.2 .066 .001 .060 -.005 .105 .113 .008 .112 .007 
20 .055 7.2 .057 .002 .055 .000 .105 .119 .014 .115 .010 
21 .065 7,2 .066 .001 .047 -.018 
22 .055 5.4 .057 .002 .054 -.001 
23 .065 7.5 .067 .002 .063 -.002 
24 .055 4.9 .058 .003 .054 -.001 
25 .065 6.8 .066 .001 .063 -.002 
26 .055 3.7 .057 .002 .054 -.001 
27 .055 4.2 .057 .002 .055 .000 
28 .045 4.2 .045 .000 .042 -.003 
29 .045 4.2 .048 .003 .045 .000 
30 .045 3.5 .045 .000 .043 -.002 
31 .045 2.0 .042 -.003 .043 -.002 
32 .045 5.0 .046 .001 .043 -.002 
33 
34 
35 
36 
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TABLE B-1I WOKK  SHEET TABUUTION Or   12B4192  SURVEY  RESULTS 

DWC NO.   12B4192-17 

owe; t 

1 
2 
3 
4 
b 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

.150 
,150 
.100 
.100 
.085 
.070 
.050 
.050 
.150 
.050 
.050 
.070 
.085 
.100 
.100 
.150 
.150 

POCKET 
WIDTH 

1.7 
2.3 
4.7 
1.7 
4.1 
4.5 
4. 
4. 

4. 
4. 
4.5 
4.1 
1.7 
4.7 
2.3 
1.7 

HAND-FINISHED    Q 

AS-MACHINED        R 

WKRS 

S'N 
DATE 

#1 
3/26/75 

ACTUAL  t 

.157 

.10« 

.107 
,094 
.080 
.061 
.061 
.161 
.061 
.061 
.079 
.092 
.108 
.108 

.158 

At 

,007 

.008 

.007 

.009 

.010 

.011 

.011 
,011 
,011 
.011 
.009 
.007 
.008 
.008 

,008 

S/N 
DATE 

#2 
3/26/75 

ACTUAL  t 

.156 

.156 
,108 
.106 
.094 

.061 

.061 

.160 
,060 
.060 
.078 
.093 
.104 
.107 

.157 

At 

.006 
,006 
.008 
.006 
.009 

.011 

.011 

.010 

.010 

.010 

.008 

.008 

.004 

.007 

.007 

DWG  t 

S.125 
.125 
.110 
.110 
.110 
.110 
.100 
.100 
.100 
.100 
.110 
.110 
,110 
.110 
.125 

S.125 
K.160 

.160 

.150 

.150 

.135 

.135 

.125 

.135 

.135 

.150 

.150 

.160 

.160 
F.125 

DATE    4/14/75 

STIFFENKRS/KUNCKS 

S/N 
DATE 

#1 
3/26/75 

ACTUAL  t 

.124 

.129 

.115 

.115 

.111 

.101 

.102 

.102 

.100 

.099 

.101 

.108 

.114 

.111 

.130 

.125 

.166 

.167 

.152 

.154 

.138 

.134 

.131 

.137 

.134 

.149 

.149 

.167 

.168 

At 

.001 

.004 

.005 

.005 

.001 

.009 

.002 
,002 
.000 
.001 
,009 
.002 
,004 
.001 
.005 
.000 
.006 
.007 
.002 
.004 
,003 

-.001 
.006 
.002 

-.001 
-.001 
-.001 
.007 
.008 

S/N 
DATE 

#2 
3/26/75 

ACTUAL  t 

.130 

.137 

.123 

.122 

.117 

.106 

.107 

.109 

.112 

.108 

.108 

.115 

.121 

.119 

.143 

.132 

.172 

.169 

.153 

.158 

.146 

.140 

.131 

.145 

.140 

.154 

.155 

.167 

.169 

At 

.005 
,012 
.013 
.012 
.007 

-.104 
.007 
.009 
.012 
.008 

-.002 
.005 
.011 
.009 
.018 
.007 
.012 
.009 
.003 
.008 
.011 
.005 
.006 
.010 
.004 
.004 
.005 
.007 
.009 

•   ■ 
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TAHl.K   H-II   CONTINUKI) 

'    JiJ ■■Hi', »T       •'■ 

MM NO.   ltM192*l7 HAND-HNISIIKI»    □ 

AS-M/\C1I1NE1) H 

DATK     A/1S/;S 

WKBS 

BUB   t 

1 
2 

.3 
I 
I 
6 
7 
8 
9 

10 
11 
1.' 
13 
lit 

IS 
16 
17 
18 
19 
?0 
21 
22 
23 
2A 
2!> 
26 
27 
28 
29 
30 
31 
32 
33 
V. 
»s 
16 

.IbO 

.ISO 

. 100 

.100 

.08S 

.070 

.0S0 

.OSO 

.ISO 

.OSO 

.OSO 

.070 

.08S 

.100 

.100 

.150 

.ISO 

rot KM 
wim ii 

1.7 
2.3 
4.7 
1.7 
it. 1 

4.1 
4.1 
4.S 
4.1 
1.7 
4.7 
2.3 
1.7 

S/N 
DATK 

- I 
i72l 

ACTUAL i 

.157 

.158 

.108 

.109 

.094 

.081 

.062 

.06? 

.164 

.061 

.060 

.079 

.092 

.111 
. 108 
.158 
.158 

At 

.007 

.008 

.008 

.004 

.004 

.011 

.012 

.01? 

.014 

.011 

.010 

.004 

.007 

.011 

.008 

.008 

.008 

S/N  _<'■'. 
DATK     H- h/7S 

ACTUAL t 

.155 

.159 

. 110 

.111 

.096 

.081 

.062 

.06? 

.163 

.061 

.06? 

.079 

.09 3 

.109 

.107 

.159 

.158 

At 

oos 
.009 
.010 
Oil 

,011 
.011 
.01? 
.012 
.013 
.011 
.012 
.009 
.00» 
.004 
.007 
.009 
.008 

STIFF EN CRS/PIANCES 

MC  i 

5.125 
.125 
. 110 
.110 
.110 
.110 
. 100 
. 100 
. 100 
.100 
.110 
. no 
.110 
.110 
.125 

S.125 
K. 160 

.160 

. 150 

.150 

.135 

.135 

.125 

.135 

.135 

.150 

.150 

.160 

.160 
F. 125 

S/N 
DATK 

»3        _ 
1/26/75 

ACTUAL l 

. 1.' . 

. 129 

. Ill 

.111 

.111 

.101 

.10? 
. 103 
. 10.' 
. 101 
.101 
.108 
.114 
.111 
.130 
.126 
.165 
.165 
.168 
. 148 
.134 
.134 
.129 
.133 
. 134 
.148 
.147 
.166 
. 164 

At 

.001 

. 004 

.001 

.001 

.001 

. 004 

.00? 

.00? 

.002 

. 001 
004 

.002 

. 004 

.001 

.00 ' 

.001 

.003 

.005 

.00? 

.002 

.001 

.001 

. 004 

.002 

.001 

.002 

.003 

.00b 

.004 

S/N 
DA IK 

»4 
3/26/75 

ACTUAL   t 

B. 131 
. 1 14 
. its 
.123 
.117 
.107 
. 108 
.111 
.109 
.104 
. 108 
.115 
. 1?3 
.120 
.137 

S.133 
F. 166 

. 164 

. 1S1 

.151 

.140 

.138 

.12b 

.139 

.139 

. 154 

.153 

.167 

.167 

At 

.006 

.014 
01S 

.013 

.007 

.003 

.008 

.Oil 

.009 

.009 

.002 

.OOS 

.013 

.010 

.012 

.008 

.006 

.004 

.001 

.001 

.005 

.003 

.001 

.004 

.004 

.00» 

.003 

.007 

.007 
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■pn ili«ni>w        M 11 IM u II ««■s.r"'1 

TAH1K   h-U   CON-llNUtU 

DWÜ  NO. 12*4192- 11 HAM)-nNisnt;i)   D UA1E A/IS//1) 

AS-MAOHINKD         H 

1      1                                             «M                                                        11 STim'NLKS   Kl.XNOKS 

S/N    «S 
DAU: T75! EL 

S/N    #i 
IVATE     3/2677 S 

-\  

('       IK.V    t 
rocxn 
WIDTH AC.Al.   t At DWC: t     ACTOAi, t At 

1          1 S'> 1   7 . 1S7 .00/ S.12S .124 -.001 

7         ISO |    i .1S7 .007 .12S .133 . 008 

3        100 4. .' .107 .00/ .110 .113 . 00 * 

4      .lOU 
b     . M J 
6        070 

I.J 
4.1 
4.S 

.1'U 

.043 

.079 

.010 
. OM 
. MM 

.110 

.110 

.110 

.114 

.111 

.101 

. OM 

.001 
- . 01"» 

7      oso 4   1 .0t)0 .010 . 100 . 102 . 002 

8 .OSO 
9 .ISO 

10 .OSO 
11 .OSO 
12 .070 
IS    .os. 
14 .100 
15 .100 
It.      .ISO 
17      .ISO 

4.1 

4. 1 
4.1 
4.S 
4. 1 
I.I 
4.7 
2.3 
1.7 

.OM 

.162 
. O-'l 
,n% 
.07 7 
,091 
. lOe 
.ICH. 
.1S7 
.146 

.010 

.012 

.009 
. om 
.007 

OM 
. OM 
. OM 
.007 
.006 

.100 

.100 

. 100 

.110 

.110 

.110 

.110 
. l.'s 

S. 12 S 
r. i60 

.IfrO 

. 102 

. IM 

.101 

.101 

.108 

.113 

.110 

.1 M 

.12b 

.169 

.169 

.002 
. OM 
,001 

-. OO'i 
• .002 

. 00 1 

. 000 

.011 

.001 

. 009 
. OM 

1« 
. ISO . 1SJ . OM 

14 
. ISO .154 . 004 

.'0 
. 1 IS .137 . 002 

21 .13S .134 -.001 
2? 

. IIS .138 .013 
23 .13S .137 . 002 
24 

.13b .134 -.001 
2S .ISO .ISO . 000 
2ti 

.ISO .ISO . 000 
27 

.160 .167 .00/ 
28 
2<) 

.160 .16S .oos 
K.125 .. mm 

30 
31 
32 
33 
34 
3S 
3b 

 - - - 
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TABU: HUI WORK  SHEET TABULATION OK   12B2740 SURVEY RESULTS 

DWC NO.   12B2740 
HAND-FINISHED    £9 

AS-MACHINED Q 

DATE    <i/22/7i 

WKHS 

DWG  t 

I 
2 
3 
It 

S 
6 
7 
8 
9 

10 
11 
12 
13 
14 
u 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
90 
31 
32 
33 
34 
35 
36 

.040 

.050 

.160 

.120 

.100 

.080 

.100 

.080 

.100 

.070 

.070 

.050 

.100 

.050 

.050 

.050 

.100 

.100 

.050 

.050 

.050 

.070 

.080 

.100 

.080 

.100 

.120 

.100 

.160 

.050 

.040 

POCKET 
WIDTH 

3.8 
3.1 
1.9 
5.0 
5.0 
4.2 
4.2 
6.5 

S/N 
DATE 

#1 
11/4/74 

ACTUAL  t 

2.6 
6.3 

5.2 
6.3 
4.7 
4.7 

5.2 
6.3 

8.9 
6.3 
6.5 
6.5 
4.2 
4.2 
5.0 
5.0 
1.9 
3.1 
3.8 

.041 

.055 

.163 

.128 

.105 

.090 

.107 

.090 

.108 

.080 

.059 

.111 

.059 

.059 

.060 

.111 

.061 

.059 

.060 

.079 

.090 

.105 

.089 

.107 

.130 

.101 

.166 

.056 

.046 

At 

S/N    #2 
DATE     11/4/7/. 

ACTUAL  t 

.001 

.005 

.003 

.008 

.005 

.010 

.007 

.010 

.008 

.010 

.009 

.011 

.009 

.009 

.010 

.011 

.011 

.009 

.010 

.009 

.010 

.005 

.009 

.007 

.010 

.001 

.006 

.006 

.006 

.122 

.098 

.085 

.100 

.085 

.100 

.074 

.075 

.055 

.104 

.056 

.057 

.057 

.108 

.107 

.055 

.056 

.055 

.076 

.086 

.085 

.116 

.051 

.032 

At 

.002 

.002 

.005 

.000 

.005 

.000 

.004 

.005 

.005 

.004 

.006 

.007 

.007 

.008 

.007 

.005 

.006 

.005 

.006 

.006 

.005 

.004 

.001 

.008 

STIEEENERS/KLANCES 

DWG   t 

.100 

.100 

.100 

.ICO 

.130 

.130 

.110 

.150 

.100 

.150 

.130 

.150 

.100 

.100 

.100 

.100 

.110 

.150 

S/N 
DATE 

#1         
"n747^ 

ACTUAL t 

107 
,103 
.108 

.134 

.134 

.104 

.159 

.102 

.135 

.136 

.163 

.102 

.100 

.103 

110 
160 

At 

.007 

.003 

.008 

.004 

.004 

.006 

.009 

.002 

.015 

.006 

.013 

.002 

.000 

.003 

.000 

.010 

S/N    »2 
DATE     11/4/74 

ACTUAL t 

104 
.103 
.103 

.137 

.137 

.108 

.161 

.107 

.140 

108 
109 

.112 

.096 

.152 

At 

.004 

.003 

.003 

.007 

.007 

.002 

.011 

.007 

.010 

.008 

.009 

.012 

.004 

.002 
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TABU  B-IV WORK SHEET TABULATION OF   12B4021   SURVEY RESULTS 

DWG NO.   12B4021-103 HAND-FINISHED    O 

AS-MACHINED        R 

DATE    4/13/76 

WKHS 

DWG t 

I 
2 
3 
I 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
26 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.064 

.071 

.064 

POCKET 
WIDTH 

3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 

3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
4.0 
4.0 
3.9 
3.9 

S/N    FlOOflSK 
DATE     11/21/74 

ACTUAL  t 

.069 

.069 

.068 

.068 

.068 

.067 

.069 

.067 

.067 

.068 

.089 

.089 

.090 

.069 

.069 

.068 

.068 

.122 

.068 

.069 

.068 

.069 

.069 

.070 

.069 

.071 

.070 

.072 

.071 

.077 

.072 

S/N 
DATE 

F178237 
H/2I//4 

At 

.005 

.005 

.004 

.004 

.004 

.003 

.005 

.003 

.003 

.004 

.025 

.025 

.026 

.005 

.005 

.004 

.004 

.058 

.004 

.005 

.004 

.005 

.005 

.006 

.005 

.007 

.006 

.008 

.007 

.006 

.006 

ACTUAL  t 

.07 3 

.068 

.070 

.068 

.069 

.068 

.069 

.068 

.069 

.068 

.069 

.091 

.090 

.090 

.090 

.068 

.069 

.069 

.069 

.123 

.069 

.069 

.070 

.070 

.069 

.070 

.070 

.071 

.071 

.072 

.072 

.079 

.072 

At 

.009 

.004 

.006 

. 00'. 

.005 

.004 

.005 

.004 

.005 

.004 

.005 

.027 

.026 

.026 

.026 

.00/. 

.005 

.005 

.005 

.059 

.005 

.005 

.006 

.006 

.005 

.006 

.006 

.007 

.007 

.008 

.008 

.008 

.008 

STIKKENEKS/FI^NCES 

DWG t 

.150 

.150 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

.175 

S/N  Fl90888 
DATE  11/21/74 

ACTUAL t 

.146 

.146 

.171 

.177 

.171 

.176 

.169 

.172 
,179 
.170 
.171 
.171 
.170 
.172 
.172 
.169 
.171 
.171 
.178 
.169 
.174 
.175 
.177 
.179 
.173 

At 

S/N 
DATE 

FI78?>7 
Ti7?l.r74 

ACTUAL t 

.004 

.004 

.004 

.002 

.004 

.001 

.006 

.003 

.004 

.005 

.004 

.004 

.005 

.003 

.003 

.006 

.004 

.004 

.003 

.006 

.001 

.000 

.002 

.004 

.002 

151 
,152 
,175 
,176 
.177 
.177 
.176 
.177 
.177 
.178 
.176 
.177 
.181 
.178 

180 
,178 
,178 
,179 
,178 
.178 
.179 
.179 
.178 
.178 
.178 
.178 
.178 
.178 
.178 
.178 
.173 
.178 

At 

.001 

.002 

.000 

.001 

.002 

.002 

.C01 

.002 

.002 

.003 

.001 

.002 

.006 

.003 

.005 

.003 

.003 

.004 

.003 

.003 

.004 

.004 

.003 

.003 

.003 

.003 

.003 

.003 

.003 

.003 
-.002 
.003 

75 i 
.. .■_. . ^ ■ -—     ^.^-.J_ 



mmm  -"   I*1». 

TABLE   B-1V  CONTINUED 

DWC  NO.   12B4Ü21-1C3 HANU-KINISHED    □ 

AS-MACHINED H 

DATE     tm/75 

WKBS 

i>wi; t 

1 
2 
3 
I 

6 
7 
8 
9 

10 
II 
1? 
n 
14 
lb 
16 
17 
18 
19 
20 
21 
22 
23 
?i> 
2S 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

,01.4 
.064 
.064 
,064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.01.4 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.064 
.071 
.064 

TOCKET 
WIDTH 

3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 

3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 

4.0 
3.<> 
3.9 

ACTUAL  I 

.078 

.071 

.076 

.070 

.069 

.06S 

.069 

.067 

.068 

.067 

.075 

.069 

.070 

.065 

.067 

.068 

.071 

.076 

.066 

.066 

.068 

.065 

.065 

.064 

.065 

.064 

.068 

.066 

.071 

.064 

.069 

.065 

.068 

.065 

.077 

.065 

At 

S/N 
DATE 

ri90887 
4/8775 

ACTU/L   I 

.014 

.007 

.012 

.006 

.005 

.004 

.005 

.003 

.004 

.003 

.011 

.005 

.00b 

.001 

.003 

. 004 

.007 

.012 

.002 

.00? 

. 004 

.001 

.001 

.000 

.001 

.000 

. 004 

.002 

.007 

.000 

.005 

.001 

.004 

.001 

.006 

.001 

.o;o 

.067 

.063 

.064 

.064 

.065 

.06 3 

.064 

.067 

.065 

.060 

.062 

.062 

.059 

.058 

.064 

.06 0 

.06h 

.059 

.059 

.059 

.058 

.060 

.059 

.059 

.060 

.060 

.058 

.057 

.061 

.062 

.062 

.062 

.060 

.076 

.061 

At 

STIFKENERS/FIANCES 

DUG 

.006 

.003 

.001 

.005 

.000 

.001 

.001 

.000 

.003 

.001 

.004 

.002 

.002 

.005 

.006 

.000 
•. 004 
.002 

-. 005 
-.005 
-.005 
-. 00(> 
- . 004 
-.005 
-.005 
-.004 
-.OCK 
-.006 
-.007 
-.003 
-.002 
-.002 
-.002 
- . 004 

.005 
-.003 

. 150 

.150 

.175 

.175 

.175 

.175 
. 175 
.175 
.175 
.175 
. 175 
. 175 
. 175 
.175 
.175 
.175 
.175 
. 175 
.175 
.175 
.175 
.175 
.175 
. 175 
.175 
.175 
.175 
. 175 
. 17'- 
.175 
.175 
. 175 
. 175 
.175 

S/N   Fiqmi 
DATE '_jil*jjj_ 

ACTUAL  t 

.160 

.158 

.195 

.194 

. 183 

.182 

.181 

.179 

.181 

.177 

.179 

.177 

.179 

.180 

.177 

.178 
.180 
.181 
.179 
. 174 
.178 
.176 
.177 
.176 
. 177 
.173 
. r9 
.187 
. IS? 
. 186 
.183 
.178 
.182 
.178 

At 

S/N 
DATE 4/8/.5 

ACTUAL 

.010 

.008 

.020 

.019 

.008 

.007 

.006 

.004 

.006 

.002 

.004 

.002 

.004 

.005 

.002 

.003 

.005 

.006 

.004 
-.001 
.003 
.001 
.002 
.001 
.0C2 

-.002 
.004 
.012 
.007 
.011 
.008 
.003 
.007 
.003 

.161 

.160 

.192 

.1<)0 

.185 

.18? 

. 17« 

.178 

.182 

.177 

.180 

.179 

.174 

.176 

.177 

.172 

. 180 

.175 

.179 

.179 

.179 

.178 

.177 

.175 

.173 

.175 

.176 

.184 

.182 

. 186 

.179 

.179 

.181 

.179 

At 

.011 

.010 

.018 

.0)5 

.010 

.007 

.003 

.003 

.007 

.002 

.00*« 

.004 
-.001 

.001 

.002 
-.003 

.005 

.000 

.004 

.004 

.004 

.003 

.002 
000 

-.002 
.000 
.001 
.00<> 
.007 
.011 
. 004 
.004 
.006 
.00-'. 
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IWC.   NO.    17! .O.'l-Kn 

WKM^ 

IMC   t 

1 !>.., 
.' . Oh '< 
' . 0(.'. 

4 . Oh'. 
s .in. . 

t. .Ofi'. 
/ .OM 
1 . dlw 
'1 .(Xi«. 

1(1 .(ii. . 

11 . |M 
13 .06'« 
i 1 .OHS 

u .OSS 
is .OHS 
1(. .085 
J7 . Oi<'. 
18 ,0M 
19 .0<>'< 
20 . 0()'» 
21 . Oc-'t 

22 .01.. 
23 .Oh'« 
7k .06'« 
2S .064 
M . OM 
?; .Ot..'. 
H . OM 
29 . OM 
M .lit.'. 

s\ .in.. 

3? ,0M 
33 .0/1 
M . IM 
35 . 1?0 

M .064 

l(l( KKI 

WllHII 

3.7 
3.2 
3.2 
3.2 
(.? 
3.2 
3.2 
3.? 
3.2 
( .' 
3.2 

3.2 
3.2 
3.2 
I, .' 
I.I 
3.2 
I.I 
3.2 
3.2 
l   I 
>   .' 
|, | 
3.2 
3.2 
4.0 
4.0 
3.9 
3.9 

S/N 
I1AIK 

ri78737 
I     ■ 

Arr'AL   t A( 

.072 .OM 

.060 .006 

.06S .001 
, OM .lid? 
nt.; .003 

.Oh'. .000 

.06i .001 
,0M .002 
Oh4 .0(10 

.in,!, . 007 

.064 .000 

.0(.'> .001 

.OM ,001 
,08 7 .002 
.0S7 .002 
. M .001 
,013 .001 
.llt.S .001 

.OM . 000 

.0(w .000 

.MS .001 

MS .001 
,(».■, .001 

.OM .(1(1.' 

.(K.S .001 

.(>•.'. .001 

|M .002 
.(X16 .002 
.(X.S .004 
MS .001 

.Ml .OOi 
. Ot." .00s 
.0/; .006 
.070 .006 
. I'S .OOi 
.066 .002 

TAIU   H-IV   (ONTlNUtl) 

HAN')   I IM' HM>     B 

AS-MAflllNKl) Q 

IWC   t 

ISO 
ISO 

, ISO 
. ISO 
. 17s 
.17S 
. 1 'S 
.us 
.17S 
.1 7S 
. 17S 
.175 
.17'. 
. 17S 
.17S 
. 17S 
. 17S 
. 1/s 
.17S 
. 1/s 
.1/s 
.17S 
.1/'. 
. 17S 
. l/s 
. l/s 
.1/S 
. 17S 
. US 
. 17S 
,175 
,175 
. 17S 
,175 

DATE:     Ji 

5TIKI 1 Ml KS   l 1 ANt.KS 

s/N    II'S.M; 

UATlT   1 ' 

ACTUAL ( 

.rr, 

. ISl 
. r.n 
. 150 
. 1/3 
. 1/6 
, 1/S 
. 1 rs 
. I IS 
. 1 //« 
. I /.'. 
. 1 /s 
. 1/3 
. 1/S 
. 174 
. 17S 

1   S 
1/ 1 

.1/S 
1   . 

I   . 
. 174 

175 
.l/s 
. 1/4 
. l/(. 
. 17S 
. 1/S 
. 1 IS 
. 1 /(. 
. 174 
. 1/S 
.170 
.175 

At 

01 . 
.001 
,000 
.000 
.007 
.001 
. 000 
,000 
.0 0 
.001 

.000 

.007 

.000 

.001 
,000 
.000 
,001 
.OOG 
.001 

..001 
■  001 

, 000 
,000 
,001 
.001 
,000 
.000 
.0! a 
.001 

- .001 
. noo 

-.00s 
. 000 

L—L 
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TABl-E B-V Wl)KK   S1IKET  TAHUIATION OK   17b^l66   SURVEY  RtSUITS 

DWi:   NO.    l-'H.'.t.l. HAND-HN1SHKI)    □ 

AS-MACIIINKI) B 

ÖATE    4/H>/7S 

WKHS 

1 
7 

3 
I 
) 
| 
7 
8 
9 
10 
11 
12 
13 
!■'. 

15 
lb 
17 
18 
19 
0 

21 
22 
23 
24 
2i 
26 
27 
28 
29 
30 
31 
32 
33 
34 

3S 
3b 

IMi: t 

.m 

.12!> 

.070 

.17i 

.12S 

.17S 

.070 

.175 

.12S 

.070 

.070 

.070 

.0/0 

.0/0 

I'lHKf 1 
WIUTH 

7.0 

S/H 
OATE 

#1 
11/.'■-/;■. 

