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of the Hlnuflcturlng Tochnology Mvision of the Alr Force
Materials Laboratory at Wright-Patterson Alr Force Bame, Ohlo.
The original Frojeet Englneer was Mr. John R, Willtamson,

The latter half of the Program wasg under the direction of
Capt. Dan L. Shunk.

The work was Performed by the Fort Worth Division of the
General Dynamics Corporation with Mr. Fred A. Lindstrom of
the Structures and Design Department as Frogram Managoer.
Advlsors ineluded Mr, E. R, Collinsworth, Manager, Structural
Design, Mr. L. M, Smith, Manager, Structures Technoalogy, and
Hr. W. D. Buntin, Director, Structures and Design. Particq-
PULING team members were Mr. L, J. Hawkins, Supervisor,
Hlnufhnturlng Technology, and Mr. ¥, P. Blanscer, Quality
Control Englneer. Mr. C. E. Dovle and Mr. K. b, Mabry ailded
In engineering analvsiy and report preparation, Mr. R. L.
Madarasz, Mr. U, H, Livingston and Mr. A. p. Crowe aided {n
Programming and machining guldeline dove lopment Component
testing was conducted by Mr. A. C. Shafer, and metal lurgioal
examinations were performed by Mr. Z. ®. Wolanskl.

Shaffer of Va L

conducted imp alyses. Dr., W. p.
Koster of Metcut Research Associates, Inc., provided valuable
advice on surface integrity.




TABLE OF\CONTENTS )

APPENDICES
APPENDIX PAGE
A  (J'COMPARISON PART' ANALYSIS; 1
B (.SHOP DIMENSIONAL SURVEY., 55
| C >FATIGUE TEST SPECIMEN DESIGN AND MANUFACTURING
DATA ;. 85 '
D -.TEST SPECTRA AND STRESS LEVELS) 119
E -TEST FIXTURES AND SPECIMEN LOADING 135
F  _FATIGUE TEST HISTORY AND RESULTS; 165
| G  FATIGUE ANALYSIS OF I-BEAM SPECIMENS 205 :
H 2 STATISTICAL ANALYSIS ; 217
I  -SURFACE ROUGHNESS REQUIREMENTS ; . 233
J ' >STIFFENER MACHINING TEST DATA 253
K NC PROGRAMMING DEVELOPMENT TESTS ared 291 t
L --RTC REPROGRAMMING AND MACHINING OF F-16

PRODUCTION PARTS n 313 t




APPENDTIX A

""COMPARISON PART' ANALYSIS




1.0
2.0
3.0

4.0

5.0

APPENDIX A

TABLE OF CONTENTS

GENERAL APPROACH TO ANALYSIS
MATRIX OF DESIGN COMPARISON PARTS
ALUMINUM NC DATA AND COST ANALYSIS

3.1 Matrix of Aluminum Design Comparison
Parts

Design Comparison Parts - Data Summary
Cost Analysis Summary of 31 F-111
Production Parts

4 Analysis of Production Cost Factors

5 Cost Analysis of Comparison Parts

3.
&,

W

3.
3.

TITANIUM NC DATA AND COST ANALYSIS

s

Matrix of Titanium Design Comparison
Parts

Design Comparison Parts - Data Summary
Cost Analysis Summary of 13 AMAVS
Titanium Parts

Analysis of Production Cost Factors
Cost Analysis of Comparison Parts

&S & &S & &~
w & wnN

GUIDELINES DEVELOPED

Aluminum Guidelines

Titanium Guidelines

Cost Analysis for Machining Two Different
Corner Radii in Aluminum

(O XV, NV, |
Wry =

Page

12
12
12
13
20
22
22
22
27
27
32
32
35

35
35

35

D




.
i

Figure
A-1

A-2
A-3

A-4

A-5

A-6

A-7
A-8
A-9

A-10

A-12
A-13
A-14
A-15
A-16
A-17

A-18

A-19

APPENDIX A

LIST OF ILLUSTRATIONS

Design Comparison Part as a Part of
Production Design

Matrix of Aluminum Design Comparison Parts
Matrix of Titanium Design Comparison Parts

Aluminum Baseline Part Design and Alternate
Details

Titanium Baseline Part Design and Alternate
Details

Example of GD/FW Manufacturing Cost Data
Record

Design Analysis Guideline No. 1, Aluminum
Design Analysis Guideline No. 2, Aluminum
Design Analysis Guideline No. 3, Aluminum
Design Analysis Guideline No. 4, Aluminum
Design Analysis Guideline No. 5, Aluminum
Design Analysis Guideline No. 6, Aluminum
Design Analysis Guideline No. 1, Titanium
Design Analysis Guideline No. 2, Titanium
Design Analysis Guideline No. 3, Titanium
Design Analysis Guideline No. 4, Titanium
Deaign Analysis Guideline No. 5, Titanium

Sample Analytical Part-Cost Analysis for
Two Different Corner Radii

Cost of Avoiding a 1l-1lb, Weight Increase

10

11

19
36
37
38
39
40
41
42
43
44
45
46

49
52




Table

A-11

A-II1
A-1V

A-V

A-VI
A-VII

A-VIII

APPENDIX A

LIST OF TABLES

Aluminum Design Comparison Parts Data
Summary

Cost Analysis Summary of 31 Aluminum F-111
Production Parts

Aluminum Production Cost Factors
Cost Analysis of Aluminum Comparison Parts

Titanium Design Comparison Parts Data
Summary

Cost Analysis of Titanium NC Parts
Production Cost Factors - Titanium

Cost Analysis of Titanium Comparison Parts

21
23
24

28
31
33

34

- s ey




APPENDIX A

"COMPARISON PART'" ANALYSES

The analytical and data basis for the generation of Design
Guidelines is provided in this appendix. The guidelines developed
are . o presented.

1.0 GENERAL APPROACH TO ANALYSIS

The approach taken to illustrate the benefit of relaxing
tolerances and surface finish requirements involved three basic
steps:

(1) create a small "unit" part re resentative of larger
P P 5
pocketed parts such that design features and machining
procedures can be easily varied and analyzed,

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

(3) apply 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 basc.-
line designed with conventional features in terms of details and
tolerances. A NC machining program was then generated and pro-
cessed by a computer to give tape run time. i

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 1if 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




! compurerized 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 parte representative of large pocketed aluminum
and titanium parts were designed to determine the benefit of
relaxed tolerances (See Figure A-1), 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 stif-
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
{nclude 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 of the areas
where 90% + of machining is done. Local load introduction areas
were not included because these vary and could not be typified.
Pockets were provided on one side only on the comparison parts
because programming pockets on the second side is done in the same
manner. In reality, the NC machine operator manually reduces the
feed rate by overriding the programmed feed 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 of such
options.

Figure A-1 illustrates how the baseline is a typical portion
~ of several types of machined pocketed structure. The weight and
cost figures presented will, of course, change to some ‘eXtent for — — - t4
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.
Figure A-4 illustrates the geometrical features of each compari-

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 gensitive 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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being considered. Correlation of NC tape time and NC machine
man-hours was then established as explained in the {following
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-1.

3.3 Cost Analysis Summary of 31
F-111 Production Parts

To establish 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 bulk-
heads, wing spars, and longerons, each having features similar
to the cost comparison parts.

Manufacturing cost data is collected for each part by cost
task center on a computerized system at GD/FWD. Each part in
manufacturing has a computer card with a code number which iden-
tifies the part, work order and other data. This card is part
of the "traveler'" package that includes planning for 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 oune job
and starts another, he repeats the procedure closing out the first
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 1972,
Basically the report shows the average hours per task center for
the number of parts indicated. Total cost data for 1965 and on
i{s 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,
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adjusted to single spindle 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.
Costs for each part were related to NC tape time, cubic inches
removed and cubic inches left. This data is summarized in

Table A-1T1.

3.4 Analysis of Production Cost Factors

The F-111 cost analysis summary (Table A-11) was used to
establish the factors for estimating 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’ percentafe of the mean was selected as the one to
use for that cost area.

A
_ NC machine time (set ub time plus run time) was best related
to tape run time, as expected., Tape time multiplied by a factor
i{s Used at'GD/FWD to schedule:parts on NC machines thus demonstrat-
ing its_power, as aemeasure of cost. Included in the NC machine
time is part set-up time which includes positioning the material
on,the machine, changing tapes and cutters, part removal, and
other tasks done with ghe 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 many 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 32% 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 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.
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The F-111 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 32% of the NC machine time of
8.38 hours (11.435 x 0.733) for the haseline part. For the other
comparison parts, NC machine run time was computed as 68% 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 29%
Surface Finish 42%
Tolerance Control 29%

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 euach 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 Summary

Each 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 be measured. Conventional
methods of estimating costs are usually not sensitive to differ-
ences in detail design of the types being examined here, so a
better procedure was needed to determine the cost of the design
features being 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.