ACTUAL t 

.134 

.133 

.078 

. 13i 

.131 

.131 

.079 

.136 

.138 

.080 

.081 

.081 

.078 

.078 

At 

.OOI 
008 
.008 
.010 
ODb 
.00b 
. 009 
.011 
.01 1 
.010 
.011 
.011 
,008 
. 008 

S/N 
DATE 

ACTUAL t 

.131 

.131 

.077 

.134 

.131 

.131 

.0/9 

. 136 

.160 

.080 

.080 

.080 

.0// 

.077 

At 

. 00b 

.00b 

.00/ 

.001) 

.00b 

.00b 
. Wi 
.011 
. 03S 
.010 
.010 
.010 
.00/ 
.007 

STIKFKNKKS/KIANCES 

IH.'I: t 

. 100 

. 100 

. m 

.17!> 

.17S 

. 100 

. ISO 

.17S 

. 17b 

.17S 

.100 

.17S 

.m 

. 100 

. 100 

.175 

S/N ^#1 
DATE 1!/•■</'•. 

ACTUAL t 

.103 

.100 

.175 

.127 

.171 

. 104 

.15? 

. 130 

. 131 

. 130 

.098 

.133 

.137 

.098 

. 107 

.140 

At 

.001 

. 000 

.000 

.007 

.004 

.004 

. 007 

.005 

. 00b 

.005 

.002 

. 008 

.017 

.007 

.002 
015 

s/N   t>: 
DATE      I1/7S//4 

ACTUAL  t 

104 .004 
107 .007 
175 . 000 
17/ . 007 
171 . . 004 
104 .004 
150 . 000 
130 .oos 
130 .005 
131 .00b 
098 - . 007 
H7 .007 

At 

.09/ 

.100 

.137 

.003 

.000 

.017 

i 

.k 
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1 
TABLE  B-V  CONIimiED 

4* 
DWi: No. UMIM NAND-riNKHKD ■ DATE 4/2J/75 

AS-HACMINK1)        Q 

- WKKS                                                                   1 STIKKINKKS'KlANiilS 

S/N     Kl»18«h s/w   riMMft 
HAiK.    i.v/io/;. DATK     12/1^4 

# M: t 
MCUT 
WMMII ACIUAl.  t At DWI; t ACTUAL  I At 

■ 

I 
1 

■ ". . 124 -. 001 .100 . 10«. .00«> 

.123 -.002 .100 .10S . OO'- 

12^ .121 . oiv. 
^ 

6 
7 

.070 

.12S 

.12S 
12S 

.121 

.124 

.11» 

- .004 
001 

- 00b 

l.'S 
.m 
.100 

.12b 

.127 
lOS 

.001 

.00." 
. oos 

.o;o 
1 .'S 

7.0 
.12b 

■ . 002 
.001 

.150 

.119 
,154 
,137 

. 004 

.012 

9 
10 
11 
I? 
|] 
M 

,119 
.070 
,070 
.070 
.070 
.070 

7.S 
7.0 
7.S 
7.0 
S.» 

.12b 
,0b7 
^H 

. 0<»ti 

.l^S 

.001 
- . 00 < 
- 00.' 

01'.' 
. OiV. 

- , OOS 

.12S 

.125 

.100 

.12% 

.12% 
. 100 
.100 

,133 
.Oi/ 
.132 

1 \0 
.100 
.102 

.00« 
00 > 

.007 

.oos 

. 000 
. 002 

IS .125 .12b .001 
lb 
17 
J8 
If 
20 
21 
2? || 
.M 
24 
2S 
?b 1 
27 
H 
H 
JO 
31 
<2 
i- 

3-'. 
3^ 
3t 

79 
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rAMJ  l-Vl        MOM  MBT  rAMUTIM Of  l>U7ftS  MHVm  KISULTI 

DWi..  sv    1 ': HANI«  IINISMH'    □ 

AS   KM HIMH H 

DAI»    ..'ii..';s 

in.'v.   i 

i 
I 
«. 
6 
7 
8 
9 

10 
11 
I ■ 
II 
1. 
IS 
It. 
1/ 
1« 
14 
» 
|] 

13 

.>; n 

.••I 

i • 

. MM 
M ■ 
MS 

. i:. 

.MS 

.MS 
Otis 
i'   ■ 

MO 
.OM 
0 i' 
MO 
. . 
MO 

. MO 
0 J 
.    i 

N 1 

MS 
i n 

.Ot>S 

i i 

. U>0 

riHKH 
W 11« I ll 

;.4 

WtlS  

■.   0 

S/N 
I>A i e 

KlH-.t'I'l 
i'l/.'( 

Alll'M    I 

. OM 
. 0,'l 
. n' 
.0/0 
,070 
070 

. M i 

. os.' 
MO 

,004 
.OM 

DM 
OVH 
OM 

.MS 

.OM 

.Ml 
H • ,m\ 

.071 
0 I 
111 

,071 
OM 

A« 

, N • 
DM 
007 
DM 

.OM 

. OM 
. OM 
M' 

.DM 

.01 > 

.010 
Oil. 
010 

.010 

.013 
OM 
007 
OM 
OM 
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, OSO 
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. Ice 
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. ISO 
M • 
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.00/ 
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,010 
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,010 
00 . 

. DM 
. ooo 
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. OOl. 

,0M 
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,0M 
DM 
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I os 

. M f 

.107 
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1/1 

, ll./ 
OSS 

. IM 

.ISO 
.o>*t. 

lot» 
, OS / 
,070 

101 
. to.» 

At 

. 002 

. oos 

.01/ 

.00' 
,M7 
DM 
M i 

,017 
.OOS 
. 00.' 
. 000 
.00. 

,0M 
. 00/ 
.00 ■ 
.00/ 
.00." 
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TABLE   ll-VI   CONTINHH) 

MB.  NO.   l?H:'/t.s »lANO-VINlStlKO    H 

AS-M/M'HINIU D 

DATE:  A/27/7S 

—r i .. 1 
_  ■ 1- 

WKBS   
S/N  01 

S/N  Vi 
DATE   3/4/75 

DATE   3/4/75 

1/    MM 1 
IMlKKl 

WIDTH 
ACTUAL  t At we t ACTUAL  t At 

.100 .107 .007 
1     .175 mm •• .100 .107 .007 
2     .275 .080 .089 .009 
|     . »00 ■~ 080 .084 .004 
1     .0rt5 7.4 .089 . 004 

. 100 .104 .004 
S     .065 1* It " * •• .100 .111 .011 
t.    ,129 " " • ■ 

. 150 .154 .004 
/     .065 5.9 .068 .1)03 

. 150 .158 .008 
8     .065 5.9 .067 .002 080 .086 .006 
9    .MS 5.8 .068 . 003 150 .152 .002 

10     .07 5 3.9 .077 .002 150 .158 .008 
11     .0/5 6.4 .078 .003 . 100 .104 .004 
12     .WO 4.0 .042 .002 

n   .050 9.3 .062 .012 . 100 .104 .004 
1/.     .050 8.0 .064 .014 
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17      .050 9.2 .066 .016 . 100 .105 .005 
lb     .050 8.0 .066 .016 
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2't     .06 5 -- 
25     .1?5 -- 
26     .06 5 5.9 .070 .005 

27      .0S5 7.4 .090 .005 

2«     .175 -- -- 
29     .275 -- 
no   .300 

L—L  
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TABLE B-IX F-lll MACHINKD PARTS SURFACE ROUCHNESS 

. 01.'. 48 

.06'. 70 

.064 49 

.Obi* 51 

.06/. 107 

.08S 46 

. 066 76 

.064 87 

Results: 36.9 
49 nu-asuremonts on As-Machined surfaces 

Mean - 50.3 In AA, standard deviation 
22 «.casurements on Hand-Finished ^f'^ ,   M 

Mean - 69.9 in AA. standard deviation ■ l».M 

* Where parts were not ser 
numbers shown. 

iallzed, pieces were niven the 
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APPENDIX C 

FATIGUE TEST SPECIMEN DESIGN 
AND MANUFACTURING DATA 

Design and manufacturing data for the fatigue test articles 
used in Phase IV are included in the following paragraphs. 

1.0 TEST SPECIMEN DESIGN 

Testing involved two different task areas.  Task I was 

alumina anl titanium I-beams used to -se- -^^^^ ^^i- 
relaxations in ^ struc^re typ cal of airc   .  Task I^specx 
mens were components or h-iii ana ir i-u pcn-ua. 
marizes the test program. 

1.1 Task I - I-Beams 

The beams have a 30 inch test section with a ^ inch load 
introduction and transition section at each end.  There are six 
Dockets machined from both sides in the test specimen.  After 
^chtnL^^hilf of each beam was hand finished and the other end 
of the beam was left as machined.  Figures C-l and C-2 show tne 
I-beam configurations. 

1.2 Task II - Aircraft Component Tests 

These tests included specimens of two sections of the F-IU 
wing rear spar Ld a segment of a YF-16 bulkhead.  These speci- 
menf were used to verify tolerance relaxations on actual aircraft 

component configurations.  The F-IU ^^JSV»?^ ^re 

30 inch test section outboard of rear spar station 143.40.  inere 
is a 15 12 inch load introduction and transition section at each 
Ind of the specimen for a total length of 60.25 inches.  The 
specimen of ?he outboard section of the F-Ul wing rear spar has 
a 28 llinch test section starting at rear spar station 211.716 
^ith a 15 inch loading and transition section ^ each end  The 

of tWs no test load Introduction or transition area was neces- 
sary  This section of the bulkhead was used as the third sary 
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2.2 Hand Finishing 

For the specimens and areas of specimens specified, hand 
finishing was done with hand held air driven disc sanders and 
by hand with grit paper.  Sharp edges were broken with a file 
rather than the generally used scraper. The sharp edges were 
broken in this manner to prevent the possibility of the scraper 
creating burrs which would be a stress riser in the edge of the 
specimen and possibly cause an early failure.  In some of the 
I beams where the as-machined finish was very good, extra hand 
finishing was done to increase the contrast between the as- 
machined and hand finished portions of the beam. 

2.3 Surface Finish Data 

Surface finish on each of the test specimens was measured 
in both the as-machined and hand finished areas. Measurements 
were made at several points on the web of each pocket and both 
the inner and outer surfaces of each flange.  This data is sum- 
marized in Tables C-VII, C-VIII, C-IX, C-X and C-XI. 
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SEC. 1 PACE  " 

CUTTING TOOL SPECIFICATIONS 
TM^ -CU -OCI 

MQCUREUCNT   un   MAWTSMANCE   SPEOFICATIpMS 

rjrff 
if     \   J      1M.N W£B TO .010 

JtCOMD-iRV    , 
RtLier 

Ob - o» 

\ ll\       LAPJO  VMOTH 

RA'.'ii-rKtl'irr 
licet«»c '"«> 

, V«-it"- to' 
-J     ^ÄtC;Aw HAKf 

NOTLi. 
,; TOOL MltMH. TOEE M oS MflMAnfl HO MMI T«. AT puM AR:A m***.** •«■ ,0 " 

P^.    9    00 NOT FLUTE M AH'A M COWll" »AOWi '•-'• 'O- «JJ 

rr^. r «MI« COMMR KAoms -s Am.«o.nM '0!ST TO er. Lü«E^ noN -»AO.US 
p—   •     TOL   ON M«  £^0 "Mi DUV:T£«1S TO it   * 003 -.000 

•   co tiOT rircTnic "£'.■:''.-ETCH ON CKJ-.IO'JO A-KA of J^-ANK      .t/,iii,.n 

.O!   ALL  STUM « H  CUT>  H. HiL.X C«  L.H   WT.U.M.HIU«  *»»«•««" 
It ALL cu;:^ ^ --/VA.E ^^O^j s^c:^^ ^ ^ ^ ^ ^ ^ 

I«".   IOENTVY MT«  maC TRADE NAVc 0« SYMSCU .N «T SCREW FLAT 0« ON END CF SHANK 

(CONTINUED ON nfVESSC SlPE) 
APPKOVtP .     j, i i   ~     ■        i ■ i   —■    ' ————— t 

PTriIRE C-6    CUTTING TOOL SPECIFICATION - STANDARD 
hU 2 FLUTE END MILLS FOR ALUMINUM 

9f 

«MM •«— 
^■^^^HMBBBi 
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SEC. 1 PAGE 10 
■-ll.TI 

CUTTING TOOL SPECIFICATIONS -" 
TMS-CU-OOI 

PROCUREMENT AND  MAINTENANCE   SPECIFICATIONS 
high h4lix (45*) alununum cutting tnd mill» 

TMt-CU-45.001 

z. Kt MOC <•* 
0» M-lQ SH-* ■•H 

i.*,*>\ 

^ll«-t»» 

O'-l« 

NOTES 

a. 

g>IO 
ii 

B>;i 

TOOL  CCOMETRV 

CONCINTRlCtTV MTWCCN CUTTNM SUHfACtS AND SNANK   001 T.I * 
MAMTAM UNIFORM CÜTTWO CLIAMANCI ON ALL CUTTlH« SUNFACIS «ICLUO«« «ADIU8 
RCMOVC OHINOINO §1««» •» MONIINO 
00 NOT FLUTt IN ARIA OF CWNCR RADIUS IW. »•»W     .^ „^ .„. 
■HANK OU   ANO FLATS IN COMRLIAN« »ITM UtAS «M It AND PAOt "OA 
iMfN  OWNC«   «AO.üt  I«   ARfLIIO,^ PO.NT  TO M LO«C« THAN «An-US 
TOL  ON Nl* CNO MLL OlAMf TtRS TO M ♦ 003 - 000 
00 NOT ILICTNIC FINCIL CTCH ON CMUCKINO AREA OF »**••«. 

MAMNIO OY INOICATON ORO^ WTHOO.SeCONOART RA^L CLIANAN« AS RIO 0.1 ) 
ALL CUTTIRS OVIR   50 OIA  TO MAVt Nt^ROt   0»« SURFACI TRlATMtNT   
rxia «Mr A»M it« TO CNO MILLS OVER   SO OIA   . SMALLER ENO MILLS TO SE TO MFO S  STANDARDS 
W  oT? A^ÄVyR0.R^S   FI« V^O  S.SMATCH   010 MA.   HONE SHARF ||"IM«g«» "£"• 
NO UNOf RCUTTINO ALL0«t0. RAOH TO SE TRUE WITHIN   008I«» MM '-*• ••• «*"?• •• ,0J ? " "" '   .,  ., 
TWÄTERIAL TOM M» OR MTI«..) TYRE H SS   HEAT TREAT FLUTE AREA TO SMSRcORA». «H**» ••• • 

ÄWVÄVWÄJ&^'T? *S>S?m CHAMFER UNLESS SFEClFCD OTHER-.S, 

(CONTINUCD OW WtVCMt MOC) MPftOVCO C^&£dJL 
FIGURE   C-7 CUTTING TOOL SPECIFICATION - HIGH 

HELIX ALUMINUM CUTTING END MILLS 
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«-fC.  I PAGf •■> 
HI  V    lO    M     ' CUTTING TOOL SPECIFICATIONS 

TMS-CU-OOI 
PROCUREMENT   AND   MAINTENANCE   SPECIFICATIONS 

h/gh helix (45°) aluminum cutting end mills 
TMS-CU-45 001 

NOMINAL 
SHANK   DIA 

tu 
A" 

♦ "C" 
MM 

629 

rtt 
1  »4 
1 49 

0« 
10 

i as 
2 09 

•«W-«€T" FLAT 

FL*T   Pt* 
UMt 994  19 • I««» 

^ 
( ICNOTH  SMA»»n MUST liO INIO 

PHC   Sf 1   HOl Ot « ) 

NOMINAL 
SHANK   OlA 

» •• 
- M 

"A" 
t* 

-B" 
"D"   1 
MN 

• 7» 
1 OOO 
1 280 
«OOO 

1  71 
1  92 
1 99 
t.90 

09 
1 1 
1 1 
14 

99 
1 OS 
1 OS 
IM 

2 09 
2 34 
2 34 
3 31 

o-k       r 
UN ti« il 

"A" H 

•p«t-ttT"fL»T9 

PLATS PCN 
USAS S94  19 - 1969 

F-p=q 
A. 

A   19 TAP H K.I 26 0^ 
(•■MIM «ml 

 1 

SHANK   OlA 

(LCNOTN SHANK MUST 00 INTO 
Mt-9tT MOLOCR) 

£> TO« CNO MILLS WITH RADIUS 2S% 
OM MORE OF OIAMCTCH 

•NINO THIS  ARC A TO 
WAHY  RADIAL  RAKC 
ON CNO OF CNO MILL 
PROM 0* AT CCNTCR 
TO BLCNO WITH AXIAL 
RAKC   ON 0 0 

NOTE 
OUC TOTHP CIIRVC0 9ÜRFACC OCKCRATCO SV 
OCSCRISCORCLICVINO 0RIN0.THI9 WILL SC 
A HANO OPERATION 

ARCA OP SLCNO 
BCTWCCN 

AXIAL  AND 
RADIAL RAKC 

AMROVCD 

FIGURE   C-7 (Cont'd) 
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CUTTING TOOL SPECIFICATIONS5-—8 

TMS-CU-OOI 
PROCUREMENT   AND   MAINTENANCE   SPECIFICATIONS 

• 4,6 AUO 8  FLUTE   END  WILLS 
FOR MACHINING MICH STREfJOTH A.'JO MICH TEWPCRAUiRE   ALLOYS 

  TMS-CU-25002 

16 
17 

£>•• 

CONCENTRICITY   BEW.IEN  CUTTING SURfJCES iNO SHiNK  .002 Tl R 
TOLERAMCE 0\ SH~(,K   9M   •"•.■JD FLATO PZK LSiS C04 ;3.ISC8 

" '    NtV«  Ef.D WILL DMtMCTIIIt TO t£ + 003- COO 
ALL  COT T EPS R H. CUT S H. MELIX. C?» L N   CUT L M   MFLIX . AS REO'O 
FINISH  C«  CUTTI.MO E'jRFACES  20- M RMä  WiX^FEMO^E Ci^ifJOifJO BURRS BY HONEINO 
TOOL   MAT'L   TO BE  Al? I   ■••41 .f«;? ,M43 ,M44 H S 3  . MEAT TREAT FLUTE  AREA 68-69 Re 
DRAV»  SHAfJK   AREA TC  4? ".- MAX 
MAINTAIN IMMM  CUTTl>.'0  CLEA.lAIWCt C^ ALL CUTTlNO  SURFACES INCLUOIWC RADIUS 
THROUGH   bOO LIA   I«) fUUTIt« .t2t•! CCO OIÄ (•) FLUTtS , I i2£ - J CCO ClA (•) FLUTES 
STEEL STAWP ON  ZtiD AS SMCWN OP. IN SET SCRE«  FLAT !  A.I.S I. W>. AND STEEL WFCR'S. 
SYMBOL 
ALL  CUTTERS TO BE "GASHED END" TYPE V»ITH NO SALVAGE HOLE OR CENTER 
'     /      * OVER    JO CIA. TO HAVE  NITRIDE-OXIDE  SURFACE TREATMENT 

THIS  SPEC    APPLIES TO END MILLS   OVER  .!0 CIA   , SMALLER   END MILLS TO 9E TO MFOR'S. 
STANDARDS 
SHARPEN  PER  PAGE   I* 
ON   06 R   a LAKJtR    RADIUS, FACE 8 0 0 MISMATCH  010 WAX   HOWE SHARP INTERSECTION TO 
BLEND    NO UNCiRCUTTl^G ALLOWED   RADII   TO BE TRUE VrlTHIN   COS (*< LH» t«, c«i ».»«TC io M 
IOXC« «••»■)    SEf   PACE   4 A 
NEW  TOOLS TO 1.-   PUMMNn ^ITH .01 CORNER RAO<US (WIMI t'lc««} or-fOiii •• »o oa tori. CI<IC<) 

EXISTING TOOLS AT ÜOF.Y AS OF 3.IC-V0 MAY HAVE A SALVAGE HOLE CENTER AND/OR "PRE- 
SET" SET SCRE«  FLATS 3UT ALL TOOLS PROCURED AFTER THIS DATE MUST & 1?LY «ITH 
NOTE  II AND AS IHOMI 
FLUTE IN AREA CF COPNER RAOtUS ONLY WHEN RADIUS IS 25% OR MORE OF OlA («i «•! tA ) 

((•«THMf a »«UCI   IA   ) APPROVED. V 

FIGURE C-8 CUTTING TOOL SPECIFICATION 
4, 6 & 8 FLUTE END MILLS 
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^    SEC. > fAGE 3A 

CUTTING  TOOL  SPECIFICATIONS  li-™ 
TMS-CU-OOI 

f^ROCUREMENT  AND   MAINTENANCE   SPECIFICATIONS 
4,0 ANO   8  FLUTE   EUD   MILLS 

(STCCL    CUTTING) 

^ 
WH  ZHO I.'IILO  '.»ITH RADIUS 25% 

OS  MCSt CF PIAMtTtH 
Norc ■  •• •.« -  -.IF •,•«.,1 •tM««ilt> 

«King THittiif« :ov««i »>;"»i «*KI- 
C«  !»> 0»   ts?    in    ■•o«  (•• «t Cl«t|ll 
10 »LIM «I'K AAIM ••■I  "»CO 

* •• 
- tl 

03 »«y-«' V 

TMS-C025 002 

TYPCAL   FOR   BALL   NOSC   CMO MILLS 

Toil ONIVITMIII 01 

.— r*iu«KT II«CI«I. MM^lHHMH "Ml 

«»oui '«M! "if                        I          '*■ "* '0* *0OVt T ^  T"',U ' T ' 
' I I      S*-1' ro» KOVI I -i- ou 

irSteTSÄ - 
003 •«»» e%£« -^ -A rt^-11'«—'I- y* 
oio  •    •    I« j     ^S 
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TABLE C-I  VERIFICATION TEST PROGRAM SUMMARY 

Test 
No. Specimen Material 

No. of 
Specimens Spectrum 

Task ] [   (Development 

I-beam 

Tests) 

2124-T851 5 F-111A Phase I and 
II Training Usage 

1 

2 I-beam 2124-T851 7 YF-16 Air Superior- 
ity Random Ordered 

3 I-beam 6A1-4V beta 
annealed 

6 YF-16 Air Superior- 
ity Random Ordered 

Task CI (Verificatic )n Tests) 

2124-T851 4 (Same as test #1) 4 F-Ul Rear 
Spar Segment 
- Inboard 

5 F-IU Rear 
Spar Segment 
- Outb'd 

7050-T73651 4 (Same as test #1) 

6 YF-16 Bulk- 
head Segment 

6A1-4V beta 
annealed 

(two 
channels) 

(Same as test #2) 
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TABLE C-II GIDDINGS &  LEWIS (8 x 30) 3-AXIS 
SKIN MILL SPECIFICATIONS 

MACHINE SPECIFICATIONS: 

3-Axi8 Mill 
Table Size 
Horsepower 
Spindles 
Spindle Speeds 
Control System 
Approximate Location 
Task Center 
High Strength Machining 

PROGRAMMING SPECIFICATIONS: 

Postprocessor (1-4 Format) 
Rapid Traverse 

Maximum Travel 

INTCOD Commands Required 

(Optional) 

SPINDL Commands 
COOLNT Commands 
TOOLNO Commands (Optional) 
Gerber ADM Format Statement L 

(1) Machine 
92" x 360" 
50/100 
(2) 
1800/3600 RPM 
Bunker-Ramo 3200 
Col 72S 
231 
No 

MACHTN/TRW3GD,4 
100 IPM (X & Y-Axis) 
55 IPM (Z-Axis) 
X-Axis:  360 
Y-Axis:  92 
Z-Axis:  12 
INTCOD/8,360 
INTCOD/9,92 
INTCOD/10,12 
Not Required 
Required 
Required for Preset Cutters 
FSTI X14, Y14, Z14 
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TAB1.K C-Ul  ONSRUD 4-AXIS MILL SPECIFICATIONS 

NACHINE srECIFlCATIONS: 

4-Axls Mill 
TabU- Size 
Horsepower 
Spindles 
Spindle Speeds 
Control System 
Approximate Location 
Task Center 
High Strength Machining 

PROCRAMINC SrECIFlCATIONS: 

Postprocessor (l-A Format) 
Rapid Traverse 

Maximum Travel 

MULTAX & VAAXIS/ON Commands 
INTCOD Commands 
SriNDL & COOLNT Commands 
TOOLNO Commands (Optional) 
Gerber ADM Format Statement 

Machines (4) 
96" x ISO" 
30/100 
(2) 
9-3600 RFM 
Ikinker-Ramo 
Col 62-68S 
228 
Yes 

3000 

MACHIN/TRW4CD,1 
100 TPM (X 6. Y-Axis) 
55 IPM (Z-Axis) 
55 DPM (Tilt) 
X-Axis:  180 
Y-Axis:  96 
Z-Axis:  18 
Tilt:  +15l■, 
Required 
Not Required 
Not Required 
Required for Preset Cutters 
FSTI   X14,   Y14,   Z14 
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TABLE C-IV GIDDINGS & LEWIS (8 x 30) 4-AXIS 
MILL SPECIFICATIONS 

MACHINE SPECIFICATIONS: 

4-Axis Mill 
Table Size 
Horsepower 
(2) Spindles 
Spindle Speeds, (2) 
Control System 
Approximate Location 
Task Center 
High Strength Machining 

PROGRAMING SPECIFICATIONS: 

Postprocessor (1-4 Format) 
Rapid Traverse 

Maximum Travel 

MULTAX & V4AXIS/ON Commands 
INTCOD Commands 
SPINDL Commands 
COOLNT Commands 
TOOLNO Commands (Optional) 
Gerber ADM Format Statement 

Machine(1) 
92" x 360" 
50/100 

1900/3600 RPM 
Bendix Dynapath 24 
Col 60S 
230 
No 

MACHIN/BENDX4 
100 IPM (X & Y-Axis) 
55 IPM (Z-Axis) 
55 DPM (Tilt) 
X-Axis:  360 
Y-Axis:  92 
Z-Axis:  18 
Tilt:  +15° 
Required 
Not Required 
Not Required 
Required 
Required for Preset Cutters 
FSNI X14, Y14, Z14 
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TAhU   l-VIl        l-HMM  mi   sl'M IMfSs   lUNrACI   KINISM   HAIA- 

MJMIMM,  i'/N in Nl 

ovniM nAMM (OK)-«. 
INSIDK  rUMCI   (IfK\ rn-KK n/Ncr   ci'F) 

»tie 
I I 

♦—I—f—• I b dco db olo vv 

I.OWKK   11 AMI'   (IT) 

^^r^ 
■A (fi -f—»-0 

— IIAND-FINISHKI»   (ll-F) AS MACHINKD   (AM)- 

crxT)  m  M  WWW  S? 