-

e s

.-

PEFT - ISEF] ~
12 ssLt S6 $°€ ¢ |¥ Z1°0-%x 00°Z}2P193N0 YSTULS 7 yzroy ¢
ssed 2213 | ‘83912
-©§33ad IPIGUL YSTUTL
*s13u30) YIncy 9 ¢ais
99z |9t1 271 0se sz $°1 (4 2170 x §L°0 30 3931233394 YITUIL 7
13UlFF T3S UG €0°0
| | % ¢335 30 391931134 323303 ,,9/¢ 4iia dais
uc §Q°0 ZupsR¥] Gam C3 = - 36 32319mJ39d YSuTd
6§ 99°9% |S6 S°E $°€ ~m 21°0 % 0G°Z| 49U ‘puel 02 u¥ncy Tl 91 962 | 8°92{€09°%7} 01070 + €070 + --§32%2Cqd uj SpuE] €1
i 39313@}334 |
7 |86L° $6 S°€ G°€ |¥ 1070 X 00°Z{3PININC LIIULL 9 G¥ncy ‘¢
ssed 3313 |
~ f1339TT334 IpISL]
162 |€6 $69°1 0sZ| L4 61 | z1°0 x §L°0| GS3uld ‘sIIVICO) yZncyd 7
{ 33ud3313S
uG €00 ane¥] . (.50°C = H)
| ‘sasseg ¢ ul 4idag o3 wla 03 Juajealnbl
91 10°19 |56 5°¢€ $°€E “x Z1°0 x 00°Z|%39M2Cd LSIUId % y2ncy °1| 96°90€ [8Y° %€ [915°¢ 3UIFFTIS [®2733347 (43
I 1ai¥37334
t44 ssLt $6 (984 $°€ _u 10°0 % 00°Z[aP383rQ YSTuld 7 yznog "9
wln 33PUD
182 Tt 10°¢ t9 sT°2 i 333in) .1, 9317 YIJUTS 2 yZnoy ‘¢
ssed 3313 [ '"1939W[334
Lzt 6z°1 1174 $°T Z°1 (% Z1°0 X §L°0| DIVl L*I=14 % yroyg 7
06 18°0% [$6 L S°E C°C (¥ Z1°0 X Q0"Z|SIUIFITi¥ UG €0 3re3ty $€°26Z] 9°0GE 96277 813U93373S 1. 194
$39420, Ysjutld 9§ Lancy °1
323931334
18 gsL°t $6 g€ ¢°¢ |4 1070 x09°2 §sJutd ¢ yBncy °¢
ssed 2913 1 ‘194204
092 | %6 ZeT°1 0sz {94 c°1 | z1°0 * §L°0| uSIUTL ‘saIvicH y#ncy 7
33U33313S
uc €£0°Q IAeF] * sadaduoy Bujuydsed | Ul
SO1 [SE9°97 [$6 s°¢ ¢'¢ {4 z21°0 x 00°Z|%39%364 YSIUId 9 ysncy ‘1| v9-r6Z|€L GZ|€S0°7] 01070 + (€070 + B u2Ts3Q [PUCJIVIAUC) {-3Ee]
811 J940] dO 3 Wd#| ysIold]uZncy *21S UC J3033C0 ponrcwag| 33¥1|(5G1)[552UndFul Y3Zud] uG}3ad1ad8aQ ‘N
1e301] 33d}|pIncuey Uin 2 “ul) 123310) ¢Y1 ¢ . 3M FELIZEITHY 13 o]
smy1i audjam 3310y padg
AUVISNIS VIVG SI1¥Vd KOSTUVEA0O AD1S3C HWNINVIIL A-V T1EVI