I  I  i  i-1-'-' 
KAR siDK (ra) 

' 

<x ■   WKI< UVAilON 

00 -   FI.ANt.F   UHATION 

Dl IAT1. 

iVL N_'F 

HANI>-FINISI1KI>                      1 AS^ lACHlNEO                          1 

1 1 1 » » b         7 7 1 s 4 l 2 1 

INSIDF   rUMSI   M'KFAl 1         1 

7S, Al II NS V. M st. H^l II      ..s 1 1     104 IM III III IM IM 117 

UF FS so :i (S M ^ t      s» 11    in IM IM lib 12t> IM 109 

1 F NS ^•*'* s^ 42 s; Sti         )H M     kl IM IM 110 110 HO 107 

II FS 2b s; St. SH SS       4 7 II     103 127 110 114 113 114 110 
■ TSIDK FLANI;E SURFACS, MIN., A \ 

UF 24 i2               :\            ^l   26 N 28 27 

If 17 !•)                     19               .'Öl     »4 34 U 34 
  " INSIDE  FIANlJE  SUKIAIK         j 

757 Al UF NS 2/ it> 10 IS 24 20 2 1 43 b.' u b3 49 55 2b 

l'F FS 1/ M 19 (S 2 7 N .'7 (•4 4S 49 52 55 44 40 

IF NS 1 \ 24 24 II 2 ( |] 17 34 33 49 47 3b 11 12 

IF FS li 11 19 N (8 37 3S S8 b» b? 4 t Sl (.8 24 
IHMSIPK  FI.ANOF   SUKKAlF 

UF i; lt.                     1b                10 1    29 
8                      7                 9 J    3b 

|] 30 29 

IF ') 3S 33 34 
INSIDK FI.ANI;K SURFACK 

75M Al UF NS IS II 1 \ 11 ;s 27 2b bS M ss S8 78 4S 88 

UF FS i * 2\ 24 IS M 10 14 S9 78 18 79 53 73 b8 

|f NS IS 4 11 10 7 lb II 70 b4 (>i> b7 7 3 74 81 

Iff FS IS IS 14 1« |] 1 1 IS 73 SS b\ 52 5b 47 88 

oursiDK rUMOl SI'RFACK 

UF V 7                    7                (.141 39 36 39 

IF 1/ IS                    19              18|    33 42 II 33 
Hiaaa INSU)':  FUNOK  SURFACF. 

759 Al l'F NS .'K 44 4S 4S 18 17 29 SO 52 49 40 S2 4 b Sl 

UF FS II M IS 14 }7 »2 2>1 18 (S 41 M 44 41 36 

Iff NS ((< N IS \S 10 34 19 S \ |] 52 S4 50 52 51 

LF FS 2«» 27 n II 27 M 4 1 l» 38 lb 35 41 42 37 

«MSIUK   FIJ\NI;K   Sl'KKAi 1 1 

UF 2b 24                  27              24 1    22 
24               ."l    .M 

23 23 24 

Iff 28 22 21 
 — 

INSIDF.   FIANCF   SURFAt F 

7h- Al UF NS 17 19 28 20 20 33 21 31 3b 38 33 40 33 32 

UF FS 24 29 27 2 1 28 20 23 33 39 32 34 lb 41 40 

Iff NS 2S 19 21 21 21 17 14 14 33 30 30 34 38 45 

Iff rs 28 29 2S 26 30 32 31 32 33 30 42 43 4/ 58 

OUTSIOK  FIANlIK  SURFA( 1 
UF 

IF 

27 
JO 

25                  28             2b 
35                  27              II LS 23 

23 8 8 
INSIDF   II.ANi;K   SURFAlK 

7b( Al Ul- NS 20 18 19 •>2 24 23 23 53 b8 47 55 bO 62 49 

li F FS IS 22 11 19 2S M 2 3 S5 83 85 73 71 b9 79 

l.F NS 2S 20 :\ 40 37 35 29 b3 52 bO 73 55 b9 58 

Iff FS 37 20 24 24 IS lb IS 54 53 81 62 74 61 77 

OUTSIOK  FLANlIK  SURFAl F 
UF 9 

U         i          8        1      71    24 
40 39 s 

Iff |] 33 1       4l 
1       29        1 
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APPENDIX D 

TEST SPECTRA AND STRESS LEVELS 

This appendix describes the approach used in generating the 
F-lll and YF-16 wing fatigue spectra to be used on I-beams and 
F-lll rear spar segments as well as the YF-16 vertical tail 
spectrum used on the titanium fuselage frame segment that pro- 
vides partial support for the YF-16 vertical tail.  The selection 
of stress levels for these components is also discussed. 

1.0  FATIGUE TEST SPECTRA AND DESIGN STRESS LEVEL 

Preliminary fatigue test spectra were developed for the 
aluminum and titanium I-beam test program.  The F-lll test spec- 
trum shown in Table D-I was used to test the aluminum I-beam 
and spar specimens.  The F-16 spectrum shown in Table D-II was 
used on aluminum and titanium I-beams.  The spectrum of Table 
D-III was used on the YF-16 titanium frame se nent.  Each test 
spectrum represented aircraft design usage and was applied in 
randomized block form. 

The test spectra development procedure used limited trunca- 
tion of smaller load factor load level occurrences.  Combined 
load levels (layers) were expressed as a percentage of the maxi- 
mum spectrum load and randomized using an IBM 360 procedure.  The 
randomization technique is intended to more realistically repre- 
sent typical service usage for spectrum interaction effects 
(retardation) on crack initiation and propagation. 

The 124-layer F-lll test spectrum was applied as a 200-flight- 
hour block.  Repeating the spectrum 20 times represents one 4000- 
hour service life.  The maximum (100%) stress level of 24 ksi is 
representative of the F-lll aluminum wing stress level at maximum 
spectrum load. 

The 120-layer YF-16 test spectrum was applied as a 400-flight 
hour block.  Repeating the spectrum 20 times represents one 8000- 
hour service life.  The maximum (1007.) stresses of 30.7 ksi (alum- 
inum) and 61.4 ksi (titanium) are representative of YF-i6 wing 
stresses at maximum spectrum load. 
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The above stress levels were based on damage tolerance allow- 
ables analysis available at the time of spectra development.  The 
allowables reflect the damage tolerance requirements of MIL-A-83444 
(USAF Airplane Damage Tolerance requirements) for 212A-T851 alumi- 
num slow crack growth non-inspec table structure. 

2.0  TEST STRESS LEVELS 

2.1  F-lll I-Beam Stress Levels 

Testing of the F-lll aluminum I-beams began using the maxi- 
mum spectrum stress level (MSSL) of 24 ksi.  At the completion 
of 80 test blocks (16,000 hours) detectable cracking had not 
occurred.  The MSSL was then increased to 45 ksi for subsequent 
testing in an attempt to accelerate crack initiation and yet 
retain sufficient inspection intervals.  The 45 ksi stress was 
estimated based on a conventional fatigue analysis using the F-lll 
test spectrum. 

A KT - 2.0 was estimated for the web/stiffener/flange radii. 
The analysis combination of 45.0 ksi and Kj ' 2  indicated that 
crack initiation should occur at approximately 0.5 lifetimes 
(lO test blocks or 2000 flight hours). 

Continuation of testing at a MSSL of 45.0 ksi resulted in 
an unexpected failure of an I-beam in the flange at the loading 
fixture-to-test section area.  The failure occurred during block 
36 at the 45 ksi stress and was catastrophic.  While the failure 
indicated a problem in the beam design for load transition, it 
was felt this could be corrected.  An ultrasonic inspection of 
the other beams being tested at 45 ksi could find no cracks.  It 
was decided to continue testing the other beams until 40 test 
blocks were completed and a fix in the problem area could be 
instituted.  At the completion of 40 blocks, a second beam was 
found to have a crack in the same area that was 0.5 inches in 
surface length.  Since the ultrasonic inspection performed on 
this beam during block 36 had indicated no cracking, the obser- 
vation was made that the apparent crack may have formed and pro- 
pagated to 0.5 inches in less than 5 blocks indicating very 
rapid crack growth at the 45.0 ksi stress level with very litMe 
opportunity for any practical inspection schedule to detect 
cracking in any area of the specimen.  It was, therefore, decided 
that a smaller MSSL was required that would be sufficient to pro- 
duce crack initiation and yet propagate crack growth at a rate 
that would allow detection of reasonably small cracks in less than 

one lifetime (or 20 test blocks). 
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A MSSl of 30.0 ksi was consequently selected by performing 
analytical crack propagation studies to establish the relative 
crack growth rates for the F-Ul test spectrum over a range of 
MSSLs.  The 30-ksi stress level exhibited a computed growth rate 
approximately 10 times slower than that of tin' 45-ksi stress 
level.  The assumed crack growth behavior indicated bv the second 
cracked beam mentioned previously (45 ksi, ultrasonically inspected 
after 35+ blocks, 0.5-inch crack) was approximated, and the number 
of blocks required to produce a O.lO-inch crack length was estab- 
lished as 1.8 blocks.  Using the reduced analytical crack growth 
rate for the 30-ksi stress level, 18 blocks are estimated to pro- 
duce a 0.10-inch crack size which is two blocks or 400 hours 
short of 1 life.  The 0.10-inch crack size was judges to be a 
detectable size that could be polished out. 

2,2 YF-lb 1-Beam Stress Levels 

A MSSL of 30 kü was recommended as the starting point for 
the YF-16 aluminum I-beams based on the following: 

a. Analytical crack growth studies were performed for a 
range of MSSLs using the YK-lb test spectrum.  The 
number of blocks required to grow a crack from 0.05" 
to 0.10" at 25 ksi was computed to be 38 blocks (15,200 
hours).  The number of F-Ul blocks required to grow I 
crack from 0.05" to 0.10" at 24 ksi was computed to be 
172 blocks (34,400 hours).  Therefore, the YF-lb spec- 
trum is about 2.26 times more severe than the F-Ul 
spectrum. 

b. Metallurgical fractographic analysis of the catastrophic 
failure identified a 0.07-inch crack in the test speci- 
men after 80 blocks (4 lives) of the F-lll spectrum 
testing at 24 ksi.  Therefore, the YF-16 spectrum could 
be expected to produce an 0.07-inch crack at approxi- 
mately 4/2.26 - 1.77 lives with a MSSL of 25 ksi. 

c. The crack growth studies for the YF-16 spectrum also 
showed that a 30-ksi MSSL would exhibit a growth rate 
about 3.2 times faster than the 25-ksi MSSL.  Applying 
this additional factor to the 1.77 lives of (b) indi- 
cated 0.5 (i.e., 1.77 - 3.2) lives to produce a 0.07- 
inch crack.  It was, therefore, judges that the 30-ksi 
MSSL could produce cracking of the size of 0.07 to 
0.10 inches in less than one lifetime. 
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TABLE D-I   (CONTINUED) 

Load Cycles per 
Level 

Al 

Min 7. 

0.27 

Max 7, 

0.63 

200-Hr Block 

1 
42 0.27 0.54 10 
43 0.18 0.44 20 
44 0.02 0.38 362 
45 0.10 0.37 178 
46 0.10 0.28 1546 
47 0.19 0.46 321 
48 0.19 0.40 381 
49 0.22 0.47 180 
50 0.10 0.32 6 
51 0.15 0.31 5 
52 - 0.21 - 0.13 4 
53 0.27 0.59 18 
54 0.28 0.64 50 
55 0.22 0.46 352 
56 - 0.22 - 0.12 1 
57 0.19 0.74 97 
58 0.01 0.46 102 
59 0.13 0.34 291 
60 0.19 0.49 278 
61 0.15 0.40 3 
62 0.32 0.58 11 
63 0.08 0.35 477 
64 0.10 0.43 35 
65 0.01 0.29 1374 
66 0.21 0.72 30 
67 0.21 0.62 543 
68 - 0.21 - 0.05 17 
69 0.25 0.56 81 
70 0.21 0.42 686 
71 - 0.02 0.44 63 
72 0.21 0.45 130 
73 0.02 0.56 102 
74 0.21 0.69 1 
75 - 0.21 0.04 476 
76 0.19 0.48 989 
77 0.19 0.83 1 
78 0.19 0.47 416 
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TABLE D-I (CONTINUED) 

Load Cycle«? per 
Level Min 1 M-ix \ 200-Mr Block 

79 -  0.24 0.03 15 
80 0.32 0.69 8 

81 0.28 0.70 4 
82 0.19 0.44 r)05 

83 0.19 0.37 763 
84 0.21 0.66 104 

85 - 0.02 0.53 19 
86 0.19 0.72 280 
87 0.19 0.52 147 
88 0.01 0.37 371 
89 - 0.02 - 0.06 128 

90 - 0.21 0.07 557 

91 0.21 0.66 4 

92 - 0.17 0.07 50 

93 0.21 0.56 75 

94 0.19 0.68 533 

95 - 0.17 - 0.12 2 

96 - 0.25 - 0.18 2 

97 0.21 0.54 682 

98 - 0.21 0.04 295 

99 0.15 0.49 25 
LOO 0.11 0.42 193 
101 0.21 0.70 15 
102 0.08 0.35 13 

103 0.21 0.64 195 
104 0.10 0.46 29 

105 - 0.07 0.61 1 

106 0.01 0.42 11 

107 0.01 0.37 38 

108 0.21 0.99 1 

109 0.10 0.47 64 

no - 0.26 - 0. I*) 1 

HI - 0.25 0.10 200 
112 0.15 0.39 32 

113 0.10 0.S6 19 

114 - 0.08 0.17 238 

115 - 0.06 0.48 1 

116 0.10 0.44 1 

117 0.29 0.62 12 

118 0.00 0 32 300 

119 0.0 0.04 266 
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TABU ü-1  (OOMTXIIUBD) 

lo.id OwU's   poi' 
li«vol Hin % MM t 200-Hr Block 

120 -  0.21 - O.M 6 
121 0.11 0.87 2 
122 0. 10 0. ) 3 l 
121 0. IS 0.42 37 
124 0. 10 o. S9 1 

Total   cycles   per  Mock ))    A >/i 
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TAB1.K  D-II          I-BKANS   -   YF-16  TEST  SPECTRUM 

Load Cycles   per 
Level Min.   7, Max.   7. 400-Hr  Bleck 

I 0.10 0.42 847 

2 0. 15 0.55 5 

3 0.12 0.44 21 

4 0.15 0.95 I 

3 0.13 0.51 2 

6 -  0.03 0.44 2 

7 0. 14 0.34 1861 

8 0.15 0.83 4 

9 O.U 0.30 187 

10 0.15 0.65 7 

11 0.13 0.49 3 

12 0.13 0.44 9 

13 -  0.04 0.10 22 

14 0.10 0.27 18 

15 0'.12 0.57 37 

16 0.15 0.36 102 

17 -  0.03 I. 00* 1 

18 O.U 0.30 1460 

19 0.15 0.79 4 

20 0.13 0.27 38 

21 -  0.03 0.67 13 

22 0.15 0.41 93 

23 0.15 0.51 39 

24 0.12 0.46 3 

25 0.15 0.58 1 

26 -  0.06 0.15 36 

27 O.U 0.35 24 

28 0.15 0.51 318 

29 0.15 0.48 43 

30 0.10 0.30 1271 

31 0.13 0.30 111 

32 0.16 0.51 24 

33 0.13 0.51 1 

34 0.15 0.58 2 

35 -  0.03 0.72 16 

* Maximum Load Level; Maximum Stress 
and 61.4 ksi (Titanium). 

30.7 ksi (Aluminum) 
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TABLE  D-1I   (CONTINUED) 

Load Cycles  per 
Level 

36 

Min.  7. 

0.13 

Max.   7. 

0.38 

400-llr  Block 

1 
37 V     0.12 0.52 1 
38 0.10 0.60 68 
39 0.07 0.38 51 
40 0.15 0.57 15 
Al 0.13 0.32 164 
42 0.15 0.58 3 
43 0.13 0.34 72 
44 0.15 0.54 26 
45 0.11 0.44 3 
46 0.15 0.36 65 
47 0.12 0.81 1 
48 0.12 0.64 10 
49 0.12 0.68 8 
50 0.15 0.57 10 
51 0.12 0.72 4 
52 0.11 0.35 1122 
53 0.15 0.44 34 
54 0.14 0.68 164 
55 0.12 0.51 44 
56 0.12 0.51 3 
57 0.15 0.34 347 
58 o.n 0.34 5 
59 0.0 0.15 57 
60 -  0.23 0.12 4 
61 0.12 0.54 1 
62 0.11 0.32 65 
63 0.12 0.47 30 
64 0.12 0.44 43 
65 -  0.03 0.59 31 
66 0.15 0.48 8 
67 0.12 0.51 26 
68 0.15 0.38 477 
69 0.11 0.30 889 
70 0.07 0.62 4 
71 0.12 0.33 30 
72 0.12 0./8 1 
73 0.15 0.48 1 
74 0.10 0.49 1 

75 0.13 0.41 10 
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TABLE D-ll   (CONTINUED) 

Load Cycles  per 
Level 

76 

Min.  X 

0.13 

Max.   7. 

0.49 

400-Hr Block 

55 
77 0.15 0.41 111 
78 -  0.03 0.53 91 

79 0.12 0.37 86 
30 0.15 0.44 16 

81 0.12 0.72 1 
82 0.11 0.35 12 

83 0.16 0.65 2 

84 0.12 0.37 69 

85 0.12 0.30 347 
86 0.10 0.49 313 

87 -  0.03 0.84 7 
88 -  0.02 0.13 66 

89 0.12 0.64 2 

90 0.07 0.50 19 

91 0.15 0.38 69 
92 -  0.13 0.15 12 

93 0.12 0.41 305 

94 0.14 0.52 314 

95 0.12 0.57 1 

96 0.13 0.41 187 

97 0.13 0.41 1259 

98 0.14 0.54 1 

99 0.13 0.32 924 

100 0.12 0.30 57 

101 -  0.03 0.92 1 

102 0.10 0.38 5 

103 >  0.03 0.62 13 

104 0.15 0.78 30 

105 0.11 0.44 463 

106 0.14 0.33 1380 

107 0.15 0.59 143 

108 0.15 0.41 87 

109 0.15 0.38 138 

no 0.14 0.45 1109 

111 0.12 0.72 2 

|     112 -  0.10 0.12 23 
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TABLE D-II   (CONTINUED) 

Load Cycles per 
Level Mln. 7, Max. 7, 400-Hi- Block 

113 0.13 0.53 60S 
114 0.07 0.26 77 
115 - 0.16 0.12 8 
116 0.12 0.58 9 
117 0.12 0.64 4 
118 0.15 0.54 33 
119 0.15 0.58 281 

2 120 - 0.03 0.76 
Total cycl es per block - 19,305 

132 

k      



■^ —^._ 

FABLI ü-111 
YF-16  VERTICAL TAIL R(X1T  ROLLINC  NOMKNT  TEST  SPECTRUM 

Load 
].ovo 1 

Min. IVrcont 
Alt. T/vul 

Max. rorcent 
Alt. Load . 

Cycles per 
Block 

BaMi^ '  m«—i— 

I -  25.0 25.0 2900 

2 - 83.3 83.3 1 

3 - 100.0 100.0 One Cycle Every 5 Blocks 

4 - 41.7 41.7 89 

5 - 66.7 66.7 4 

6 - 58.3 58.3 9 

7 - 75.0 75.0 2 

8 - 33.3 33.3 470 

9 - 16.7 16.7 14500 

10 - 91.7 91.7 One Cycle Every 2 Blocks 

11 - 50.0 50.0 25 

NOTES :  (1) Tho men n load is zero. 

(2)     I  Block = 400  Cllght   hours. 

6 i (3)     100%  root   KM 9 V.L.   116.5  -  0.600 x   \0l   in.lbs. 

133 

L_ ■- -   ■   



1 ■ 

APPENDIX E 

TEST FIXTURES AND SPECIMEN LOADING 

"^GtQuuj 

135 



mmmm T—'w-*rr 

APPENDIX E 

TABLE OF CONTENTS 

1.0 TEST FIXTURES 

1.1 I-Beams 
1.2 F-IU Rear Spar Segments 
1.3 YF-16 Fuselage Frame 

2.0 LOADING SYSTEM 

3.0 PROCEDURES 

3.1 Strain Surveys 
3.2 Inspections 

4.0 I-BEAM FATIGUE TESTS 

4.1 Test Procedure Variations 
4.2 I-Beam Orientation 

5.0 FATIGUE TEST SPECTRA 

Page 

139 

139 
139 
139 

144 

144 

144 
155 

155 

160 
160 

164 

136 

. _. ___ 



rw^m^^^^mmww immn n ■■ ■■«wimp^w ■  Ji? 

APPENDIX  E 

LIST OF ILLUSTRATIONS 

Figure 

E-l       I-Beam Test Loading Arrangement 

E-2       F-lll Inboard Rear Spar Segment Loading 
Arrangement 

E-3       F-lll Outboard Rear Spar Segment Loading 
Arrangement 

E-4       YF-16 Titanium Frame Loading Arrangement 

E-5       I-Beam - Strain Gauge Locations (622-010) 

E-6       F-lll Inboard Rear Spar Segment - Strain 
Gauge Locations (622-012) 

E-7       F-lll Outboard Rear Spar Segment - Strain 
Gauge Locations (622-014) 

E-8       YF-16 Fuselage Frame Strain Gauge Locations 
(622-013) 

E-9       Doubler - Aluminum I-Beam (622-015) 

E-10      1/4 Inch Diameter Holes - Aluminum I-Beams 

E-ll      I-Beam Orientation 

140 

141 

142 

143 

154 

156 

157 

158 

161 

162 

163 

137 

■MÜMMHir MMUiMaai^BaaakkH|MiMMil 



r tlFWf        • 

APPENDIX E 

LIST OF TABLES 

Table 

E-I 

E-II 

E-III 

E-IV 

E-V 

E-VI 

Final Strain Survey on First I-Beam 
Specimen 

Final Strain Data on the F-lll Inboard 
Rear Spar Specimen 

Final Strain Data on the F-lll Outboard 
Rear Spar Specimen 

Final Strain on the YF-16 Frame Segment 

Final Strain Readings for I-Beam Load 
Balance 

Test Inspection Schedule 

Paee 

145 

148 

150 

151 

153 

159 

138 

     - - 



APPENDIX E 

TEST FIXTURES AND SPECIMEN LOADING 

This appendix describes the test set-up and the operations 
pertinent to the fatigue spectrum loading on the I-beams, the 
F-I1I rear spar segments and the YF-16 fuselage frame. 

1.0 TEST FIXTURES 

Each specimen type was installed in a test fixture specially 
designed to apply its loading requirements. 

1.1  I-Beams 

The I-beam specimens were installed in fixture 622FTJ21812 
as shown in Figure E-l.  This fixture applied fixed end moments 
to the specimen so the stress was constant along the length of 
the beam test section.  Four |»eams with loading assemblies were 
suspended from a support frame and were tested simultaneously. 

1.2 F-Ul Rear Spar Segments 

The rear spar specimens were installed in fixture 622FTJ21820 
as shown in Figures E-2 and E-3.  The rear spars were loaded in 
pairs consisting of one as-machined and one hand-finished patt. 
The loading assembly applied fixed end moments to each of the two 
pairs of spars suspended in the fixture. 

1.3 YF-16 Fuselage Frame 

The YF-16 fuselage frame specimen consisted of two sculptured 
channels back to back, half of each channel as-machined, the other 
half hand-finished.  The assembly was installed in a loading frame 
as shown in Figure E-4.  The test fixture is specified on drawing 
622FTJ21825.  The loads were applied through a fitting representing 
the vertical tail attach fitting and were completely reversible. 
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FIGURE E-3 F-111 OUTBOARD REAR SEAR SEGMENT UUDING ARRANGEMENT
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2.0  LOADING SYSTEM 

The load control system for this program was the computer- 
ized, electro-hydraulic servo system with load cell feed back 
closing the loop.  The spectrum data was stored in computer 
memory as digital data.  Each layer or step was called up sequen- 
tially and converted to an analog signal which was the command 
signal for the closed loop servo system.  Each specimen was 
controlled by its individual command channel. 

3.0 PROCEDURES 

The procedures discussed here are those common to each 
specimen.  Procedures peculiar to the I-Beams are discussed in 

Section 4. 

3.1 Strain Surveys 

Strain surveys were conducted on each type of specimen 
before the application of spectrum fatigue loading and are 
reported in Tables E-I thru E-V. 

Table E-I presents the final strain survey on the first 

I-beam. 

Table E-II presents the final strain survey on the 
inboard read spar. 

Table E-III presents the final data on the outboard 
read spar. 

Table E-IV presents the final strain data on the 
YF-16 frame. 

Table E-V presents the final strain readings for 
balancing each I-beam prior to spectrum fatigue 
loading. 

The first aluminum I-beam had 80 channels of strain gauges 
to verify predicted stress levels and load paths.  The remaining 
I-beam specimens had 8 channels of gauges which were used to 
verify the symmetry of the applied loads.  Location of gauges are 
shown on Figure E-5.  Adjustment capabilities for aligning the 
load rams were incorporated in the load fixture.  The adjustments 
were made until the symmetry of the strain readings was within 5% 
of the theoretical strain. 
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One each of the F-lll inboard and outboard rear spar speci- 
mens was instrumented with 27 and 28 channels of strain gauges, 
respectively, as shown in Figures E-6 and E-7.  The remaining in- 
board and outboard specimens had 7 and A channels of gauges, 
respectively, which were used for load balance.  Strain surveys 
were run and the applied loads changed until the stress in the 
spars reached the proper level.  Spectrum loading was then applied. 

The YF-16 fuselage frame specimen was gauged with 20 channels 
of strain gauges shown in Figure E-8.  Load was applied and strain 
data recorded until the proper stress level in the bulkhead was 
attained.  The vertical tail test spectrum loads were then applied. 

3.2  Inspections 

The primary method of inspection was visual using a 4x and 
8x magnifying glass.  Other inspection techniques used were ultra- 
sonic NDI and dye penetrant. 

The titanium test specimens were inspected visually only 
during testing.  After testing was completed the specimens were 
fluorescent penetrant inspected. 

The aluminum I-beams and reas spars were inspected using the 
three techniques mentioned above. 

The inspection schedule shown in Table E-VI was followed for 
visual inspections.  The ultrasonic inspection schedule was used 
as a guideline with the actual inspection intervals based on test 
engineering judgement. 

A metallurgical analysis was conducted on the first eight 
aluminum and two titanium I-beam specimens to determine the time 
of crack initiation in terms of spectrum block loading.  Results 
of these analyses are described in Appendix F. 

4.0  I-BEAM FATIGUE TESTS 

The I-beam test phase of the program was considered develop- 
mental and therefore had procedural aspects that were peculiar to 
these specimens and not to the more straight-forward procedures 
followed for the rear spars and fuselage frame tests. 
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4.1  Test Procedure Variations 

All the I-beam specimen were tested until catastrophic 
failure occurred.  During the course of testing, the stress level 
in the aluminum beams was increased above the F-lll spectrum 
maximum stress of 24,000 psi and the YF-16 spectrum maximum stress 
of 30,000 psi.  This occurred after demonstrating their respective 
service life requirements without developing any cracks.  The 
cracks that developed as a result of the increased loading did 
not represent the aircraft structural experience.  The purpose 
of these tests was to generate cracks to illustrate the surface 
integrity relationship between as-machined and hand-finished 

surfaces. 

Doublers were added to each flange at both ends of the beams 
as shown in Figure E-9.  These were required to provide reinforce- 
ment to the I-beams in the load transition sections so as to gen- 
erate more cracks elsewhere in the beam span.  Later, the result- 
int excessive beam life dictated the removal of the doublers. 
See Appendix F for details. 

Four of the aluminum I-beams, without doublers, had 1/4" 
diameter holes drilled in each flange using a drill template. 
A total of 72 holes per beam was drilled in the flanges as shown 
in Figure E-10.  Hol^s wer« drilled and deburred using standard 
aircraft techniques.  Holes were of typical aircraft quality. 
These were all tested to the YF-16 spectrum at a maximum stress 
level of 30,000 psi. 

The six titanium I-beams, without doublers were tested to 
the YF-16 load spectrum.  Four were tested to a maximum spectrum 
stress of 94,000 psi, one to 87,000 psi and one to 68,000 psi 
stress since these appeared to have typical, progressive fatigue 
crack development. 

4.2  I-Beam Orientation 

In order to identify the location of a crack or failure on 
an I-beam the orientation scheme shown in Figure E-ll was estab- 
lished.  The mark on the end of the hand-finished portion of the 
beams was used to orient the beam for identifying the upper and 
lower flange and the near and far side of the beam.  Each bay in 
the beam was numbered at the flange-stiffener intersection for 
more precise crack or failure location along the beam length. 
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5.0  FATIGUE TEST gTICllA 

The F-lll tost spectrum was used to test aluminum specimens 
only.  The YF-lb test spectium was used to test aluminum and 
titanium specimens.  The YF-16 vertical tail test spectrum was 
used to test the titanium fuselage frame.  Each test spectrum 
represents current aircraft design usage and was applied in 
randomized block form.  Appendix D tabulates all three fatigue 

test spectra. 

The 124-layer F-lll test spectrum was applied as I 200 flight- 
hour block.  Repeating the spectrum 20 times represented one 4000- 
hour service life.  The maximum (1007.) stress level of 24 ksi is 
representative of the F-lll aluminum wing stress level as maximum 

spectrum load. 

The 120-layer YF-16 test spectrum was applied as a 400-flight- 
hour block.  Repeating the spectrum 20 times represented DM 8000- 
hour service life.  The maximum (1007,) stresses of 30.7 kf i 
(aluminum) and 61.4 ksi (titanium) are representative of YF-lb 
wing stresses at maximum spectrum load. 

The 11 layer YF-16 vertical tail root rolling movement test 
spectrum was applied as a 400-flight-hour block.  Repeating this 
block 20 times represents one 8000 hour service life.  The maximum 
(1007,) stress of 38 psi was representative of the fuselage frame 
stress at maximum spectrum load. 
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APPENDIX F 

FATIGUE TEST HISTORY AND RESULTS 

The results of the spectrum fatigue testing of the I-beams 
are presented In tabulated format as visual and ultrasonic 
Inspections that were made during testing.  Also Included are the 
metallurgical analyses of fractured surfaces from selected speci- 
mens of failed I-beams.  Test results of the F-lll rear spar 
specimens and the F-16 frame assembly are also discussed. 

Results of fatigue analyses are presented and explained 
In Appendix G. 

1.0 SPECTRUM TEST DATA 

Visual observations and ultrasonic Inspections were made 
to detect cracks at Intervals of spectrum loading.  If a crack 
was observed before failure of the part, Its location and number 
of blocks tested was recorded.  If the crack size was not con- 
sidered excessive, It was polished out and testing continued 
until another event occurred. 

The I-beam tests were developmental tests to obtain 
quantitative data on the surface roughness effects on fatigue 
life.  Doublers were added to the last five aluminum I-beams 
tested without fastener holes, to prevent a premature failure 
In the load transition area as experienced In the first three 
specimens.  The doublers were deleted, however, from the 
titanium beams and the aluminum beams with fastener holes to 
obtain a shorter fatigue life, thus reducing the span time 
of testing. 

The two F-lll rear spar tests and the YF-16 fuselage frame 
test were verification that the as-machlned surface finished 
aircraft parts could adequately sustain their respective service 
lives at the prescribed maximum spectrum stress level. 
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1.1 I-Beam Test Data 

A summary of the test data from the eighteen I-beams is pre- 
sented in Tables F-I, F-II and F-II1 with a graphic description 
of the test history depicted in Figure F-l.  Photographs of the 
failed specimens are presented as Figures F-2 through F-19 and are 
referenced according to specimen number in the data tabulation. 
Tables F-IV, F-V and F-VI summarizes the cracks observed following 
testing, defining their locations and surface roughness of the 
beams at the site of crack initiation. Crack location nomenclature 
is presented in Figure F-20. 

1.2 F-lll Rear Spar Segments Data 

The four inboard rear spar members were tested in pairs for 
120 blocks of the F-lll spectrum maximum stress of 24,000 psi with 
no cracks or failures.  The four outboard rear spar members were 
also tested in pairs for 120 blocks of the F-lll spectrum, but 
at a maximum stress of 28,000 psi.  No cracks or failures were 
experienced during this period.  Testing was continued on the 
outboard spars until all other program testing was completed. 
One pair sustained 228 blocks, the other pair 230 blocks with 
no cracks detected by either visual observations or penetrant 

inspection. 

I     I 

1.3 YF-16 Fuselage Frame Data 

The YF-16 fuselage frame assembly specimen was tested for 
60 blocks of the YF-16 vertical tail rolling moment test spec- 
trum (the assumed life requirement) with a maximum stress of 
38,000 psi (the design maximum spectrum stress level).  No 
cracks were revealed by visual inspection.  The maximum spec- 
trum stress was then increased to 67,000 psi and the test run 
until failure occurred in block 5, layer 4, cycle 1 of this 
higher stress loading. 

The primary failure occurred in the hand-finished sec- 
tion of -7 and is shown in Figures F-21 and F-22.  The frac- 
ture surface was damaged due to the reversed spectrum loading 
and could not be analyzed for the time of crack initiation. 
After the frame assembly was removed from the test fixture, 
visual examination revealed two additional cracks - one in 
the as-machined surface of -7 and one in the hand-finished 
surface of -9.  Flourescenfc penetrant inspection discovered 
eight more cracks - all in as-machined surfaces.  Figure F-23 
summarizes all cracks discovered. 
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2.0 METALLURGICAL ANALYSIS 

A metallurgical examination and analysis was conducted on 
the eight aluminum I-beams without fastener holes and two of the 
six titanium I-beams to determine the effective crack origin 
time.  The test blocks required to initiate the critical crack of 
these aluminum and titanium specimens are summarized in Tables F-I 
and F-II respectively.  Note that four of the titanium beams had 
crack initiation simultaneous with failure.  A discussion of the 
metallurgical observations for each of the I-beams analyzed is 

presented below. 

Specimen S/N F409755 

Two fatigue origins "a" and "b" were seen, see Figure^F-2. 
The primary origin started at Blk 130 while origin "b1 

started at Blk 135. 

Specimen S/N F409764 

The subject specimen had failed during LL108 of block 115. 
The first 80 blocks were cycled with the 100% load equal 
to 24 ksi while the 100% load for the last 35 blocks plus 
108 load levels was equal to 45 ksi.  Figure F-3 is a view 
of the fatigue crack growth 

The growth dimensions are as follows 

End of block 80 
(100% - 24 ksi) 

2.  During 100% - 45 ksi 

3.  During 100% - 45 ksi 

,015 

.070 

2c 

.070 

35 

4.  Failure Blk 36 LL108 
(100% - 45 ksi) 

5.  Aluminum total thick- 
ness   

11 

2028 

,43 

1/2c 

21 

20 

.985 

.26 

21 

.2356 

A crack existed at the end of the first 80 blocks of 100« = 
24 ksi as seen above.  The a/2c reflects the effect of the 
multiple origins combining to form a single 2c dimension 

at an "a" depth. 
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Specimen S/N F409759 

There were two fatigue origins as reen in Figure F-4. 
The primary origin "a" started at Blk 202 and became 
a thru crack at Blk 259.  Although the majority of the 
crack was ground out at the end of Blk 225, there still 
remained a portion of the original fatigue crack.  The 
second fatigue origin "b" started at Blk 210.  Origin 
"b" was present after the Blk 225 grind out. 

Specimen S/N F409758 

A single origin can be ieen in Figure F-5.  The crack 
became a thru crack during Blk 417.  The effective 
fatigue starting time was approximately Blk 296. 

Specimen S/N F409762 

The fatigue crack was seen progressing through the stif- 
fener, Figure F-6, with the fatigue origin lying at the 
specimen corner, Figure F-6a.  The effective origin 
starting time was approximately Blk 229. 

Specimen S/N F409757 

The effective fatigue starting tirae was at approximately 
Blk 157.  The fatigue origin resulted from a damaged 
(bruised) corner of the high stressed flange. 

Specimen S/N F409765 

A single origin is seen in Figure F-8a.  The effective 
starting time occurred at approximately Blk 183 and 
became a thru crack at Blk 288.  Figure F-8b represents 
the crack growth along the short transverse direction. 

Specimen S/N F409760 

One primary origin was visible, Figure F-9a.  The fatigue 
origin resulted from fabrication damage when the doublers 
were added to this specimen.  Figure F-9b, an oblique view 
of the specimen corner, showed the damaged surface near the 
corner-fracture-doubler area.  The fatigue origin started 
at Blk 101 during the 35 ksi max. stress. 
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Specimen S/N F409772 

The fatigue origin (arrow) lies approximately 0.4 inches 
from the edge on the inner surface of location #1, far 
side, of the hand-finished end as shown in Figure F-12. 
The effective crack starting time was approximately 
block 24 to 29. 

Specimen S/N F409770 

The fatigue origin shown in Figure F-14 lies just in from 
the far side edge of the lower flange on the outer sur- 
face in location #1, of the hand-finished end.  The effec- 
tive crack starting time was approximately block 62. 

< 
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REF 

i 

8 

10 

11 

12 

14 

15 

16 

17 

18 

BEAM 

S/N 

75S 

764 

759 

758 

757 

762 

765 

760 

768 

767 

771 

1172 

START 

DATE 

TYPE 

MAT1 

11-22-74 

11-25-74 

12 05-74 

ALUM 

ALUM 

ALUM 

TYP? 

SPECTRUM 

02-17-75   ALUM 

04-14-75 

02-21-75 

05-12-75 

G6-04-75 

06-24-75 

07-08-75 

07-08-75 

07-14-75 

13      769 

770 

761 

763 

766 

316 

07-16-75     Tl 

ALUM 

ALUM 

ALUM 

ALUM 

Tl 

Tl 

Tl 

Tl 

07-23-75 

07-29 75 

07-29-75 

07-30-75 

08-07-75 

Tl 

ALUM 

ALUM 

ALUM 

ALUM 

H.          

F-lll 

F-lll 

F-lll 

F-lll 

F-16 

F-lll 

F-16 

F-16 

F-16 

F-16 

F-16 

F 16 

F-16 

F-16 

F-16 

F-16 

F-16 

F-16 

i/ri r 
HOLES   I 

20 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

YES 

YES 

YES 

YES 

24KSI 

24 KS 

V< KS i 

30KSI 
£1 

30KSI 

2A. 
30KSI 

.is ml 

iSKSl 

DA 
90KSI 

S4KSI 

UKST 

'7K*I 

14KSI 

ICKSr 

iOKSI 

30KSI 

WKST 

JOKJI 

40J 
£-16. 

60 !0| 
F-lll 

^'45KSI 

45 KSI 

ii 

I4SKSI 

SL 

JL 

TKS HF#1 

MAU 

AM», 

^1 AMI 

HF#1 

AMI3-4 

1 
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IX - BEAM LOCATION NUMBER X 

DA - DOUBLER ADDED 

U - ULTRASONIC INSPECTION 

P - PENETRANT INSPECTION 

V - CRACK DISCOVERED 

V - CRACK DISCOVERED AND REI 

> m 
«MMHiak^  ■ ■ ■ -' -— - 



r^mmmm '■■K   ■'■'    ll1 ' 

260 280       300        3?0       340 
H 1 1 h- 

360       380       400       420 
H 1 1 H- 

AMf4 
V 

24 

AM#3 

U ÜI «j u 
HFM m 

AM#4-5 

& 

SOKSI 

HFI2-J 
Flange Damage was  Initial Flaw 

U 
368 

Kc*3-4 

AM#2-3     220 

J        ~50KSI 

, Flaw 

L  E  G N 

AM - AS-MACHINED END OF BEAM 

HF - HAND-FINISHED END OF BEAM 

#X - BEAM LOCATION NUMBER X 

DA - DOUBLER ADDED 

U - ULTRASONIC INSPECTION 

P - PENETRANT INSPECTION 

V - CRACK DISCOVERED 

V - CRACK DISCOVERED AND REMOVED 

\  - CRITICAL CRACK INITIATION 

^ - X CRACKS EMANATING FROM HOLES 

• - LOAD CHANGE 

XXKSI - NOMINAL STRESS IN CRITICAL 
SECTION OF BEAM 

.XX - MEASURED CRACK LENGTH 

^^ - BEAM FAILURE AT XXX BLOCKS 

DR - DOUBLER REMOVED 
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FIGURE F-3 ALUMINUM I-BEAM FAILURE, S/N F409764
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FIGURE F-5 ALUMINUM I-BEAM FAII.URE, S/N F409758
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FIGURE F-10
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TITANIUM I-BEAM FAILURE, S/N F409768 
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APPENDIX G 

FATIGUE ANALYSIS OF I-BEAM SPECIMENS 

The aluminum and titanium I-beams (without fastener hole 
concentrations) were necessarily fatigue tested to stress 
levels higher than the maximum spectrum design stresses to 
accelerate cracking and reduce test time.  The fatigue analysis 
required to transfer the test results into data equivalent to 
testing at the maximum spectrum design stresses is presented 
herein.  Also presented is data manipulation, the results of 
which represents the effectiveness and sensitivity of the 
specimen's stress concentration at the failure site. 

1.0 NORMALIZING FATIGUE LIFE 

Following is the method used to convert the fatigue life 
experienced at the actual test stress levels into an equivalent 
life as if tested at the maximum spectrum design stress level. 
Normalization was not required for the aluminum I-beams with 
fastener holes, since they were tested to the maximum spectrum 

design stress. 

A metallurgical examination was conducted, as described 
in Appendix F, on each failed specimen to determine the point 
of crack initiation in terms of blocks of testing completed at 
time of crack initiation.  Using this data in a computerized 
fatigue analysis program (UG9), the theoretical fatigue damage 
applied to each test specimen to the point of crack initiation 
was calculated.  This computation was made for various fatigue 
stress concentration factors (KT) utilizing the applicable F-lll 
200-hour block spectrum applied to the "actual" test stresses 
and combined with the appropriate S-N data and Miner's cumulative 
damage rule, i.e., 2n/N - 1.0 at crack initiation.  From the 
UG9 program output, plots were made of KT versus applied theo- 
retical fatigue damage.  The effective KT at crack initiation 
was read directly from each plot at 2 n/N - 1.0 (Miner's rule 
for failure).  A sample plot for specimen S/N 767 is shown in 
Figure G-l.  For the purpose of this analysis, this effective 
KT will be addressed as a Stress Concentration Transfer Factor 
(KTR), a factor required to transfer fatigue life from one 
spectrum stress level to another.  It is not to be confused 
with an actual stress concentration. 
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Fatigue analyses were again computed, this time for a 
unitized 20 block test using the same F-111 200-hour or YF-16 
400-hour block spectrum but at the maximum spectrum design 
stress level. These computations were also made utilizing 
the UG9 procedure for several Kj values. The resulting outputs 
were plotted in terms of Kj versus damage. A sample plot for 
specimen S/N 767 is shown in Figure G-2. From these plots a unit 
damage rate per block (n/N/BLOCK) of maximum spectrum design 
stress was established corresponding to the K7 equivalent in 
value to the transfer factor, Kxr, derived earlier. Thus for a 
damage of unity (S n/N - 1.0), the equivalent life in terms of 
blocks of maximum spectrum design stress was established.

The results of the fatigue analyses, in terms of damage 
per block and equivalent life at maximum spectrum design stress, 
are presented in Tables G-I and G-II. Supporting test data is 
also presented for reference information.

2.0 FATIGUE NOTCH EFFECTIVENESS 
AND SENSITIVITY

Geometric stress concentration factors (Kt) were determined 
for each specimen at the location of failure. For specimens 
with failure occurring in the load transition area, bay no. 1, 
the Kj was established as the ratio of the actual stress at this 
location to the nominal stress in a typical section of the beam. 
All specimens experienced a stress ratio of 1.35 in this area. 
Guidelines presented in "Stress Concentration Design Factors" 
by R. E. Peterson were used to assess the geometric concentrations 
applicable to the typical sections of the beams or the area of 
unloaded fastener holes. The resulting Kj factors were deter­

mined to be 1.1 and 2.8 respectively.

Based on the normalized fatigue life, described in paragraph 
1.0, and using applicable S-N curves, the fatigue strength of 
each specimen was determined as if no concentration existed 
(Kt ■ 1.0) and also for the actual geometric concentration factors 
as explained above (Kj - 1.1, 1.35 or 2.8). The ratio of the 
fatigue strength without concentration ((Tn) to the fatigue 
strength with the specified concentration (cr^ ) is defined as 
the fatigue strength reduction factor (Kf), i.e..

Kf - <Tn

210 I
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These  values  of  K,   are  .. measure  ,.1   the  aetual   ellecl i v. .u-:s   DJ 
rtress  c^cenuän,-,,.     Thev  ,„..,   .1  ne.ess,. ■,   ---■■'.„ 

.,„a,,. ,i va.ues-"-'--7r;-:,•'--■;■,,,.;,';„,.;':„ 
t.ihul.»l»'s   the values  ot   RJfj    crn,    (rn   ,   •n«  ^t 
tesu-il. 

From  tlu'  above  data,   the   fatigue  notch  sensitwit      I 
(],   was   aerivoii   and   is   defined   as 

Kl 1 

KT   -   I 

The numerator represents the -Heetivencss ol tht BOtch '" ^J1'1" 
Th 1 o the denonunator represents its efrectiyeness Ln • purtly 
elastic situation.  The resulting notch -nsU.yUy ^ "£ 
indication of the severity of the tatigue condition.  Hu 1 igMt 
h  value Of q. tht more severe is the fatigue CORdUlon and 
eoni«qUMCly represents a reduction in tetlglM ^f*-.™" .., 
values of q for each specimen are also presented xn iahle C-XII. 

I   , Section 4.2 of Volume I for an evaluation of thj ^UtloO. 
ship between the fatigue notch sensitivity factors and the suttace 

finish condition of the beams. 
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APPENDIX H 

STATISTICAL ANALYSIS 

The results of statistical analyses conducted on production 
part dimensional deviations and fatigue test data from I-beam 
specimen tests «re presented in this appendix. 

1.0 DIMENSIONAL DEVIATION 

From the data obtained during the shop dimensional survey, 
described in Appendix B, Point and Interval Estimates were made 
for "deviation from nominal dimension." Three permissable 
tolerance limits for stiffeners and flanges and two for webs 
were assumed.  The point estimate of the proportion of actual 
dimensions that would fall within the specified limits was then 
determined.  Since this is an estimate of the proportion, the 
interval on the proportion was determined at both 95% and 99% 
confidence levels.  The results of these analyses are presented 

in Table H-I. 

It is to be noted that the data used in estimation of these 
proportions were collected when the specified deviation was 
+ 0.010.  If the permissable tolerances are relaxed on actual 
hardware as assumed, and if the manufacturing process changes as 
a result, the proportions estimated at the relaxed levels may be 
an overestimate. 

2.0  I-BEAM FATIGUE TESTS 

Results of the I-beam fatigue tests are summarized in 
Table H-II. These data are statistically analyzed in this 
section to determine the effect of surface finishing. 

2.1 Aluminum I-Beams Without Fastener Holes 

Eight aluminum I-beams without fastener holes were fatigue 
tested.  Two of these specimens failed as a result of local 
damage and the results of these tests will be deleted from the 
following statistical analyses. 
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2.1.1  Et feet of Surface Finish on Fatigue Cracks 

There were 8 fatigue cracks observed on ^e as-machined 
(A-M) surfaces and 3 cracks occurring on the hand-finished (H-F) 
surfaces.  On the basis of this evidence, it can be concluded, 
with a confidence level of 891, that cracks are more likely to 
occur on the A-M surfaces than on the H-F surfaces. 

Of the critical cracks allowed to grow to failure, 5 occurred 
on the A-M surfaces and only 1 on the H-F surfaces.  The results 
indicate that one can be 897. confident that failures are more 
likely to occur on the A-M surfaces. 

To determine the relationship between cracks and their loca- 
tion along the beam, all the aluminum data (with and without 
fastener holes) has been pooled together to obtain a reasonable 
sample size for a chi-square statistical test  The results of 
this test is that there is no evidence to refute a random distri- 
bution of cracks across positions ^1 through #7. 

2.1.2 Effect of Surface Finish on Surface Roughness 

Surface roughness measurements were taken throughout the 
length of the specimens and are shown according to the P^ition 
on each beam in Table H-III.  The average roughness on the H-F 
ends is 24.9 /.(in.) AA. while the average roughness on the A-M 
ends is 62.1 a(in.) AA.  Since the average roughnesses differ 
bv so much relative to the variability observed witnin these two 
groups (A-M and H-F), one can be more than 99.9% confident that 
^surfaces are rougher than H-F surfaces for the type of I-beam 
specimens that this data represents.  There is no indication of 
a trend in roughness by position along the beams. 

The mean roughness at the 5 beam failure sites o" ^e A-M 
ends is 71.0 compared to the mean roughness of 62.1 for aii A H 
surfaces  The difference is not large enough, with respect to 
the variability in roughness on the A-M ends, to be considered 
statistically significant at the 90% level (t-1.5). 

Surface roughness measurements were obtained at the Mlm 
sites and also at the corresponding position on the opposite end 
of the beam  Of the 6 specimens analyzed. 5 failures occurred 
ol  the end"f the beam that was the roughest  Based - this 
relationship, one can conclude, with a confidence of 89/,, that 
S lures are'more likely to occur on rougher ^rfaces  Unfor- 
tunately, most of the roughest surfaces are on the A-M ends of 
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the beams. As a result, it cannot be determined whether it is 
the roughness or some other characteristic of the A-M surfaces 
that has led to more observed failures on A-M surfaces. 

In addition to being rougher on the average, A-M surfaces 
display more variability of roughness than do H-F surfaces.  The 
standard deviation for A-M surfaces is 13.0 as compared to 7.0 

for H-F surfaces. 

2.1.3  Effect of Surface Finish on Fatigue Life 

No relationship between equivalent life and surface finish 
can be established from the data, regardless of whether the 
magnitudes of the equivalent life are used or simply the rank 
of the equivalent life are used. 

2.2 Aluminum 1-Beams with Fastener Holes 

Four aluminum I-beams were fatigue tested vith 36 fastener 
holes drilled in each flange.  The unloaded fastener holes pro- 
duced a stress concentration of 2.80 as compared to 1.10 for the 
beams without holes.  As a result, all cracks and failure origi- 
nated from these fastener holes, 

2.2.1  Effect of Surface Finish on Fatigue Cracks 

A X2 contingency test indicates that one can be about 907., 
confident that the proportion of cracked fastener holes is larger 
on the H-F end than on the A-M end.  The contingency table and 
test are set up as follows with all four specimens included: 

H-F 
A-M 
TOTAL 

CRACKED 
HOLES 

23 
16 
39 

NOT CRACKED 
HOLES 

49 
56 

105 

TOTAL 

72 
72 
144 

The test static is T-1.723 which is referred to the X2 distribution. 
The result is that one would expect a value of T as large or larger 
than 1 723 in only about 10% of the cases if the proportions were 
the same.  Hence, one can be about 90% confident that a difference 

exists in the proportion. 

; 
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A Snirnov test is appropriate to compare the two sets of 
crack location (A-M and H-F) data.  The result is little evidence 
of any difference in where the cracks occur along the beam, com- 
paring the as-machined and hand-finished ends.  Disregarding the 
surface finish (A-M or H-F) of the beams, a X2 test indicates 
little or no evidence that cracks are likely to occur other than 
randomly across the beam.       K 

Of the k  critical cracks allowed to grow to failure, 3 
occurred on the H-F end.  A binomial test indicates "some" 
evidence that the probability of beam failure is larger on the 
H-F end.  If both ends of the beam were equally likely to fail, 
the probability of failure on the H-F end would be 0.5.  But 
since 3 of the 4 failures occurred on the H-F end, the point 
estimate is 0.75 for the probability of failure on the H-F end. 
This is an estimate and is subject to variability, but one can be 
about 69% confident that the probability of failure on the H-F 
end is larger than on the A-M end of the beam.  It is to be 
noted that the small sample size makes it difficult to discern 
differences at high confidence levels.  If the 3 to 1 ratio held 
it would require about 20 specimens to be 95% confident that the 
probability of failure on the H-F end is greater than on the 

A-M end. 

2.2.2 Effect of .Surface Finish on Surface Roughness 

Surface roughness measurements were taken throughout the 
length of the specimens and are shown according to the position 
on each beam in Table H-IV.  The average roughness on the H-F 
ends is 16.9/x(in.) AA, while the average roughness on the A-M 
ends is 54.1/i(in.) AA.  Since the average roughnesses differ by 
so much relative to the variability observed within the two groups 
(A-M and H-F), one can be more than 99.9% confident that the A-M 
surfaces are rougher than H-F surfaces for the type of I-beam that 
this data represents. There is no indication of a trend in rough- 
ness by position along the beams. 

The mean roughness at the failure sites on the A-M ends is 
70.0, compared to the overall average roughness on the A-M ends 
of 54.1.  The difference is not large enough to be statistically 
significant.  On the H-F ends the mean roughness at failure sites 
is 17.33, compared to the overall mean roughness on the H-F ends 
of 16.9.  This difference is also not large enough to be statis- 
tically significant. 
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2.2.3 Effect of Surface Finish on Fatigue Life 

No relationship between fatigue life and surface finish can 
be established from the data, regardless of whether the magnitudes 
of the lives are used or simply the ranks of the lives are used. 

2.3 Titanium I-Beams 

2.3.1 Effect of Surface Finish on Fatigue Cracks 

There were 7 cracks observed on the as-machined surfaces 
and 5 discovered on the hand-finished surfaces.  The cracks 
responsible for failure were evenly divided, 3 on the A-M ends 
and 3 on the H-F ends.  There is, therefore, little or no evi- 
dence to indicate that fatigue cracks are more likely to occur 
on either the A-M or H-F ends. 

Most of the critical cracks occurred in position #1, with 
only one failure (A-M end) occurring elsewhere. Therefore it is 
concluded that there is no evidence to indicate that hand-finish- 
ing changes the location of failures across the beams. A X test 
indicates 99.9% confidence that the crack«? are not occurring at 
random across the beams. The stress concentration associated 
with position #1 is 1.35 as compared to 1.10 for all other loca- 
tions.  Position #1 accomodates load transition from the loading 
lug into the basic beam section. 

2.3.2 Effect of Surface Finish on Surface Roughness 

Surface roughness measurements were taken throughout the 
length of the specimens and are shown according to position on 
each beam in Table H-V.  The average roughness on the H-F ends 
is 36.0 ft(in.) AA, while the average roughness on the A-M ends 
is 52.3 ulin.)  AA.  Since the average roughnesses differ by so 
much relative to the variability observed within these two groups, 
one can be more than 99.97. confident that A-M surfaces are rougher 
than H-F surfaces for tSi  type of I-beam that this data represents. 
There is no indication of a trend in roughness by position along 

the beams. 

The mean roughness at the three failure sites on the A-M ends 
is 57 33, compared to the overall mean roughness of 52.3. The mean 
roughness of the three failure sites on the H-F ends is 45.67, as 
compared to the overall mean roughness of 36.0. The difference in 
roughness on the A-M ends is not large enough to be statistically 
significant, but the difference in roughness on the H-F ends is 
large enough to be statistically significant at 90% confidence level 
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2.U     Notch iMtitlvity Evaluation 

Tho t.itUiu« notch sensitivity factor (q) is an i nci i cat i on ol 
thl s.'vcritv ol tlu< liti^u.- condition as explained in Appendix C. 
UM hlghtC thl v.Uu.- of q the more seven« is the condition.  The 
CotigUC notch sensitivity factors are listed in Tahle H-II. 

2.4.1  Aluniiinin\ 1-Beams 

Ihi eorrolntion botwoon lurfncc finish (A-M VS. H-F) and 
tlio fatigue notch sensitivity at failure is l,-.272.  This corre- 
lation is weak and is not statistically significant. 

The correlation hetween surface roughness at failure sites 
and fatigue notch sensitivity at failure sites is -.076.  The 
correlation is very weak and is not statistical 1v significant. 

Sever.il comparisons of fatigue notch sensitivity hetween 
surface finish groups (A-M or H-F) are appropriate.  For speci- 
mens with a stress concentration (KT) of 1.1. the difference in 
notch sensitivity at failure is hetween -.3941 and .2119 with 
907. confidence.  For specimens with a Ky of 2.80 (heams with 
fastener holes), the difference in notch sensitivity at failure 
is hetween -.1208 and .4852 with 907. confidence.  No comparison 
can he made for specimens with a KT of 1.3r> since all failures 
occurred in the A-M surfaces.  Comhlning all the aluminum data, 
the difference in notch sensitivity at failure Is hetween -.0999 
and .2389 with 907.. confidence.  None of the ahove comparisons 
of notch sensitivity hetween surface finish groups Is statistically 
significant.  Therefore it cannot he determined that either sur- 
face finish condition is more critical than the other. 

2.4.2 Titanium I-Beams 

The correlation hetween fatigue notch sensitivity at failure 
and surface finish condition (A-M or H-F) is P-.501.  This value 
is not large enough to he statistically significant. 

The correlation hetween fatigue notch sensitivity at failure 
and measured surface roughness is P-..63.  The value is not large 
enough to he significant at 007. confidence level hut is signifi- 
Sntnt 807. conHdence level.  The value of the correlation heconung 
increasinv.lv negative Mini that as the surface roughness increases, 

the fatigue notch sensitivitv decreases. 
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APPENDIX I 

SURFACE ROUGHNESS REQUIREMENTS 

1.0  SURFACE ROUGHNESS REQUIREMENTS AND DEFINITIONS 

The method of constructing airframe structural components 
such as spars, bulkheads, longerons, beams, etc. has changed 
from built-up sheet metal and extrusions to monolithic structure 
sculptured from thick plate; therefore, the amount of machined 
surfaces in an airplane has increased tremendously.  Numerically 
controlled milling machines are used extensively to cut the flat 
surfaces forming the webs with the end of an end mill and the 
outstanding flanges are formed with the side of the end mill. 
These structural parts are subject to cyclic loading, and if they 
are designed efficiently, they must be termed "fatigue critical." 

Machining and inspecting these fatigue critical parts was 
becoming a problem in the B-58 airplane, but the F-lll airplane 
focused attention on the problem.  The initial Air Force require- 
ments for the F-lll airplane required that all "fatigue critical" 
machined surfaces be finished to a 63 or less microinch average 
roughness height per MIL-STD-10A*.  At the same time, more 
numerically controlled mills were being used to form one-piece 
components; this made the surface finish requirement costly. 
After negotiation, the specification was modified to allow a 
125 microinch average roughness height on fatigue critical parts 
that were subsequently shot peened. 

In 1969 the AFSC Design Handbook was issued stating these 
same finish requirements.  The 1970 version added that surfaces 
should be free of defects, as follows: 

"4.  Surface Roughness 

In predicting useful life, consider surface 
roughness of individual components that are 
subject to repeated stresses, the tension 
component of which is 50% of the material 

♦MIL-STD-10A prepared from ASA-B46.1-1955 
MIL-STD-10A superceded by ASA B46.1-1962 
ASA B46.1 designation changed to USAS B46.1-1962 
USAS B46.1 designation changed to ANSI B46.1-1962 
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specification minimum yield strength or 
higher, using applicable stress concentra- 
tion factors.  Those components considered 
to be critical in fatigue must have a surface 
roughness not to exceed 63 AA (arithmetical 
average) as defined by ANSI B46.1 or must be 
shot peened, with a surface roughness prior 
to peening not to exceed 125 AA.  Surface 
should be free of defects such as gouges, 
tool marks, scratches, or similar surface 
imperfections." 

This paragraph remains unchanged in the April 1975 edition 

of the AFSC Design Handbook: 

Surface roughness is evaluated per ANSI B46.1 in terms of an 
arithmetical average height. The average roughness includes only 
the surface topology generated by the cutting tool. 

The following paragraphs from ANSI B46.1 should be considered 

when discussing surface roughness. 

Paragraph 2.6 "Roughness. Roughness consists of the 
finer irregularities in the surface 
texture usually including those irregu- 
larities which result from the inherent 
action of the production process.  These 
are considered to include traverse feed 
marks and other irregularities within 
the limits of the roughness-width cutoff. 

Paragraph 2.9 

Paragraph D-4 

"Flaws.  Flaws are irregularities which 
occur at one place or at relatively in- 
frequent or widely varying intervals in 
a surface. Flaws include such defects 
as cracks, blow holes, checks, ridges, 
scratches, etc.  Unless otherwise speci- 
fied, the effect of flaws shall not be 
included in the roughness height measure- 

ments." 

••Working surfaces such as bearings, 
pistons, and gears are typical of sur- 
faces for which optimum performance 
may require control of the surface 
characteristics in accordance with the 
procedure outlined in the foregoing 
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standard.  Nonworkin^ surfaces such as 
the walls of transmission cases, crank 
cases, or differential housing seldom 
require any surface control such as 
that with which this standard is con- 
cerned, the only exceptions in these 
instances being restrictions that may 
be necessary for process control and 
finish required for sake of appearance. 

2.0  INTERPRETATION OF ROUGHNESS READINGS 

Arithmetic average roughness height rating per ANSI B46 1 
cannot be used as a criterion for measuring the resistance of a 
part to fatigue failure.  To illustrate this, consider a surtace 
generated bv the side of an end mill.  If aluminum alloy is being 
cut  it is economical to increase the machining feed rate to the 
exUnt that a fluted surface will result as shown in the exagger- 

ated sketch below. 

The radius of the notch is large and is, in effect, the 
radius of the cutter.  Theoretical and phctoelastic stress analy- 
sis show that the large radius causes a low stress concentration 
^d that the peaks have little or no influence on the stress at 
the bottom of the notch.  In other words, removing :he tops of 
the peaks wUl change the roughness height rating but it will not 

alter the stress at the bottom of the notch. 

Now. consider the surface finish patte-n to be an exact 

inversion of the previous pattern. 
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Tho arithmetic avora^.o roughness height rating is exact lv 
the same as that for the suit ace sluvn previously.  However, the 
notch has a sharp root radius that results in a high stress con- 
centration factor.  Fatlpue cracks originate at the po nts ol 
highest stress.  The high stress concentration caused hv the 
sharp notch will lower the fatigue life much below the latigue 
11 IV tor the rounded notch shown In the first Illustration.  Ihus, 
a wide range of surface profiles can have a wide range ol stress 
concentration and resulting fatigue lives even though the anth- 
MtlC average roughness height rating Is identical. 

3.0 GENERAL DYNAMICS CORrORATE SrONSORED USIAICH ON ROU0HNESS 

Actual test data confirms that there Is little or no corre- 
lation of fatigue life with arithmetic average roughness height 
ruing   Studies conducted at Oeneral Dynamics Fort Worth Div sion 
hv 0  N  Thompson on aluminum allovs and steel demonstrate this 
point.  Unlaxial flat fatigue test specimens (dog bones) were 
machined and tested to failure in tension-tension cyclic loading. 
Specimens cut from 0.12S.inch-thick aluminum allov wore machined 
on one side only with the side of an end mill.  The as-rolled 
plate was used as a reference for comparison,  ^his finish  s 
representative of the finish generated by an end mill creating 
An outstanding leg while pocket milling.  The roughness was 
varied over a wide range by  controlling the teed rate   Ihe rMttltl 
of the test conducted at zero mean stress are shown in Figure  -1. 
Likewise, the results obtained when the stress was cycled abou  ^ 
20,000 pounds per square inch mean stress are shown in Mgure l-tf. 

The curves shown are median curves through the data points. 
There is no definite trend separating the various finishes 
according to their arithmetic average roughness height rating. 

Fatigue life of specimens machined and then shot peened 
appeared to be improved in the 104 to 10^ evele range, but shot 
peening lowered the endurance limit as shown in Figure M. 

Note the dotted KT ■ S CWTt,  This curve represents the 
fatigue life when a hole is drilled into a part.  Almost every 
part has holes that are used to attach it to adjacent structure. 
The fatigue life variations caused bv variations in surtace tin- 
ish are insignificant when thev are compared to the amount ot 
f-itigue life loss caused bv an ordinary fastener hole. 
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The end of an end mill was used to cut ^*-iaeh-tl*«k 
fatigue specimens from the center of a 2.5-inch-th ck 7079 alum- 
ina alloy plate.  These specimens represent the finish obtained 
TtUelll If  an integrally stiffened bulkhead --ted^ P k 

4i-M„o  Th^ results of these tests are shown in Figure i J ror 
fpecimlns tested a zero mean stress and in Figure 1-4 for speci- 
mens tested at 20.000 psi mean stress.  The conclusions drawn 
?Z  th^sfs-N llr.es  'for finished created ^^he end^ an end 
mill agree with the conclusions drawn from the S-N curves tor 
finishes created by the side of an end mill. 

4.0 METCUT RESEARCH ASSOCIATES TEST DATA 

Dr. Wm. P. Koster of Metcut ^search Associates  Inc  of 

SniSTClth tiM end of an end mill on 7075-T7351 aluminum and 
^ieilL6Al-4V titanium.  On aluminum, there is no correlation 
SSÄ^Ä finish or measured roughness in the  -ct o o 

titlnISm appeals to have a sensitivity to lay direction. 

5.0 REIAXED TOLERANCE CONCEPTS PROGRAM IMPLEMENTATION 

The early tests on tension coupons described in P^agraph 
3 0 the Metcut Research data, of paragraph 4.0. and the RTC 
Th^Jn tests described in Appendices F and G were conclusive 
evidence to F-!6EngineeringPthat the roughness requirements on 
milled aluminum could be substantially relaxed. 

As a result, the inspection standard for machined parts was 
revised by R?C Program personnel to delete all ^^ "»f^ 
enlineering/inspection requirements for aluminum on all surfaces 
o? milled or routed pirts. except for contact surfaces.  For 
^on^ci surfaces, wave height and width requirements were also 
/TJtl*      It oresent it is required only that contact surfaces 
deleted.  At g^"**" "rS^M and 0.003 inches mismatch. 
Aneother surfaces have^oÄness limit and a mismatch limit 
tilÄ*r5SÄ di-nsfonal toleranCeg Such mismatches 

are limited in radius to prevent notch effects. Figure 
illustrates the revised requirements. 
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UM      v    RAI'H HMM Ar fUME OR MIUINIK  IMIKSUVIONS 
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■mi   \l 

GENERAL DYNAMICS 
fort Worth Pn/su^n FW W0R1II. UXAS 

SIIKIMI    ROUCIIKI SI   ANI> 
TOliKAN.tS      H'<;   M\ll.lMP   BW*ACH 

fOMKIi'l  NO      Al  'iii'   M-S:60 j        COi'l MM NO   SI 'lili 

STANDARD 
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1 

• ; 
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FIGURE  1-6 SURPACB ROUGHNESS AND T(M,KRANCKS FOR MACHINKI) 
SURFACES - STANDARD FOR INSFFCTION 
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TYPE II 

® 

TYPE   II   SURTACrS  ARE  OEMÄD AS  ALL NACH1NKD EDCKS,   WEBS.   POCKETS.   STlfFEWRS  *ND ">NCES  TOAT 
U  NON  ATTAOUNf;   sTlRKACfS        Ttlt   II   SUWACES  AND   PERMISSIBIX   SURFACE   FINISH  LIMITS  AU  SHOW 
^FTüUK^  I    -t^dlNURlN^  HAY  «LL  FOR  TYPL   II  ON  NON-CRITICAL ATTACH«^   SURFACES. 

TYPE   II  SURFACES   WQUIRE  A VISUAL   INSPECTION ONLY. 

HAND FINISHING SHALL NOT  BE PERFOR«D TO CONTROL THE SURFACE ROUGHNESS  KGARDUSS Of WE HACHI«. 

INDUCED SURFACE  tONÜIIION  EXCEtT AS  NOTED  BELOW. 

M     CHATTER MARKS  SHALL BE  REMOVED BY HAND FINISHING SO AS TO «ET THE  125 MICRO-WCH A-A 
FINISH SPECIFIED IN FICURk  I.   DETAIL C.  SECTION D-D AND DETAIL E. 

>io     DAMAcr DUE TO CUTTER  FAILURE    ENTRAPPED CHIPS OR OTHER DAMAGE, AS DETERMIKD IT VISUAL 
1  '     ^CT^N.  SH^L™   R£W0iui6 *<  HAND FINISHING TO A CONDITION EQUAL TO OR BETTER 

THAN THE ADJACENT SURFACE ROUGHNESS. 

SUUACES NOT DESIGNATED AS TYPE  I ARE TO BE CONSIDERED TYFI  II. 

FIGURE  1-6     (CONTINUED) 
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Arm SANDING    AS HACHINEO 

DETAIL E 

OETAiuC 

SECTION 

-CHATTE» MAWS WHICH HAVE 
'^ KEN SANDED TO REMOVE UAVE 

rtAKS ARE ACCEPTABLE PROVIDED 
TOE riNAL FINISH DOES HOT 
EXCEED THE SPECIPIED MICRO- 
FINISH. 

TtFt  II APPLIES TO VERTICAL 
COMERS AND WEB FILLET RADII 
UNLESS OTHERWISE NOTED 

TYP£ III 

TtPt  III »URFACI MISMATCHES ARE PERMITTED IN CRITICAL STRESS AWD ATTACH«« AREAS. 

HAMD FINISHING  IS NOT REQUIRED TO ELIMINATE MISMATCHES THAT ARE WITHIN THE LIMITS OF 
SS in"lsIST^ErSHSN  INFICURES  2 THRU J.  AS EXPUINEO .EL«: 

(.)    FICUU 2 OEFIIIES THE PERMISSIBLE MISMATCH THAT RESULTS FROM WERUrPIIIC MACHI« 

OTTS. 

M    FICUUS  3.  * AND » OEFIME THE PERMISSIBIX MISMATCH THAT RESULTS FROM MACHINI« 

KITH THE SIDE OF AN EHP-MILL. 

- nusunsuns sga^jsauteszasr 
» ;{ss4 arawrsKB rr« «&■»«» "■ 

■NCINEERINC DRAWING FILLET  RADIUS REQUIREÄNT. 

MD-OF-OmER RADIUS  IKITRSECTION POIKTS THAT EWEHD  IKTO WEB. AS  IN FIC.   7.  SHALL BE BLENDED 

INTO WEB BY HAND FINISHING. 

AREAS NOT DESIGNATED AS TYPE   III SHALL BE CONSIDERED TO BE TYPE  W. 

GENERAL DYNAMICS 
Fort Worth Division FORT WORTH, TEXAS 

SURFACE ROUGHNESS AND 
TOLERANCES  FOR MACHINED SURFACES 

COMRACT NO      Anw")-»"« T^      COOt HKNI WO   31755 SHKT 

STANDARD 

MOOI 

FIGURE 1-6     (CONTINUED) 
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CVTTIR RADIUS 
(IT UIS THMI riLUT MDtUS)    \ 
MUST NOT DfTIMICT riU£T l\ 
«ADIUS or rUMGI OR STirrtHER \i\ 
ALONG INS IM SURTACI Of Wl ^ 

STimiBR 

® 

"CURI » 

       .003 MAX rot TTPI III 
m « .020 MAX ror. nrn tv ueu 
XXX •  .013 MAX FOR TYR XV 

STimNRRS A rUNCIS 

0) ♦•00 -H .SURTACI 
^"MISMATOI 

(Tl?) 

^ ̂ 

ricuRO 

.0M R (MIN 
CVTTIR CORÄR RADIUS) 

MISMATCH UTVEIN 
CVTTtR MSSU 

..03- 

r 
I 
i 

r SURFACE 
MISMATCH    (C) 

(TTP)       ' 

L. 
09 MAX 

fICURI riCUM_J 

GENERAL DYNAMICS 
Fort Worth Division FORT WORTH. TEXAS 

SURFACE '-""CHNF.SS AND 
TOLERANCES  I' *  MACHINED SUKFACES 

CONTRACT NO AFlKf^-Sm 

STANDARD 

FIGURE 1-6     (CONTINUED) 
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TYPE IV 

® 
Tin   IV  SUHFACE MISHATCHES  AKt   rtKMTTTED   IN  NCTMrtllTICAl. STRESS ARtAS  AND N^ATTACMMn" AREAS 
ONLY.   UW£SS  ENC1NVER1NC CALLS   FOR VtVt   IV   IN ArlAtMrttNT  ARIAS 

HAND rilllSHINC  SHALL NOT BE   PFRFtWCD TO ELlMINATt  TYHE   IV  HISMATCHES. 

VITt   CV HISHATCH  CONDITIONS  AND LU1ITS  SHALL IE  TOE  SAÄ AS  -ntPE   III   EXCEPT AS  SHWN   IN  FIGURES 
2,   6,   7 Ah.' S,  AND AS  EXPLAINED »ELOW: 

(a) riCURF   2  DEFINES   PHWISSIELT  MISMATCH  FOR  TVFE   IV ALONG WEBS,   STIFFENERS AND P1>«K« 
PROVIDED THE  TOTAL TH1CRNISS   IS  WITHIN ENCINF.IRINC  DRAU1NC  TOLERANCE. 

(b) MISMATCHES   IN COR« RS  THAT  EXCEED ENGINEERING   DRAWING  TOLERANCE  ON THE  PLUS  SIDE  SHALL 
HOT  BE  HANDTiNisHtD.'     MISMATCH   IN  CORNERS   ONJTHE, NEGATIVE   SIM  MUST  BE WITHIN THE 
INGINEERINC  DRAWING   .OLERANCE  REQU1REMENIS   EXCEKT AS  NOTED  BEL* AND   IN FIGURE (. 

(C)     CORNER UNDERCUTS BY 0.75"O.     « «MAUER CUTTERS ARE PERMITTED WITHIN THE LIMITS SH«N 

IN FIGURE 8. 

(d)     riCURE 6 DCTWtS THE  PERMISSIBLE  LWITS FOR BIXHDIMG DIFFERENT FILLET RADII. 

AREAS NOT DESICHATED AS TYPE  111 SHALL »E CONSIDERED TO BE TYPS  IV. 

OJO HU 

DE-BURR, 
BLEND POINT 
INTO WEB 

- urrnsrcTto« 
or cum»   ^j—) 

SURFACES- 

v« OF IIU. 
CUTTOL 

l 
^ 

i 

FIGURE  6 

r^ 

L.A 
1 ) 

FIGURE  7 

GENERAL DYNAMICS 
Fort Worth Division F0R1 WORTH. TEXAS 

SURFACE   ROUGHNESS  AND 
TOURANCFS     FOR MACHINED SURFACES 

CONIMCI NO      Ar33(«)V>-B2*0 CODE IDfNT NO   81755 

STANDARD 

MOO 
smtl ^ 

FIGURE  1-6     (CONTINUED) 
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TOLERANCE  OVU  'XNCTW  "D" 

t ♦ 0.015 
-  0.02C 

JL  MMP^ 
t  ♦ 0.015 

0.020 

* HU D • 0.75 

ncuu • 

TYPE V 

o      TYPE V  WDtl  "BUNDS" ARE SUBJECT TO UNDkRCirTTlNC WHERE FLANCES AND/OR "imMRS  imMECT 
AT  Lriis   if  60"  OR LESS       EICVRE  «   ILLI'STRATES A  SURFACE  OF UP TO 0.0»   INCH MAXIMUM »ETWEEH 
SlSiwSl^^  » wSoMXiU  „1THOUT  .iAND FINISHINC.     THIS SU^f, ™«>S TO ELIMINATE 
FIANGE/ST1FFENER IWERCUTTINC  DUE TO CUTTER VIBRATION WHEN THE CITTTER  IS  OWELLWC. 

ENGINEERING REFERENCE: 
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APPENDIX J 

STIFFENER MACHINING TESTS 

The purpose of the stiffener machining tost program was to 
explore the potential for increasing metal removal rates on 
aluminum and titanium hy combining rough and finish milling 
radial cuts.  Despite apparent success in showing achievable 
higher metal removal rates, the combined rough/finish machining 
approach described below was abandoned during the NC testing of 
Appendix K in favor of the conventional, separate rough and 
finish machining.  The stiffener tests did not adequately repre- 
sent the realities of NC operation.  The sacrifice in this 
decision was small, as can be seen in Appendix K. 

1.0 TEST RATIONAL AND APPROACH 

If conventional machining roughness requirements are relaxed 
or eliminated and if design proportions of pockets, i.e., web 
width/thickness ratios, are controlled, stiffeners and flanges 
become the critical machining elements due to the cantilever 
flexibility of the end-mill and of the stiffener. 

The potential source of cost savings was considered to be 
in the finish machining which constitutes roughly 50% or more of 
the machine time for removal of 1-27, of the material.  By using 
the rough cutter full size (limited size reduction due to re- 
sharpening) and making a substantial radial cut during the finish 
machining, the total machining time could be substantially reduced. 

The question that the stiffener tests tried to answer was 
would such programming and machining produce dimensionally 
acceptable parts, and, if so, at what metal removal rates? The 
answer to this question was obtained from data resulting from 
machining of 1.0 and 1.5 inch high stiffeners (or flanges) of 
.100 inch nominal thickness out of 2124-T851 aluminum alloy and 
6A1-AV beta annealed titanium.  Feed rates were increased up to 
70 inches per minute in aluminum and up to 15i inches per minute 
in titanium. 
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2.0     OlVrAlNNKNT  AND   IKb-MMKNl   Of   DMA 

MMMlonal   accutacv  a.ul  surtace   roughflttl  dtt«  Ml  obt«il»«l 
t,.^,,,   M   aluminum  ami   I   titauium   ■tlffofWr   ipMiMUl    l-v   v u v, m- 
tlu<   following MChllllflg  p.u-.inu'tcr.s: 

a. N.«WtOC   Oi   CuttOt 
b. I.ink'.th  of  a\ial   cui 
(.•. Longth oi r.uii.ii eu< 
ii. Cut tot total Loool ipood 
g,     Cut t IT   t i-inl   rat i1 

RMUltl   .nul   analvsis   ol   tlM   stitUMU-r  machining   U'sts   aro  pr« 
•Olktod   in   tlu'   following  paragraphs. 

2. I      Alumiiumi   Spi'ciim'ns 

iMk iMciHon eontlttod of four itlffonott, win. »««h itlf- 
fmot boing Mchlnod at ■ dlfferool   food toto.    riguroj  '  '    ''^ 
T-\   .how   typical   spm-imons   in  various   itOgOl   0    progress.     rigU« 
J-A   dopu-ts   a  matrix   of  all   aluminum   tost   spocimons   roUtOd 
depth   of  cut,   radial   cut,   and   on, t or   diam.tor.      Thli   flgWTJ   pro- 
vide,   a  quick  cross-roforonoo   lor   finding   thi  various   ma.-lnnn. 
parameters   and  oomhinations   thereof   that    thi.   program   >nvoved 
The   information  of  Table  .1-1   compares   the   toed   rates   (po     tooth) 
tor  different   diameter  cutters  as  used   Ln   the  st i I 1 on.,   t .si   w 11, 
[ul välLs rocoMondod by Industry standards fot nochining o.iumnum, 

Numerical results of the a lumi num maohi ni ng tOttt, thicknOM 
dimensions and surface roughness, are organized and pr.sontpl Ln 
Table 1-11   Kadial out. cutter diameter, flut« Longth. numho. ot 
Hutes  axial out, feed rate and location ol mo.su.ouunt aro all 
Usted'foreach tost.  FinuroJ-S is . grnphic.1 -MM--, an- 
of the thickness measurements ot the alununum tests ^ "• ^ 
ot  uomiM]   dimension deviations versus leod ta.os.  J*^ plot ptf 
vides a quantitative visual indication ol maohnung •OCUriC) fOl 
a particular set of machining conditions. 

The information of Table J-Ill is a rearrangement ot that 
presented in Table J-Il but includes a calculation o m.>tal 
rernova rate and a qualitative ranking of dimensional aooa CJ 
of Vtilfener thicknesses.  The acceptabilitv ol t ho thukness 
uHasurements at each feed rate for every tost is rttOd as 

•ce  able, minor rework required, finish cut loquir.d  - 
n.cceptab e.  The rankings of Table J-ltl are SSSWblsd (foi 

each colter si.e) graphicallv on feed rate limit chsrt.. PigurS- 
J-b thru J-10,  The five figures provide maximum finish machining 
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feed rates for any given area of cut (up to 1.0 square inch) 
concurrent with dimensional tolerances of +0.015, -0.010 inches. 
(Area of cut is defined as the radial cut dimension multiplied 
by the axial cut dimension.) The dashed line on each figure de- 
fines the recommended safe rough machining metal removal rate 
derived in the NC programmed development phase.  Flute length 
was limited to 2.00 inches (except for the 1.50 inch diameter 
cutter with 2.25 inch flute length). 

2.2 Titanium Specimens 

The titanium specimens are similar to the aluminum specimens, 
but consist of only three stiffeners.  Like the aluminum specimens, 
each stiffener was machined at a different feed rate.  Figure J-U 
prese. ts a matrix of all titanium specimens related to depth of 
cut, radial cut, and cutter diameter. 

Numerical results of the titanium machining tests, thickness 
dimensions and surface roughness, are organized and presented in 
Table J-IV.  No analysis of dimensional quality nor development of 
recommended maximum finish machine rates were accomplished for the 
titanium tests, as the majority of effort was concentrated on 

machining of aluminum. 

3.0 SURFACE EFFECTS ANALYSIS 

Dramatic increases in machining rates raised questions as 
to effects on finish surface quality and the capability of the 
current in-house etch process to remove all "smeared" material 
in preparation for penetrant inspection.  To answer such questions, 
the following study was performed. 

3.1 Background 

The Military specification (MIL-I-6866B) governing the pene- 
trant inspection process requires that soft metals, previously 
machined, be etched prior to inspection.  This requirement was 
incorporated into General Dynamics Non-Destructive Test Standard 
(NDTS) 1101, Penetrant Inspection, dated 27 June 1975.  The basis 
for this requirement is to remove the smeared metal on the sur- 
face of machined parts so that cracks or other defects will not 
be obscured to the inspection process. 
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At the time of writing NDTS 1101, no data was available on 
the depth of etch necessary; however, on the basis of other 
specifications and reports in the aerospace industry, a value of 
0.0005" from each surface was used. 

3.2 Objective 

The objective of this analysis was to measure the depth of 
smeared metal on aluminum and titanium machined (milled) surfaces 
and to determine the effect of abusive machining practices on the 
smeared layer. 

3.3 Procedure and Results 

Two titanium and two aluminum machined (milled) stiffener 
specimens were obtained for this investigation.  The machining 
parameters which were used on these specimens are shown in 
Table J-V. 

As a check for possible overheating caused by machining at 
the high feed rates, conductivity was measured on the aluminum 
specimens.  No difference in conductivity, as compared to the 
base metal, was found in stiffeners machined at various feed rates. 

Each stiffener was sectioned for microexamination.  For both 
the aluminum and titanium specimens, no change in general micro- 
structure was found associated with the different machining para- 
meters.  The depth of smeared metal layer on each stiffener was 
measured by use of a measuring eyepiece on the metallograph; 
this depth is shown in Table J-V for each condition.  Figures 
J-12 through J-15 show representative microstructures of both 
materials. 

With both the aluminum and titanium specimens, it is seen 
that the depth of smeared metal increases with severity of mach- 
ining practice.  Only with the most severe conditions would the 
0.0005" etch, as required by NDTS 1101, be insufficient to remove 
the smeared metal layer.  The two higher feed rates, 7^ and 15^ 
in/min., used on the titanium material produced unacceptable sur- 
face finishes and thus would not be suitable for production 
machining.  In fact, the high feed rate used on specimen 18C 
caused the cutter to seize to the material and break; it is inter- 
esting to note that no gross metallurgical damage accompanied this 
severity of machining. 
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3.4 Conclusions 

From the limited data generated in this work, it appears 
that the etch depth specified In NDTS 1101 is sufficient to 
remove smeared metal. 

Additional work is necessary to study other methods of 
machining, drilling, reaming, dehurring, and abrasive blasting 
operations.  Other alloys of aluminum and titanium must also be 
studied.  In addition, the actual effect of smeared metal on 
crack detection should be ascertained in future work. 
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FIGURE J-12   SPECIMEN 16A, Ti-6Al-4V BETA ANNEALED, 
C.05" RADIAL DEPTH OF GOT, 
3 1/4" PER MINUTE FEED RATE 

FIGURE J-13 
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SPECIMEN 18C, Ti-6A1-+V BETA ANNEALED, 
1" RADIAL DEPTH OF CUT, 
15 1/4" PER MINUTE FEED RATE 
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FIGURE J-14 SPECIMEN 2A, 2124-T851, 
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FIGURE J-15 SPECIMEN 2D, 2124-T851, 
1" RADIAL DEPTH OF CUT, 
70" PER MINUTE FEED RATE
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TABLE J-I   COMPARISON OF RECOMMENDED* VS. TEST FEED RATES 
PER TOOTH - PERIPHERIAL MILLING IN ALUMINUM 

H.S.S. 2 FLUTE 
CUTTER DIAMETER, IN. h 3/4 1 1% 2 

CIRCUMFERENCE, C (IN.) 1.57 2.36 3.14 4.71 6.28 

REC. FEED/TOOTH* .005 .008 .010 .010 .010 

REC. SURFACE FEET/MIN.* 600-800 600-800 600-800 600-800 600-800 

TEST RPM 3600 1500 
3600 

1500 
2560 
3600 

1800 
3600 

1500 
3600 

TEST FEED/TOOTH 
(3 10 IN./MIN. 

(10/2xRPM) 

.0014 .0033 
.0014 

.0033 

.0020 

.0014 

.0028 

.0014 
.0033 
.0014 

TEST FEED/TOOTH 
(3 70 IN./MIN. 

(70/2xRPM) 

.010 .023 
.010 

.023 

.014 

.010 

.019 

.010 
.023 
.010 

TEST SURFACE FEET/MIN. 
(RPMxC/12) 

471 295 
708 

393 
670 
942 

707 
1413 

785 
1884 

* Reference Machining Data Handbook, p. 179 2nd Ed., 
"Wrought Aluminum Alloys Solution Treated and Aged" 
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TAILE J-II      MACHINIMC TEST RESULTS--ST1FKKNERS--ALUMINI»» 

'1S00 »I'M ÖilTER  J.OO D x   0.1.'   K  ■«  2.00 K  I.   H.S.S.   (.'  Ti^K*l 

$t If (tan   Height 
t I KSSUrSTi-»  Ml of center of .tlff.ner .P.n 

C - Me.5ur«i.ent  at  .tlffener enter  of  »r*n 
II - ||      '  one inch  right  of center of .tlffener  .p.n 
T - Mcureownt ne.r top of .tlffener 
P - Men.urM.ent near botto« of «tlllener 
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TAB'.r  J-II   (CONTINUED) 

dA  -»•«»' 

RadlalJTop/ 

3600 RIM CUTTtTt  0. S  D »  0.12  R  »   2.00  V.L.   H.S.S.   (?  Flutei)_iJA^. 

dA - 1.0 

31 .05 
T 
B 
AA 

dA - 1.0 

32 .125 

3 LI 

Maaiurad Thlckne«» «nd Surfac« AA -/»In. (1) (6) 

13  ll'M  CA) 

).106  0.106  0.10«) 
113  0.112 0.114 

100 

20  U-MC^IO 

T 
B 
AA 

,107   0.107   0.107 
,130 0.131  0.132 

no    

30  1PM 

Ö.U1  0.U2 0.112 
0.122 0.121  0.1U 

217 

33 

1.0 

.25 
T 
B 
AA 

dA -   1.5 

34 .05 
T 
B 
AA 

).112  0.114  0.116 
ll<»  0.117   0.117 

JA-  g 
35 

36 

.125 

.25 

T 
B 
AA 

T 
B 
AA 

13   IPM  (2A)  

.118  0.U7  0.116 

.124  0.125  0.126 
277 

20  IPM  (2BT 

0.114  0.114  0.117 
0.141   0.153 0.153 

431  

50   U'M 

0.121   O.IH  0.122 
0.124 0.12<» 0.131 

322 

0.122  0.123 0.123 
0.146  0.146  0.146 

423 

0.122 0.123 0.123 
0.164  0.165  0.164 

3'»b     

70  U'M 

o, i.'-. o. \: • o. i:s 
0.134  0.11^   0.135 

225 

0.1J7 0.138 0.138 
0.169 0.168 0.166 

470     

BROKF.  CUTTER 

-- 

TTTPM (2A) 

113 0.113 0.113 
).127  0.124 0.125 

285 

0.112  0.113  0.115 
C.122 0.122 0.122 

114 

0.120 0.120 0  121 
0.143  0.143  0.147 

322 

0.122 0.120 0.125 
0.135 0.1»b 0.133 

214 

0.127 0.121» 0.130 
0.142 0.142 0.142 

368 

0.130 0.130 0.131 
0.165  0.165 0.167 

417 

i  127   0.126  O.lHTt.lM 0.132  0.132 0.157  0.157   0.1S7 
148  0.143 0.146  0.163  0.165  0.165  0.213 0.213  0.213 

142 277 i56 

0.135 0.135 0.136 
0.181 0.178 0.178 

522 

BROKE  CUTTFR 

3600 RPM CUTTER 0.75  D  j  0.12  R x   2.00 F.l.   H.^S^ (2  FluteO   (3-4) 

dA I.I 

37 .125 
T 
B 
AA 

20 Il'M  (2B)  

D.097 0.0<ib 0.CH8 
3.109 0.107 0.107 

88 

dA -  1.0 

38 

TI 

.375 

39 .125 

T 
B 
AA 

T 
B 
AA 

40 

1.5 

13  IPM  (2A) 

102  0.102 0.103 
3.106  0.107   0. 107 

88 

3.103  0.103 0.103 
111  0.111  0.111 

30 

.25 
T 
B 
AA 

112 C.Ul  0.112 
3.122 0.121  0.121 

191 

dA -   1.5 

41 .375 
T 
B 
AA 

20  IFM  (2R) 

0.105 0.104 0.104 
0.U6 0.119 0.117 

40 

0.109 0.109 0.109 
0.125 0. 12i. 0.12b 

18P 

0. 106   0.106  0.105 
0.U4  0.113  0.115 

85 

0.104  0.104  0.104 
0.112 0.113 0.U3 

0.111 0.110 0.109 
0.129 0.129 0.129 

58 

0.114  0.114 0.U4 
0.134  0.131   0.134 
 222  

0.113 0.112 0.112 

0.117 0.117 0.118 
0. 136 0.141 0.143 

169 

0.115 O.llb 0.115 

138 

13 IPM (2A) 

3.108 0.108 0.110 
3.116 0.116 0.116 

161 

0.116  0.116  0.116 
0.130 0.130 0.130 

192 

0.113  0.114  0.113 
0.121  0.127  0.128 

158 

0.124  0.124  0.124  0.137   0.131   0.133 
219 

0.122 0.122 0.122 
0.137 0.139 0.139 

208 

0.135  0.135 0.135 
0.155  0.155  0.1S4 

197 

144 

0.130 0.130 0.130 
0.145 0.145 0.146 

191 

0.138 0.139 0.139 
0.167 0.167 0.165 

250 

dA -   1.0 

2560 RPM CUTTER   1.00 D j   O.i; 
"""1  

R  x 2.00 F.l..   H.S.S.   (2  Flutcs>   O'1*) 

42 .05 
T 
B 
AA 

3.096 0.096 0.096 
3.100 0.100 0.101 

37 

dA ■   1.0 

43 .375 
T 
B 
AA 

dA -  1.0 

20 IPM  (2B3 

13  IPM  (2A) 

104  0.103  0.103 
1.105  0.107   0.107 

27 

20  IPM  (2B) 

0.096   0.09b   0.097 
0.102  0.101   0.101 

57 

0.111  0.111  0.111 
0.114  0.115 0.114 

35 

44 .50 
T 
B 
AA 

.118  0.118  0.119 
D.128 0.128 0.128 

38 

dA -  1.5 13  IPM  (2A) 

45 

46 

.05 

.25 

T 
B 
AA 

3.098  0.098  0.09 7 
13.098 0.098  0.098 

26       

T 
B 
AA 

.108  0.109  0.107 

.107  0.107  0.107 

25     

O.llb   0.117   0.118 
0.131  0.131  0.131 

31 

0.097 0.09 7 0.099 
0.102 0.102 0.102 

42 

0.100 0.103 0.103 
0.107 0.107 0.108 

46 

0.114 0.114 0.114 
0.126 0.12b 0.12b 

38 

0.123  0.123  0.123 
0.139 0.139  0.139 

47 

0.104  0.104  0.104 
0.104  0.10 

57 

0.114 0.121 0.121 
0.133 0.1.13 0.133 

25 

0.12'7   0.127   0. 12b 
0. 148  0.148   0.148 

62 

0.108  0.108  0.108|0.108  0.108  0.108 
0   104  0.105  O.U'S  0.105|0.10S  0.105  0.10S 

40 32 

0.118   0.115  0.115 
0.113  0.113  0.112 

26 __ 

0   128  0.129  0.129 JO.131   0.130 0.130 
o!l26  0.126  0.124  0.131   0.131  0.130 

30 i 38  
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TABLE  J-II   (CONTINUED) 

7sf.n RFM crn-ER i.o p x 0.12 K x 2.00 f.i.. ".s.S. (mut») y-uj 

dA  "  x. x x 

Test 
No. 

K.ult.il 
Cut 

T.p/ 
Bjt . 

<»A l.S 

47 .37^ 
T 
B 
AA 

dA 1.5 

MeasureU  Thlcfciu-«»   and  Surface  AA  -/<In.   (1)   (•) 

Feed 

^L. 
20   I1M  (.'B) 

0.121 0.121 0.120 
0.129 0.128 0.128 

36 

13   IPM   (2A> 

48 .50 
T 
B 
AA 

0.115 0.114 0.114 
0.116 0.11b 0.117 

27 

Ki'inl 
Cl. 

30   IPM 

0.122  0.120 0.120 
0.131  0.131  0.131 

49 

0.132 0.132 0.132 
0.130 0.132 0. 132 

25 

Feed 

CL 
Feed 

CL 

50  1PM 

0.12«  0.128  0.128 
0.142 0.142 0.142 

37 

0.158  0.158  0.158 
0.15b  0.156  0.157 

39 

70 IPM 

0.132 0.132 0.134 
0.150 0.151 0.151 

39 

0, lb*  0. Ib4  0.165 
0.165  0.166  0.167 

34 

1800 RPM CUTTER   1.5   D x   0.12 ?   x   2.00  F.L     H.S.S.   (2  flute»   )   (3-4) 

dA 1.0 

49 

50 

.05 

.25 

I 
B 
AA 
T 
B 
AA 

dA  -   1-0 

JO  IPM   (») 

0.099 0.098 0.098 
0.102 0.101 0.101 

24  
0.113 0.11-'. 0.113 
0.114 0.114 0.114 

31 

13   IPM   (?A) 

51 

52 

.50 

.75 

dA -   1-5 

T 
3 
AA 

0.111 0.108 0.112 
0.109 0.109 0.109 

22 

T 
B 
AA 

53 

54 

55 

.05 

.25 

.50 

56 .75 

T 
B 
AA_ 

1 
B 
AA 

0.100  0.099   0.099 
0.102  0.103  0.103 

29 
0.114  0.115  0.115 
0.117  0.117  0.116 

31 

0.102  0.102 0.100 
0.104  0.105  0.105 

29       

0.115  0.115  0.115 
0.118  0.117  0.116 

25 

0.126 0.125 0.124 
0.12? 0.123 0.123 

31 
1?   IPM   (2A) 

0.131   0.131  0.131 
0.129   0.129   0.129 

26 

0.117 0.117 0.117 
0.123 0.123 0.122 

41 

0.129  0.129  0.128 
0,133 0.133 0.133 
 _4l  

0.134 0.134 0.135 
0.137 0.137 0.137 

41 

0.101 0.102 0.101 
0.105 0.105 0.105 

40         
0.123 0.123 0.123 
0.127 0.127 0.127 

50 

0.133 0.132 0.132 
0.139  0.138  0.139 

41 

0.104 0.104 0.104 
0.094 0.097 0.095 

18 
0.105 0.108 0.106 
O.UO 0.111 0.111 

16 

T 
B 
AA 

I 
B 
AA 

0.112 0.112 0.112 
0.116 0.113 0.114 

24 

0.115 0.116  0.116 

0. 109 0.108 0.108 
0.094 0.094 0.094 

19 

0.113 0.113 0.113 
0.104 0.105 0.105 

44 

0.143 0.143 0.143 
0.146 0.146 0.145 

37 

0.108  0.111   0.113 
0.102 0.102  0.101 

42 

O.lirj  0.112  0.112 
0.116  0.116  0.116 

22 

0.1U  0.112  0.112 
0.127   0.12b  0.127 

29 

0.122 0.122 0.122 
0.118 0.118 0.118  0.134  0.135  0.134 

37 20  

0.122  0.122 0.123 
0.125 0.174 0.124 

46 

0.122 0.122 0.122 
0.142 0.137  0.140 

27 

0.135  0.134  0.138 
0.155 0.155 0.155 

37          

0.126  0.12b  0.12b 
0.128 0.128 0.129 

27 

0.130  0.131  0.132 
0.140 0.142 0.141 

35 

0.153  0.158  0.151 
0.171  0.172  0.171 

38   

1400 RPM CUTTER  2.0 D x  0.12  R x   2.00 F.L.   H.S.S.   (2 Flute»)   (5) 

1.0 

57 .75 
T 
B 
AA 

1.5 

10 1PM (K) 

0.109 0.109 0.105 
0.109 0.108 0.10b 

17    
10 IPM (2C) 

O.llb O.llb 0.118 
0.119 0.118 0.120 

19 _ 
30  IPM 

0.108  0.107  0.104 
0.10b   0.10b  0.10b 

26       
50  1PM 

0.116   O.llb   0.117 
0.123 0.122 0.124 

24         
70  IPM 

58 .75 

59 .50 
T 
B 
AA 

CUTlER  DAMAC-.EL) AND  STIFFF.NEKS   FAILED AT   30 AND   50  IPM 

0.105  0.105  0.102 
0.116 0.115 0.115 

18 

0.112  0.112  0.U4 
0.125  0.125  0.128 

17 

0.105 0.105 0.106 
0.112 O.UO 0.112 

32 

0.107  0.106  0.108 
0.131  0.129  0.130 

34 

3600 RPM cunt i.50 » H u a « !♦•• t.u ■.•.■- <« nww) ** 

JkZ 1.5 

60 .25 

20  IPM 

0.102  0  101   0.100 
0.108  0. 107  0.108 

22 

30  IPM 50  IPM 

0  105  0.105  0.105  0  108  0.107  0.105 
0  111   0.110 0.Ill   0.116  0.118  0.118 

28 I 23  

70  1PM 

0.110 0.110 0.109 
0.121  0.121  0.121 

28 

CONVENTIONAL CUT  DIRECT10N_ 

61 .25 
T 
B 
AA 

0.098 0.098 0.098 
0  09b  0.097   0.09b 

15 

0 092   0  093   0.092'0.084   0.084  0.083 
0  097   0  098   0.09810.090 0.090 0.090 

14 21 

0.096   0.099   0.095 
0.096   0.09b  0.095 

47 

.00 D  x   .12  R x  2.00 F.L.   H.S.S. aiMB  CUT   3600 RPM CUTTER   1 
0.107 0.107 0.10710.110 0.109 o. no 0.109 O.UO o.uo 

62  1    .25 
T 
B 
AA 

0   107  0  110 0.10910.113  0.U3  0..14|0.116  0.118  0.119 
19 27       _      I 24  

(2  Flute«)  2h  

0.114  0.114  0.113 
0.120 0.123 0.124 

42 
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APPENDIX K 

NC PROCRAMMTNC DEVELOPMENT TESTS 

Data obtalMd trom thi NC Programming Development Tests is 

IM« d herein. 

1.0 DESCRIPTION OE TESTS 

Various programming approaches were used to machine ten 
simul.uod production parts of the configuration shown in Figure 
K-l   Ihe oh^-ctivo was to achieve higher metal removal rates 
based on t he ' st i f fener test data descrihed in ApP-cUxT while 

c#t«lnln| essentia: quality.  The first spec men. S/N 1. "as 
used to proof thi hasic geometry common to all programmed parts. 
Due to tvpical programming errors, the test results from this 
part were omitted from data analysis. 

A description of the various programming features for each 

specimen evaluated is presented in Table K-I   ******* 
programmed accordingly to conventional practices while the other 
specimens utilized increased metal removal procedures. 

The last part, S/N 10, was considered the best of the test 
parts in overall quality and is compared in detail with the 
conventionally programmed part. S/N 2.  Photos of parts S/N 2 
uul S/N 10 are shown in Figures K-2 and K-S respectively.  In- 
spection charts for these two specimens are also shown in 

Figures K-4 and K-5. 

2.0 TREATMENT OF DATA 

Data obtained from the 9 development test parts are Pre- 
sented in Tables K-II thru K-VI and Figures K-6 thru K-8.  Ranges 
of ndividual stiffener and web thickness deviation from nominal 

drawing dimensions are illustrated in Figure M.  *»i»** J» 
th s Hgure are total machine run times and brief run descriptions 
A brief statistical analysis of the dimensional deviations was 
performed and is presented in Table K-II.  The data was analyzed 
'for means and standard deviation for both the high and low points 
of the dimensional deviation ranges (for ftiffeners. webs and 
.11 elements).  A graphical analogy of Table K-II results is 
presented in Figure K-7.  The means of the extreme points (high 
and low) of the individual element dimensional deviation ranges 
are depicted as points on the line.  However, the standard 

295 
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deviations of these accumulated high and low point values are 
shown by the length of the dotted lines outside of the mean 
points.  The standard deviation value is understood to extend 
equally in both directions (positive and negative) from the 
mean value, 

Shown in Figure K-8 is a correlation between cutter time 
and cutter size for the nine test specimens.  Included is a 
cumulative cutter time for each test.  Presented in Table K-III 
is a relative rating of pocket corner quality for the test parts 
Each corner (18 per part) of every test part is ranked as: 
excellent, acceptable, marginal, or unacceptable. 

Tables K-IV, K-V and K-VI present the results of the com- 
parison between parts S/N 2 and S/N 10.  Table K-IV shows com- 
parison of corner mismatch and surface roughness values between 
individual elements (webs and stiffeners) of the two parts. 
Table K-V summarizes the data of Table K-IV, listing cumulative 
occurrences, means, and standard deviations of measured values 
for stiffeners and webs.  Finally, Table K-VI provides an over- 
all quality comparison on S/N 2 and S/N 10.  Included in this 
table is the 1 tr range of low and high dimensional deviations 
for stiffeners and webs.  This range, bounded by the two listed 
values, is one within which 687» of all dimensional deviations 
will fall.  Similar values are listed for mismatch and surface 
roughness. 

For interpretation of these results, see Volume I. 
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TABLE  K-I NC  PROGRAMMING DEVELOPMENT TESTS   - 
TEST PROGRAMMING  FEATURES 

PART Dr TYPE dR dA A f           M COMMENTS 

S/N CUT 
dR x dA A x f 

( IN.) (IN.) (IN.) (SQ.1N.) (IPM) (CIPM) 

#2 II KAMP 
SLOT 

1.9 
1.9 

.7 1.05 
nil 

8 
18 

O 
18.9 

AVG M. ;   1800 Km 
AVG~R. 

ROUGH VAR. 1.4 .- 18 -- L'V   .050 ON SIDES,  WEB 

F.WEB 1.9 .050 .075 18 1.4 
2 ROUGH .45 1.5 .68 18 12.2 1800 RPM 

F.WALLS .050 1.5 .075 18 1.4 
1 F.WALLS .037 1.4 .05 18 .9 INCL.   V  R.   CORNERS 

F.WALLS .013 1.4 .018 12 .2 INCL.   V'  R.   CORNERS, 
USING  0.515"R;   3600 RPM 

1 ROUGH VAR. 1.4 .. 3 -- V'R.CORNERS;   3600 Rm 

FIN. .013 1.4 .018 1.9 .03 V'R.CORNERS;   3600 RIH 

#3 || RAMP 1.5 77 HB 8 O 1800 RPM 
SLOT 1.5 77 I.Ö5 18 18.9 
ROUGH VAR. 1.4 -- 18 -- 
R/F .25 1.4 .35 32 11.2 CHART  FEEDRATE   (C.F.) 

2 R/F .50 1.9 .75 26-32 24.0 1800 RPM 

1 R/F VAR. 14 <.18 
< 38 
>.38 

75 
22 
10 

SI 3.5 
<8.4 
<3.8 

3600 Rm 

FR.TRAV. mm -- -- 95 -- 

I R/F VAR. 1.4 <.3 
<.5 

6 
3 

<1.8 
<1.5 

3600 RPM 

>.5 1.5          >.75 

*4 (SAME PROGR.   AS #3.     ALL CUTTERS (? 3600 RPM) 

#3 L| RAMP 1.5 1 I.Ö5 6.4 O 3600 RPM;   FEED RATES 
SLOT 1.5 71 rm 14.4 ro | 807. OF S/N  3 & 4 
ROUGH VAR. 1.4 -- 14.4 -- 
R/F .25 1.4 .35 25.6 9.0 

2 R/F .50 1.5 .75 12.8 9.6 3600 RPM;   FEED RATE 
Q 407. OF S/N 3 & 4 

1 R/F VAR. 1.4 <.18 
5.38 
>.38 

60 
17.6 
8.0 

<10.8 
<6.7 
>3.0 

3600 RPM;  FEED RATE 
0 SOT. OF S/N 3 & 4 

FR.TRAV. .- -- -- 95 -- 

1 R/F VAR. 1.4 <.3 
<.5 
>5 

100% OF S/N 4 FOR CORN.A2-3,Bl-2,B2-3 
807. OF S/N 4  FOR CORN.Cl-2,C2-3,Dl-2 
b0% OF S/N 4  FOR CORN.Dl-3,E3-4 

|                             2560 RPM 
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TABLE K-I    (Cont'd) 

■•,-,■,■ 

PART Dr TYPE dR dA A f M COMMENTS 

S/N CUT 
dR x dA A x f 

( (IN.) (IN.) (IN.) (SQ.1N.) (IPM) (CIPM) 

#6 7/8 DRILL • - mm mm DRILL  CORNERS 

IV RAMP 1.5 77 I.Ö5 8 e~5 3600 RPM 

SLOT 1.5 1 rm 18 fO 
ROUGH VAR. 1.4 -- 18 -- LEAVE   .050 ON SIDES & WEB 

FINISH .050 1.4 .07 75 5.25 

2 R/F .50 1.5 .75 32 24 3600 RPM 

1 R/F VAR. 1.4 <.18 
<.38 
>.38 

75 
22 
10 

<13.5 
<8.4 
<3.8 

3600 RPM 

FR.TRAV. .. -- 95 -- 

^ R/F VAR. 1.4 S.3 
< 5 
>.5 

6 
2 

1.5 

<1.8 
<1.5 
>.75 

2560 RPM 

#7 .437 DRILL — . _ . mm -- DRILL CORNERS 

u RAMP 1.5 .7 1.Ö5 8 o 3600 RPM 

SLOT 1.5 .7 rM 27 2d. A 1NCR  507. OVER #6 

ROUGH VAR. 1.4 -- 27 ■ ■ INCR  507. OVER #6 
LEAVE   .050 ON  SIDES & WEB 

FINISH .050 1.4 .07 95 6.65 

2 ROUGH .450 1.5 .68 60 40.5 3600 RPM 

FINISH .050 1.5 .075 75 5.63 

1 R/F VAR. 1.4 <.18 
<.38 
>.3a 

95 
33 
15 

<17.1 
<12.6 
<5.7 

3600 RPM 
I  INCR  BY  507. 
f  INCR BY 507. 

RAP.TRAV . _ .. 95 -- 

1 R/F VAR. 1.4 <.3 9 <2.7 3600 RPM;   f   INCR BY 507. 

<.5 4.5 <2.3 3600 RPM;   1   INCR BY 507. 

>.5 

#8 l| RAMP 1.5 .7 1.Ö5 8 O 3b00 RPM 

SLOT 1.5 .7 VM 18 10.^ 
ROUGH VAR. 1.4 -- 18 -- 

R/F .25 1.4 .35 32 11.2 

2 R/F .50 1.5 .75 20 15.0 3600 RPM 

RAP.TRAV -- -- 95 -- 

1 R/F VAR. 1.4 <.I8 
<.38 
>.38 

75 
22 
10 

<13.5 
<8.4 
<3.8 

3600 RPM 

RAP.TRAV .. mm -- 95 -- 

I R/F VAR. 1.4 <.3 
<.5 

6 
3 

SI.8 
SI.5 

2560 RPM 
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TABLE K-I (Cont'd) 

— ^••^rr' 

1 

PA.nT Dr TYPE dR dA  ! A f M COMMENTS 

S/N CUT 
dR x dA Axt" 

(IN.) (IN.) (IN.) (SQ.IN.) (H'M) (CIPM) 

#9 (SAME AS #8, TO OBSERVE REPEATABILITY EXCEPT V'D CUTTER | 
3600 RPM ANC 1 SET WEB CUT .005 HIGHER) 

#10 IS RAMP 1.5 7? 1.ÖÜ 8 n 3600 RPM 
SLOT 1.5 .7 I.Ö5 18 18.9 
ROUGH VAR. 1.4 -- 18 -- LEAVE .050 ON SIDES, WEB 
FINISH .050 1.4 .07 ^5 5.25 SET .005" HIGH 

2 ROUGH .450 1.5 .68 u 21.8 3600 RPM 
FINISH .050 1.5 .075 75 5.63 

I R/F VAR. 1.4 
i.38 
>.38 

75 
22 
10 

<13.5 
Cl.4 
>3.8 

3600 RPM 

FR.TRAV. -- -- -- 95 
H R/F VAR. 1.4 S.3 

i5 
6 
3 

^ 1.8 
^ 1.5 

2560 RPM 

1 1.5 > .8 

NOTES:  dR - RADIAL CUT 
A - AREA OF CUT 
N - METAL REMOVAL KATE, CU. IN./MIN. 
De - CUTTER DIAMETER 
dA - AXIAL CUT 
f - FEED RATE, IN./MIN. 
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TABLE K-TV QUALITY COMPARISON NC TEST PARTS S/N 2* AND S/N 10* 
MISMATCHES AND SURFACE ROUGHNESS 

! 

I 

Stiffeners Mismatches (x 10-3)** Surface Roughness, fXAA 
(Two Sides. Two Ends) (Side 1/Side 2) 

S/N 2   | S/N 10   | S/N 2 S/N 10 

AK 7/0 0/3 11/5 0/0 28/19 26/25 

AJ 4/0 0/0 0/0 0/0 31/25 28/23 

AI 0/2 0/0 3/0 0/0 26/30 25/14 

AB 0/0 0/2 0/0 15/0 38/36 33/26 

BI 0/2 0/0 5/0 0/0 20/32 28/15 

BH 0/0 0/0 4/0 0/0 42/16 27/39 

BC 7/0 0/3 0/6 7/10 34/42 27/25 

CH 7/0 0/0 7/0 0/0 32/15 40/38 

CD 0/4 4/0 0/12 11/0 30/30 25/28 

DE 5/0 0/0 6/15 12/0 28/62 23/39 

DF 0/9 0/0 8/9 0/0 24/17 34/26 

EG 4/0 0/0 12/9 0/0 26/17 24/21 

EF 0/0 0/0 0/8 0/0 41/21 35/20 

Webs Mismatches x 10"3 Surface Roughness,/iAA 

A 2 11.2,4,6,6 40 159 
B 4 5,8,5,8.7 32 57 
C 7,1,1 4,3,3,5 34 123 
D 2,3 7,8,2,6 30 70 
E 0 6,6,7,8 19 139 

* S/N 2 was machined by commonly used programming procedures. 
S/N 10 was machined at an average of 2007. of the metal removal 
rate of S/N 2. 

** Example:  Stiffener AK (of S/N 2) had mismatch of 0.007 on one 
end of one side md  0.000 on the other end, and 
0.000 and 0.003 on the ends of the other side. 

TABLE K-V  QUALITY COMPARISON - S/N 2 AND S/N 10 - 
SUMMARY, MISMATCHES & ROUGHNESS 

Mismatrches Surface Roughness 
MAA 

S/N 2     1 S/N 10 S/h 1 2    S/N 10 

Element Occur- 
rences 

Mean (T Occur- 
rences 

Mean or Mean <r Mean a 

Stiffeners 

Webs 

14 

7 

.0012 

.0025 

.0023 

.0022 

20 

22 

.0034 

.0058 

.0048 

.0022 

29.3 

31.0 

10.4 

7.7 

27.5 

109.6 

6.9 

44.2 
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APPENDIX L 

RTC RE-PROGRAMMING AND MACHINING 
OF F-16 PRODUCTION PARTS 

Data obtained from re-programming F-16 production parts to 
the RTC NC programming guidelines is presented herein. 

1.0 NC PROGRAMING GUIDELINES AND APPLICATION 

NC orogramming guidelines were based on the NC development 
tests described in Appendix K and modified during the machining 
of the first production part, 16B5222-7.  These guidelines are 
presented below. A comparison with typical conventional pro- 

gramming is also provided. 

1.1 NC Programming/Machining Guidelines 

The following guidelines were developed by experienced F-16 
NC programmers and will be used on F-16 parts as re-programming 

opportunities are encountered. 

PROGRAMMING/MACHINING GUIDELINES 
FOR 

NUMERICAL CONTROLLED MILLED ALUMINUM 
AS DEVELOPED BY THE 

RELAXED TOLERANCE CONCEPTS PROGRAM 

Relaxed Tolerance Concepts (RTC) guidelines have been developed 
in order to lower the cost of machined parts and to reduce the 
time for a part on the numerical controlled (NC) machine.  Simul- 
taneous with the development of these guidelines, design and 
surface smoothness requirements have also been relaxed which 
permits more effective implementation of the guidelines. 

The reconmended procedures are not designed for use across the 
entire spectrum of NC machining but are intended only to serve 
as a guide within the limitations set forth below; most designs, 

however fall within this scope. 

Use of the RTC guidelines presupposes a thorough knowledge of 
APT (Automatically Programmed Tool) part programming and tradi- 

tional NC machining techniques. 
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Basic Concept 

In general, RTC machining/programming practices apply 
exclusively to the milling of aluminum material and 
only then when the depth of material removed does not 
exceed 1.75 inches.  The basic philosophy is to remove 
as much material as practical with large (1.75 - 2.00 
inch diameter) cutters, finish mill using an inter- 
mediate size (1.00 - 0.75 inch diameter) cutter and 
utilize smaller (.5 - .75 inch diameter) cutters only 
when absolutely necessary. 

Cutter Selection 

When machining, always utilize the largest diameter 
cutter with the shortest flute length possible.  This 
selection will ensure minimal cutter deflection. 
Undersize cutters may be employed for roughing oper- 
ations but standard size cutters are mandatory for 
finishing operations. 

Cutter Changes 

Utilize as few cutters as possible and organize machining 
operations in such a manner as to ensure a minimal number 
of cutter changes. 

Positioning 

For positioning the cutter (lifting, plunging or traversing) 
when not removing material, always utilize the maximum feed- 
rate allowable.  Whenever possible, maintain no greater than 
0.1 inches clearance for traversing above or positioning to 
the workpiece.  Naturally, exceptions are permissible for 
certain part configurations and for obstructions such as 
strap clamps, hold down bolts, locating pins or other tool- 
ing accessories.  Positioning the cutter without removing 
metal should be kept to a minimum.  When using MACRO, LOOPS, 
etc., these should be designed to function with the least 
amount of wasted motion possible. 
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Ramping 

Pocket milling should be initiated by means of a ramping 
operation.  The ramp cut should begin at one extremity of 
the pocket on a plane 0.x inches above the workpiece and 
end 0 05 inches from the desired web and 0.03 inches from 
the opposite pocket extremity.  Once the proper depth has 
been reached, the cutter should be retraced (at depth) 
along the line of the ramp cut to the original position less 
0 03 inches.  A ramping feedrate should be utilized.  If 
pocket size compels an absolutely vertical cut, the feedrate 
should be reduced to 1/2 the designated ramping feedrate. 

Rough Machining 

When rough machining with large cutters, excess stock 
should be left on stiffener and flange walls, as well as 
on pocket webs.  Excess stock of 0.03 inches should be 
maintained on pocket webs.  Conventional milling is per- 
missible but not desirable.  Cutter path should be pro- 
grammed to remove as much material as possible with the 
least amount of motion, but radial cuts should not exceed 
1/2 the diameter of the cutter and axial cuts should not 
exceed 1.75 inches in depth.  Roughing feedrates should 
be utilized.  In instances where the cutter becomes as 
much as 50 per cent enveloped by material, the feedrate 
should be temporarily reduced to 1/2 the designated 
roughing feedrate. A finish pass to the net web dimension 
should then be made using finishing feedrates.  Normally, 
no finish cuts on stiffener or flange walls should be made. 
The table shown below gives rough machining feed rates and 
RPM that may require up to 15 spindle horsepower. 

Climb Milling 

Always remove material when finish machining by means of 
climb milling.  This convention minimizes cutter deflection 
and reduces the possibility of undercutting. 
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Cornering 

Do not develop circles for finishing corner radii.  Always 
drive the cutter directly to the adjacent (check) surface 
which forms the corner.  Do, however, use the special 
feedrate option of APT for slowing the cutter to a corner- 
ing feedrate when within 0.05 inches of the adjacent surface. 

Feedrate Ace/Dec 

For NC systems which control machine tool velocity by means 
of acceleration and deceleration stepping functions, velo- 
city step size should be increased to at least 35 inches 
per minute when finish milling.  The use of increased 
acceleration and deceleration step size reduces the possibil 
ity of marking stiffener and flange walls as the cutter 
dynamically changes velocity.  Probability of cutter over- 
shoot when cornering is increased, but proper use of the 
special feedrate option of APT will compensate for this 
condition. 

, 

Small Radius Corners 

Small cutters should be used only for machining corner 
radii except when part configuration dictates otherwise. 
Two passes to net corner dimensions should be made and 
cornering feedrates should be used.  Corners less than 
90 degrees may require additional passes and/or reduced 
feedrates.  When positioning from one corner to the next, 
the cutter should rapid-traverse free of material. 

Mating Surface MillinR 

In order to ensure satisfactory Joining surface quality when 
milling mating surfaces (usually outside flange peripheries), 
conservative machining practices should be adopted in lieu 
of relaxed tolerance concepts.  As a general rule of thumb, 
external milling of outside flange peripheries should be 
performed prior to internal machining operations. 
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Control of Surface Roughness 

Programming with the rates of the following table will nor- 
mally produce a surface with roughness well within 125 /«AA 
for surfaces cut with the side of a 2" F.L. end-mill; however, 
surfaces such as webs produced by the end of the end-mill 
may occasionally fall between 125 and 200 /AM.  This con- 
dition is usually acceptable in non-functional areas, but 
may require lower feed rates for areas requiring a 125^lAA 
maximum. 

Form Cutters 

The use of form cutters such as cone, bell and "T" config- 
urations will necessitate special consideration.  In general, 
form cutters do not remove material as effectively as stan- 
dard cutters, therefore, reduced spindle speeds and conser- 
vative feedrates will be necessary.  In all cases where form 
cutters are required, as much material as possible should 
first be removed with a standard cutter. 

Spindle Speeds and Feedrates 

The following table specifies spindle speeds and milling 
feedrates which should be employed for RTC programming: 

Flute 
Length 

Type 
of 
Cut 

l/r 

END MILL 
1/4-   1 

DIAMETER 

1"    1 1 1/4' '.2" 

RPM 1PM RPM 1PM RPM IPM RPM IPM 

Rough -- -- -- -- 1800 20 3600 40 

Finish Walls 2560 10 1800 20 1800 35 -- -- 

Through Finish Webs -- -- -- -- 1800 35 3600 75 

2" 
Ramping -- •' 1800 10 1800 10 3600 15 

Cornering | 2560   3 [ 1800   8  | 1800 10 3600 20 
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Operator Control 

The feed rates of the ahovo table are to he adhered to hv the 
operator wi hout over-ride unless machine ma function U 

be so Instructed on the instruction document. 

1.2  Typical NC Trogrammlng Comparison 

T,MP 1-1 describes the NC programming of a F-16 production 

2.0 MACHINING AND DATA ANALYSIS - 16RS:22-7 

Discussion on machining and -Ivsls of ^^usela^ 
frame 16B5222-7 shown In Figures L-l and h  I is |Xi 

2.1 Machining 

lines were cleaned  and  t™l™*^?l>tJ't*m**\  rates 
was monitored  to  Insure  that  ^  ^^ m ^ ^ 
did not  represent  an excessive fMitt«.     "^.S1»^"        This 

26  HP      ----rteX'VeH r^      wLelln "alU of  10 hp. 
^ucur™ ihuc^trollng was  used and vacuum road 24 
inches of mercury throughout  the tests. 

2.2    Quality Comparison 

Reports  fV^V ^n RTC Pie«    re-programmed  to RTC gulde- 
K PrndU

T
Che  Hr"  f^RTC Pie        e^hlbiLd'an excessive number 

SSlS^ K ^r^lalceTardisced so tHe .IdeUne 
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feedrates and RPM values were modified so as to be mortf conserva- 
tive. The last three pieces were considered adequate in quality, 
and the guidelines were finalized as presented above. 

The first RTC part was scrapped due to the programming errors 
but later used for the F-16 metal mockup.  The remaining six 
pieces were accepted and placed in F-16 production stock. 

2.3 Machining Time Comparison 

Table L-III lists the total time on the NC mill for 16B5222-7 
for each of the various basic activities such as tool set-up and 
tear-down, cutter and clamp changes and actual cutting time 
Values for cutting time are based on NC tape time for the F-lb 
production programmed part - conservative, since the operator 
has the common practice option of slowing down the machine by 
over-riding the tape.  Cutting time and other functions for the 
RTC parts were actual measured intervals using a stop watch. 
For the RTC parts, no operator over-ride was permitted, so tape 
and running times were identical.  RPM was provided the operator 
on the NC specification for the part. 

In view of the absence of measured time intervals for the 
non-cutting functions for the production part, the RTC-measured 
time intervals were assumed applicable to the production part 
also.  There is no basic reason for any difference in these 
functions between the two parts.  As can be seen in Table L-III, 
wide variations exist from part to part in the time required tor 
the non-cutting activities depending upon whether the tooling 
was still in place from the previous part or how well the oper- 
ator maintained his efficiency in making clamp and cutter changes. 

Since, on a complex part such as 16B5222-7, the cutting 
time is a large portion of the total time on the machine, the 
large reduction in cutting time achieved by the RTC guidelines 
significantly reduced total time on the machine, by an average 
of 54%.  In other terms, the time reduction on the machine is 
roughly 322-174-148 minutes, or 2.5 hours. 

The difference in tape time, and therefore cutting time for 
S/N 007 is 206.1-71.6-134.5 minutes or 2.24 hours.  The saving 
in cutting time is not affected by learning curve influence since 
tape time is not within operator control; therefore, the benefit 
of reduced cutting time is a constant value and an increasing per- 
centage of total cost as learning progresses throughout the entire 

program. 
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The RTC programming for 16B5222-7 was adopted by the F-16 
NC programming group as the final production programming for 

this part. 
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3.0 MACHINING AND DATA ANALYSIS - 16B1262 

The second F-16 production part selected was programmed in a 
manner similar to that for 16B5222.  Figures L-3 and L-4 illus- 
trate the part.  Seven pieces were machined.  The second piece 
was damaged early in machining due to machine malfunction and so 
is not reported on.  The RTC programming for 16B1262 was finally 
adopted as F-16 production programming. 

3.1 Machining 

Machining was done on two different mills.  The first, Morey 
mill No. 5, ran at roughly two thirds tape speed.  Also, the 
programming did not comply with the RTC guidelines in cutter 
selection, cutter motion and feed rates.  The part was completed 
and is reported on in Tables L-IV and L-V. The remaining parts 
vere cut on Lucas-Morey No. 11 (4* x 8' bed), a 30 hp. mill.  A 
peak horsepower of 23 was experienced momentarily during ramping 
o^ each pocket with the 1%  inch diameter cutter.  Production 
tooling was used and vacuum read 24 inches of mercury during the 
tests.  Programming was revised to be more compatible with the 

guidelines. 

3.2 Quality Comparison 

Table L-IV summarizes the inspection results for three pieces 
of 16B1262-13 and one piece of -21, all production programmed and 
machined.  Also, six RTC-programmed pieces are reported on, three 
-21 and three -23. All of these are identical except for minor 
differences in geometry caused by engineering changes.  No signi- 
ficant difference in quality between the four production Piec^ 
and the six RTC pieces is apparent; however, RTC programming did 
produce one part, S/N F219521A, without any dimensional discrep- 
ancies    One piece, S/N 004, was finally scrapped after inspec- 
tion and deliberation on whether or not to repair; however, the 
decision to scrap was not a reflection on the programming since 
the cause was a machine malfunction causing the cutter to cut 
through a flange.  A tooling failure delayed resolution of dis- 

crepancies on S/N F471743. 

3.3 Machining Time Comparison 

Table L-V summarizes the machining time for each of the six 
RTC parts for 16B1262 and compares the time with that required by 
conventional production programming.  The first part, S/N F4630:i, 
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was improperly programmed and was run on a malfunctioning machine 
that ran too slow, resulting in non-typical cutting time.  The 
cutting time for this part was therefore not included in the aver- 
ages and percentages presented. 

The remaining five pieces show an average reduction in cutting 
time of 119.7 - 56.8 or 62.9 minutes (1.05 hours), an average 
reduction in cutting time of 53%.  The tooling time includes the 
time required to remove and re-install the tooling, for S/N F219521A, 
a typical event that needs to be included in order to achieve a 
realistic comparison of total time on the machine.  The reduction 

in total time is 367o. 

The comments made for the first part re-programmed, 16B5222, 
regarding over-ride conservation on production machining and 
running the RTC tapes at 100% apply equally to 16B1262. 

I 

326 

 ' --—-■■-■■-^--' ■■■  -^-.---J..^ ^  ;. 



PW— ——— 'ap1 

I» 

to 

m ii iw^ 

OUTSiOl. ws couro«« 
too 

.so» ^i« 'rF 

LOOM» 

VltW    C " C »» 
btCTiOW 

  i   II      ii«—i 



■' •"l' PW^W^W^Ü^WIPPÜW 

. 

5L00O0 

fu» S.T* MMO «»- 

Vltls» F-F 
Vlt«V  LOOKMIa  K«MMtD 

aora «on a» «MK^ 
l—IH  ■T 

lfaB52Zi 
MJL. 

)OPP -7 EXCtPT 
*&   SMOW1J 

'.4Sf "Ot f l'') 
HT DCTCCT 

.4f0 
437 HOLC 

X 
FIGURE 

-i 

    »J 





329



I« 

('-) 

ALOOO (KtF) 

F"S  217 00 

(.08 |— 

• ?J 

VIEW G-G, 

'•      SECHONJ-J^ 

WL 108.21 

WL9I.0O 

-—' ■     



■"•""—■"'■'' 

> 

  



pan i. .ii*.uii. ■ i     —        m i,„mtn'mmm^^mmmmmm» v^a * i. tumimmm» 

IN(   (CM 4101 
WC   ICh 4104 
lltr   (IN 427t 
INC   tCN 4 JOt 
INC   (Ul 4 502 
mc   (CH 4717 
mc tew 44M 
<««< tc**   wi* 
'MC UM Vlvto 
INC UM tklk 
.MC UM    TTfO 
>M(«M    Tier 

DBOREF 

r? 
.IO0TVP 

:-c M 

/   ttl rot-iMf' 
lit rot -n Hr 

JBDPtP 
■    p.lcjO 

B-B 
fi 'I tl< 

»SII7 CO «I» 

H-H 

(S)   »   «MD4MT   IMTtaM». ' JMbl 4Nfc.l% 7e M W « 7«'* NU.» . 
_«, M\ KKW4II0 IN7IBNM lOWfR PLlkNil   »N<.ltS SHUL   Bl 90. flUN« I-.C«MtS5 70 K ^«»"«/D   K, 
W       7« *<«U.U iH».t •( (bTDMi7»M7. IlkN(.l  TM.CKMli: 10 M   •«•SuMD   M 1« «MKT   Pel,«7 
(Till. HI »f7  mttmol«   tONTOU»  tt»~«   ««(.^fS. UPPtR I   LOWC«, >4(W »E   «C: t>CEF7  UPPf»  iW7t«iO« 
><       tCN70UR »M41.e    OtTBOUlD 07  6t J2 70   MÄ7  Bl  «4,COMS7»N7. All   FlAMCC   7JICHMei5   TO  BE 
'i)        MlAStKtO   «7   7«!   7MI«M(4T   POINT 

10 [>«3 DEKJOTES WE3 THCKNE56 
^  FOR FINISH BtquiREMEKlTS  PtR FF5 JOOI  ALL SURFACES <*JE 

EXPOSED 5LRfflCE5 EXCEPT TH06E NOTtD WITH 5VMBOL V 
8 ALL FLWslöE TO WüSFiLLET RADII .12 AaOTHfR FILLET FJADI .38 
1. TOLERAMCE  0«J FLANQE THICKKIfSS -'O'I* 

b flNETRANT   INSPECT  PVH.  \jDT3 I 101  XOkit I 
5 VERIFY  HEAT TREATMEMT PER HDT5 1500 
4.^/ DEMOTE«)  5L*RF#Cfo  F'ER VIOOI TVPt  I AMD MISMATCH  PEP VOOI  r^PE m 

ALL OTHER   SURWCfS   PER MODI T7PE H AND MISMATCH F^R MÜ3I TvPPIT 
3. METAL RENUDVAl PtS FP5S0I7 
?. «J. EDGES .Oi5R OR CHAMFER  45'». .OlS 
I. FOR CONTOllHb  SEE UNES »TA R£PW?T  ifcPROO«. 

NOTES   .EXCEPT  AS S^OWN) 
85 

BULKHEAD .FUSELAGE 
-RH 5lDE,F5ei700 

T"l'feBl26g" 
1U_ 

■ 

1) 

FIGURE L-3 PRODUCTION DRAWING  - F-16 PART  16B1262 

331 h 



333



•I .M»H 

r 
CM        loO o ro     loo o    lo o 

CM! N ■ . 1 •     1 • •    1 • • 
Sis CM         CM CM CM        H •-I      '  CM r-4 __^^ 

P " in <t        « o     o m 
CM 
T O         CM o CO      l-< en      m r-l 

<r       <N m ^mmm 

n O 
y* in Ü 

M 

1 
B 

4-1 O          lA 
^            r-l 

o in      m en      O 
f—i 

m 
Ic 

< 
E 

r» ofi 
m 2 

• o 

1 m a 

. o 

g 
n oi 
o 

. o 
C       m 

. O    • O 

E   E 
oc vj ps 

m      o 
. o   • o 

• 
c 

^ o 
o 

en 

o 

in 

o 

in (S 

O •-" o 
OO 00 

O (2^ O (5^ 

in 
"""CM 

vO 
m 

~-CM 

00 
CM 
r-l 

3(2^ 

1 

S5 y oe. 
on 

O e^ 
« 

c 
mi 

B 
10 
H 
0£ 

H ■ •o 
(M 

• 
f-t r-t • 

3 
"~" ""^^ en 1 

< 

| 
8 

H < U"» O o o o o O O O 
M 

00 
E 

•o • 
O •-I 

• 
t-l 

• • 
r-l l-l I-I I-I H 01            c 

cO              B 
I ^",  '   U          • *,^- 

| 
eg i—i 

O o 
• 

o 
• • o o m m 00 .  C    • 

I-H  r ^  C 

• • 

< 

il 
M OS 

^ Q 

sc 00 00 f^ 
^ m <M I-I 

o O 
r^ m r
e
m
o
v
a
 

cu
t,
 
i 

c
u
t
,
 

at
e,
 
1 

8 
«M oo m o 

CM 
o 
<M 

o 
CM 

en m en O 
(M 

I 
1 

i 
fv4 

a o 
c2 oo 

^^—B -4    U 

< o m 

•n 

o o o m m | 

r-i i-i   CO 
CO    CO   -H   T> 
4J i-l 'O   0) 
0)   X   CO   0> 

z 

M 

•7   rv* 

• 
1-^ 

• • 
l-l B   CO   U «W 

•    III 
o w 

C* o m »n 
m 
o o «n m 3 

CM 

in 
CO 

u E 
■ 
o - 

•o • 
CM 

• • 
i-i l-l 

  
m 
o et m 

< m o o o o o o o 01 i 
M Z 

%• •o d 
• 

f-l 

• 
l-H l-l i-i 1-4 r-l 0» 

3 
^ K 

5 
z 
o 
M 

3 ■ 
E 
o i 
H 

B 

V 
o >. 
4-» a 

c 
c a 

E: 

c 
y 
o c 
^ ( 
C/)   i 

m 
u 
0) 

u 
o 
a 

* 
i o 

c 

) 
Ou 

i e 
3   CO 
J B5 

Ü0 
c 

H-t 
c 
t-t 

1 
CO 

B 
£ 
00 
3 
O 

Oä 

J2 

1 
n 

C 

(0 
0) 
•a 
•H 
w 

JZ 
M 

•H 
c 

(0 
u 

c 
E 
o 
i 

■ 
c 

CO 
u 
01 
c 
E 
o 
u 
x; 
u 
CO 
O 
E 
a 
a 
< 

m 
E 
0) 
c 
E 
o 
1 

JZ 
CO 

md 

C 
i-l 
U4 

w 
0) 

•O 
•rl 

CO 

O 
en 

O 

I-I 
I-I 

■H 

R
a
p
i
d
 
t
r
a
v
e
r
s
e
 
x
&
 

R
a
p
i
d
 
t
r
a
v
e
r
s
e
 
z 

IM 

g 

X 

1 

0^ 
F ä • 

1 

o m o m 
s 
o 
o 

• • 
(0 1 

g^^ • • 
(-4 r-( o Q 

o 
O M ^- ■ / i—i z 

J L   -L— 

334 

i      -  —  



■Hü      ■ ■ —"."■ I——™7^ 

^ 

1 
z 
u 

i 
i
t
e
m
s
 

- 
u
s
e
 
a
s
 
is
 

3 
i
t
e
m
s
 

- 
r
e
w
o
r
k
 

U 
  i

te
r.

s 
- 
s
m
o
o
t
h
 
i
 
u
s
e
 

1 
i
t
e
m
 
 
- 
d
o
u
b
l
e
r
 
r
e
p
a
i
r
 

U 
 i
t
e
m
s
 

- 
u
s
e
 
as
 
Is
 

2 
i
t
e
m
s
 

- 
r
e
w
o
r
k
 

in 

1« I E 

3   k- 

i     i 

in   r. 

1   i 

♦T
a
p
e
 
e
r
r
o
r
-
s
c
r
a
p
p
e
a
 
p
a
r
t
.
 

C
U
s
e
d
 
o
n
 
m
e
t
a
l
 
mr

>c
ku

p)
 

♦T
a
p
e
 
e
r
r
o
r
-
r
e
p
a
i
r
e
d
.
 
A
d
d
e
d
 

t
o
 
F
-
1
6
 
p
r
o
d
u
c
t
i
o
n
 
s
t
o
c
k
.
 

14
 
i
t
e
m
s
 

- 
u
s
e
 
a
s
 
is

. 
3 

I
t
e
m
s
 

- 
r
e
w
c
-
V
 
t
o
 
B
/
P
 
 
 
 

1 

10
 
i
t
e
m
s
 

- 
u
s
e
 
as
 
is
 

4
 
I
t
e
m
s
 

- 
r
e
w
o
r
k
 
t
o
 
B
/
P
 

2 
i
t
e
m
s
 

- 
s
m
o
o
t
h
 
&
 
u
s
e
 

A
d
d
e
d
 
t
o
 
n
r
o
d
u
c
t
i
o
n
 
s
t
o
c
k
.
 

g 
i
t
e
m
s
 

- 
u
s
e
 
a
s
 
is
 

3 
i
t
e
m
s
 

- 
r
e
w
o
r
k
 
t
o
 
B
/
P
 

A
d
d
e
d
 
t
o
 
p
r
o
d
u
c
t
i
o
n
 
s
t
o
c
k
.
 

5 
i
t
e
m
s
 

- 
u
s
e
 
a
s
 
is
 

3 
i
t
e
m
s
 

- 
r
e
w
o
r
k
 
t
o
 
B
/
P
 

I 
i
t
e
m
 
- 

s
m
o
o
t
h
 
a
n
d
 
u
s
e
 

A
d
d
e
d
 
t
o
 
p
r
o
d
u
c
t
i
o
n
 
s
t
o
c
k
.
 

13
 
I
t
e
m
s
 

- 
u
s
e
 
a
s
 
»s
 

2 
i
t
e
m
s
 

- 
r
e
w
o
r
k
 
t
o
 
B
/
P
 

1 
I
t
e
m
 
 
- 

s
m
o
o
t
h
 
&
 
u
s
e
 

A
d
d
e
d
 
t
o
 
p
r
o
d
u
c
t
i
o
n
 
s
t
o
c
k
.
 

2 
i
t
e
m
s
 

- 
u
s
e
 
a
»
 
is
 

3 
i
t
e
m
s
 

- 
r
e
w
o
r
k
 
t
o
 
B
/
P
 

2 
i
t
e
m
s
 

- 
s
m
o
o
t
h
 
&
 
u
s
e
 

A
d
d
e
d
 
t
o
 
p
r
o
d
u
c
t
i
o
n
 
s
t
o
c
k
.
 

h k. 
0 
E i 

0 
E 
| 

k. 
0 
E 
E 
41 

k. 
0 
E 
E I 

k. 
0 
E 
E 

k. 
0 E f 
1 

0 
E 
E I 

1
6
B
5
2
2
2
-
7
 

k. 
X       o 

X        k- 6   I 
i« 
B 

■ E 
e 
i i 

«i 
a ■ 
■ 
N 

in 
E 
0 
E i 

| ■ ■ 

1 
■ 
a. 

in ■ 
I 1 
in 

| ■ 
■ ■1 
1 
| 
in 

ig 

■ 
■ 
■ 
in 

I ■ I 
in 

I 1 
in 

1 I 0 
■ 
1 
1 
m 

| 

« 
v4 ■ • 
»n 

  H H 
1 z 3 9 
1 < 1 1 

I
S
D
N
 

C
R
E
P
 

£ * X * i i i ■ 

i   0 
M                   C5 l\ k.   3 

K                ^ w k. 
<               -1 X X 

§       1 «i 
> Si u 

E     s 
5    1 O O O 

■ ■ 
4i   m 
u   « 
K   C 
4)   «4 

n  m 

i] o 

I B 

SI 
o 

, 

1 :il 
5 > 
.MS 

w > 

-5 CM? 

M         J *r     1 5  J 

»n a« 
CN 

«9 
■1 

O oo ■ «n <c 

■ S         '- 

s , - 

Q
A
R
 
N
O
.
 

A
K
4
7
3
5
9
 

16
 
r
e
j
e
c
t
i
o
n
s
 

■ 
g 
■1 
H |l in 

r«. 

1 

1 
e c ■ i 
1 

CM   « 
o » 
t^ i 
K     k 

< p 

■ 
C 
0 

•1 
|        CM   t) 

'      ft* 
i      ** 
1      <-* 

§ ■I ■ 
m "-i 

la 

19 l 
B 

RT 
in k- 
en 
K — 
< -* 

■ 
1 

O   U 
m «i 

S£ H 

§ 
■ 

4 « 
«0  k- 

< — 

■ 

fl 
KJ 
«n "i 
CO   tl 
CM   k. H 

- 

i 

!    j 
u. u. 

u 
E ■ ■ 

m w 
^ ft. 

IT 1 S.u. 

M 
E i 

vO  ft. 

o — 

m 

1 
i 

it «•» 

*               CM 

2   S£ 

■ 
H 

m u 
en « 
rt ft. 

1« 

■ 
V) 

H 

m 

m 
■ 
(A 

M 
«C   Wi 
«n m 
«n ft. 
m 
»no 
•» H 
U. BC 

■ 
in 

M 
IM   U 

Z 

V) 

M 
in w 
»n • gft. 
ss 

J—•— 

335 



■"" '      ll«"l)' 

1 

CM 
<N 
«Nl 
in 
EQ 

z 
O 
w 
M 
a: 
< 

o 

u 
2: 

I 
z 
o 

I 

a 
BO 

d "'^^— ^^~ 'm~mm "Ä~ —"■ T™- 
0 
.X 
Bh 

»^ 
til ^^ ^»^ —1 o» r^ Os vO CM >J 
O 00 ^ vO m < in «* m m 

•-^ ,-0 
vO 

*■ %0 
*—1 u 
HJ- 

tt 
"7 
H *~\ ■—"^" 

m^^ 
C KTl 
r- •       K^ 

a     + 0 r-* r». Os f^ <n m . H^A • ■ 1 . 
- '- 3: r>. en <^ «» «n d m m r^ •^ E N—' ^^ vO in r- in so OS r-l 
t^ + <n <*1 CM en CM CM cn /-\ 

1 3 v. CM I < U N-" 

O 
| 

<-s ' 
Ü 

O + in m vO r^ m r-l P4 
^.1   *->• X-N • • • . t 
H 0 m vO 00 00 r» d m >* 
afi >-' ^^ CN 0 CM O CM m r«. + CM CM r-l CM r-l 1-1 r-l 

ss 
CM >-< 

z 
0 
M 

ÖS 
3 M 
Q H 

to O ^> 
Ui et, o in 
H a, z w r-( r* r-l •-I 1-1 t-i r-4 
-1       M I • j « 
M IE i ö 5 O 1 | O 3: 3 3 CM CM <M CM CM CM CM 

z U 
M < 

s og 
M H M 
H a£ H 

El 52 
vO • O * OS • o» Os • SO p4 

^ 2 >»' <n 0 r4 CM CM m 1—1 *3 

IE 
vO vO SO SO SO SO r». sO 

0 

to """"" ̂ ^^■■ 
1 ""^ 

|8 S** 

3 S 
OS • 
CM 

O • CM • 
CM 

sO »n • 
0 J < •* CM CM CM iH r-l 

U 

■ 
^ z 
"• 0 0 e 
<i a ^N 0 O 0 SO 0 l>^ 
A   1 CM • • 
, SS w 0 O* d CM d in e 

< 
( 5 I» 

CM 
r-l 

«» CM «* »^ 

r 
■ ^* "" 

r-l 
O 

CM 
O 

0 
0 3 •n 

0 8 0 
Z 

O O 0 0 0 O O 

z 
v> 
a 
J 
o 

■H 
> 
kl 
a 

B 
■o 

«   0) 
u v« 

r-l    W 

I 
e s 

09   O 
ID   C 

o « 
o «s 
H a 

e® 
« 
ot 
w 
o 
z 

336 

i 



"^ —"■' 

73 
It 
C 
O 

~> o. 
e a. a 

■ 

£2 

vO 

i-l 
BQ 
vD 

c 

as 
< I 
o 

< 

I 

I-] 

3 
03 
< 

3 

•a 

u o 

a. 

aa 

«H    O 

H 
«I  o 

51 

II 

3 
U 

«I 

0, 

aa 
■ 
~< o 

w 
a 

E 
tl   o 

5? 
a: 

i 
i 

?H 
«I   <l 

■ 
3 

• 77 

I 
m 
m £. 

u 

3 e 

3 
(J 

«J « 
U 
O 

■ ■ 
3 

4 

03    I W ■ 
O 0 a 3 
u u ^ 

h   h   « £ 
0    0 4J 

0,   Oi   1/1   o 
a: oe s 6 

ci 

E e g e 
ti ti 6 t 

i 
| 
oi 
w 
05 

■ I 
in « 

CM 

la 

■ 
00 &• 
CM 
in   • 

CM   O 

si 

u 
tl 

en   «I 
CM  PC 

|* 

I 
CM 

CM 
t-l 
00 

■ 
O 0« 
n 
in    • 

CM   O 

tt 

I 
CM 
vO 
CM 
r-t 
05 

00 tl 
m H-» 
»n tl 
CN   OS 

8^ 

T3 
«I 

•-• tl 
-< a 
■H « e u 
n tn 

> • 
w « i « o 
CU u 

c 
<0 

tl 
a« 

a. TJ 
•-^ ti       « 
oi        n  »1 

a ■ 3 
« o u 3 

■^   w   (8 ^fl 

•i J£   lo £ 
«   U X   W 

O ^   u   0 
O   0 
§   & 

41   »    co 
IB    tl    tl 
S or.   ki 

03 
I    i 

i 

EEG 

CM m i-l        CM 

tl i! 
U   3 i 
O   U 
c u 
tl « 

•-1 I 
0  -H 
X u 

u 

tl tl a c a o « »< 
u u 
•)   c 

3 
W  IM 

£ i 

u 
L c 
tl   o 
y -^ 
u u 
«  u 

3 
tl T3 
OL O 
n  ^ 
H a 

oo ti 
CM  « 

i 
o\ a. 
CM 
m   • 

CM o 

■ 
CM 
vO 
CM 
>-l 
00 
vO 

■ 
i-l CU 
CM 
m   < 

r*   O 

c 
o 

■ 
>» »I 
>n «-I 
o ti 
oo oc 
CM 

2S 

en o o o 

(SI 
»O 
CM 

00 
SO 

sO U 2 

b. DC M 

CM 
I 

CM 
sO 
CM 
r* 
03 
SO 

■ 
sO tl 
sO "-I 
<I   tl 
rs. pc 

Is 

CM 
m 
o> 
m 
m 

v. ti 
o E ■Ml 
u u 
tl H 
OOlS 

C tl 
o > 
•HI-I 
4J O 
•H « . 
■I tl U 
O U V. 
ac o 

3 a 
oo    ti 
C «I li 

•M  3 
rH  W    Ml 
o • •>- 
O w X 
H(/3 <-' 

en ci 
en O 
O O 
en 
so v Z 
.» H~-> 
(h oc V) 

CM 
I 

CM 
SO 
CM 
f-e 
oa 
so 

I o o 
en 
sO U Z 

u. oc en 

CM 
i 

sO 
CM 

00 
sO 

«I 
r- u 
r» O 
^Z 
p4 

M en tl 
<^ tl 
fc. <n «3 

in 

§ 
m 
en 
o 
en 
SO U Z 

U. AC M 

en 
CM • 
CM 
SO 
CM 
r-l 
03 
sO 

tl 
U o 

si. 
tl 
X 
a. 
c- 
c 

o 
tl a 

sO o 
o 

:5 z 
CM ■>» 
m (/3 
OS 
i-l u 

u. oc 

SO in 

en 
CM 
I 

CM 
sD 
CM 
1-1 
ca 
sO 

o o 
en Z 
•3 ^ 
1^ t/3 
i-l 
r- U 
* t! u. ac 

u < 

u 
•H 

< 

en 
CM 

sO 

n_J 
E 

337 

■MaMriH BMk J 



mis HEPORT HAS BEEN DELIMITt^ 

«vNI- CLEARED FOR PUBLIC RELlABE

l-nper doc directive 5200.20 AN!' 

N' restrictions are imposed upoi 

Its 'JSE AND disclosure.

J)|:.TKlbUliON STATEMENT A

approved ►op public release

J>/STR)BUT|ON UNLIP^ITED



r-nr-^--." 

CM 
NO 
CM 
•-t 
03 

o 

u 

> 
I 

u 

< 
H 

U, 
O            /-> ^ 

r>. r< e-f s^ 
^f Q /^^ CM »J i-i O en 

vO «n O oo -^ I v£> m m 00 m 
| 

(j a: ■^^ i 
i-* tu      vO 

*-t «          >- 

<: g      In 
s 2   S • NO • 00 • • CM 

• o • 
H H  '-N'^ ON h» m •-I o ON O r>» m in en «* I-I »» f«. • j ^x >^' i-i .-i 1-4 en t-t I-I 
y. Q       + o 
to CO 

O      ^ 
OH         CM © •-I tj cu     B 

1 1 — Q   " 
M 1 £ i 

u v. > o + ■ ON 00 O NO ON sr 
CJ /-s^-> »-• • • • • • « 
H vo n O« -a- sr 00 «» <r- OJ v^^> < ON r». r^ St r* r-l + H CM r-l 

g 1 
?: 
w 
u 

5 1 
PO M fN. r- r^ f^ r» r^ r» 

§ •J G S5(!n) 
• • 

ON 
• 

ON 
• 

9« 
• 

ON 
• 

ON 
• 

ON 

,—1 
r-l 
f-4 

r-l 
,-1 

r-* r-l 

a H   O     H^-N 
U OS b iri 

£ < ft, Ü "^ 

s 
M x-\ 

IS 

1 dl  0 • • ON • rn • NO • St • 00 /-> 

ngS- o 
CM 

ON 
m 

NO 
«n 

NO 
m 

NO 
m m 

NO en 
m m H b b M ^ ft i 

tit 

aT ^\ 
U gj CO «rt o 00 en o en 
tH   Jl •     ^N • • • | • • 
H 2 oco O o ON ON o I-I 
b J x ^ i-t i-t I-I I-I o ö o »—' 

N IS © ©0©9 
CM r-l «* o CM 

1          CM ^■s • • • • • 
t-i 06         ^^ O o 00 00 CM ON 

8 U 00 en 00 
l-l i-l 

H H ^ 

t-t m St m i en 
en en en en CM «a- 
o o o o m rs. 
en <n NO en ON I-I 

Z                x-s so vO en NO r-l r^ 
^               r-l f St •* St CM st 
OT              M R h u. In (h R 

u 
oo 
o 
u 
a 
i 

a» 
u 

o 
c 

■ 
• ai 

n u 
4J   3 
u c 
a a 
U   0) 

x: o 
u u 
o 

0) 

c 

£   4J I 
I 

u id 
0)   I 
u a 

• «M > 
«i CQ -rl 
U U* 
«d -o 
a ai 

r-l • 
« i-l T> 
3  CO 0) 
O  4J U 

•H   « Vi > c o 
a) -H a 
»4    I     01 
O. 0)  p 

N 

D 
•a 

§ 

oo 
c 

5 "O T4 
u c 

«I-I id   « 

0) *i-4 
O -o C 
cd oi o 
a o   « 

B a; 
c oi B 

•H   V4  1-1 
11 

n in 
id  CO  CD 

"■ 
00 60 (d 
c c  • 

•rl «H 01 
r-l r-l 0) 
O   O    »4 
oOjC 

o) id 
N   C 

•H   0 
co i-l 

u 
a c 
U   01 

> 
u o 
0) CJ 

T-l        • 
U T) 
0)   01 
a 4J i oo o 
c a 

o 
4J 

O 
c 

01 
a 
cd 
fl 

oo 
c c 
«d T4 
-C s 
4J h 

U U 
0) 00 
£, O 
00 t4 

•H a 
j| 

p 
ct O 
>» CO 
CO r-l I < 
cd 

« u 
«d a 
0) 
n 

0) 
•o 
0) 
0) 
c 

o o 

4J 
cd 

a a 
cd 

id 
Si 

u 
0) 

o! o 
.   0» «O r-l 

«■>   14 1-4   CO 
U 

u 
u . 
O «H 

If4   U 

0)   0) 
>   > 

0) CO 
C 0) 

CO   14 i-l C 
"O   >   O J3 -H 
a> U u o r-i 
w 0) co id (u 
3 m M 8 "O 

§0) i-l 
au 3 

HHH-HU  OZ 00 

(5*56) © © 

{3 

338 

<>U.S.Qo»«rnm«nl Priming Offlc«; 1970      757-0i0/636 