28




e e A e et . 2 el <

-

™
-

-
L.
.
4]
=
»1
-

. & & Ew)leEEy T SEwy = = = =

iy TR

._

seimapiag spiturg we izl
ity

sErei=y WL 9 =g
pig bamasng Tl

|

L

#

L2 4S

. aw

|

# | Fveg 2 7 - 2172 ﬂuJ.L.
=w®31d3000) FUTLTYOER
& a¥psag yevoy3usavcy  BLL

i i
1

SBEPNE CL°0Q U3Im $32UICH
_ wirwyd § YEncy 3dadxo

iy 1Y 303 32313n] A AL

}
¥

T rwreating

T L R |

sy @aaj 1 "evey 0

g EET PRl SETYE] wETNER

smeag I3 59 5 5 wARSy
gy SATETY W ¥Rl
i
sl ] Bag ap PV A% T=14
LE o]
i WEEREE] T EERA
B nEwEn EETETH

paayg Wy ®aTH

« pwpwa i dig w5 EESD ey
| T g EETy 1d ] neary

o wvm vaswedd o8 L

Baswic) uy ssed 3mn«m.
IgeyEy P34 [EUCIIVIALGC)
“tipey 323390 0§°C LS

| —_—

amgisy 0

| wyym Bawsary N plssne
ey [TV P AR e

_ _
|

[riee deweey ] TEeTE |
| swamig gy BT BRG]

P EmT i

my T agTay wE el ) W alasy

i @SLL 1

aarw %y ' iwier] i) agiis]
FReAl " epeslicy ey

TN B b LIRE 5]
sphageng wPiall W sy

LT ]
e L TR |
e

SEdj & CapepeEiiag i)
gapagy "iwwsan) ey
jasa g 10Y = L8 B Y
|« qm wapeTd ‘pewy T ey

Th'n 2

_-F!.H - ) pmse] il l_.._”

| _

dagi ji Lird ..u_
r &t W .-.-..l-_ui.-_.-l..' mhk Ii..-.-..__

[pessippuws | o-w TTEVL




_ (1 ¥%8) X 9 = 319¢ P33
L ¢SL°1  |S6 o-%t] -- --32330) 1 YIm
sz IS TET'1  |o61 0°zZ1 == e A #12u309 ysjuyg 3dadxd
91 SC9° %y |S6 (2 3¢ = - = - |1 S® WES - - - - - gz Lezize-szisti el 010°0 + [€0°0 + s3n) 11V 303 3333n) ,.Z{ €L
143 (ST €6 0°¢L 0O
1¢ |6 TeET'1 061 09 O
ot SE9° 9y 156 0L 22 e e = |1 S° 3UWP§ -~ - - - - gzoLezzL ST|SIL"Y (1 3%9) x 7 = 3393 P33
-=32330) ,,1
YITA 819u10D YSJUTI 3dadxXI
sany 11v 303 223InD 7| Z11
t4] (1928 (17 o°%t; 0°71 * aujiaseg x 9 = I%Y
€9 sz ezt (/144 0°01}] 09 _ . peag--$3daou0) FUTUTYITR
8 $€9° 77 |56 0°71] 0°71 - = = |] SO W8S - - - -~ < w9-t6zlec-sz|cso 9| 01070 + {€O°0 + 9 uS1sag [FuojaudAuC)| 1L
N ey W
OImm FY 7] EE Tl ysiuid t.,-:ow (T3 3 u0}JIeI¥d0 paacuni| 37N (sq1) | ssaundiul y3qur] U0J3d139890 ‘ON
traog] aad (CIT]] 33d ‘Ul a033n) ') § vl n 930928101 s
smiyy 3 «L \P s3vy peeg € L3
(ponu33v0d) A-V FIEVL




-8319d4 vosjiedsod EnulBNIe 43 10j pasn sen se s3ied  vOosSjiwdwod u¥sap,,

enjue3}l 3o 3802 IYl Suj3ew}isd uo sainpadcid awws ayl jo Isn s3jmiad oste STUL -Bujuyoem Jy 103 3803 3O VOTI

.20do3d ay3 31331322 A13333103> CI sysdysuw 386D 3yl s3fmiad sjylr °82383 pIIJ i3m0l 303 paisn{pe a3 s3ied 233yl 303
ses]3 2de3 DN I ‘i 39343 seya Salel padj 3am0] 3¢ pammeiRoizd azam (A-v¥ 319°1) saied ,ucsiiedsod uigsap, Y3 ISnedAH

-9319d ayl SUTYIE® 03 PIIN 83181 PII ay3 syl 7 uwyl s3a] L11e39uad 82301 padj 2® paumeslcid d1e mnujanie 103 sadel ON
-sa30a paeJ Ity 31 3 21q18s0d s® A1321nb se pajcoid ag pInod sade3 a4l 343 CS Iucp sem STUL *33ed 343 IuTydes o3I
pasn Aj(emaou 2381 pII} 343 eyl 1ay2iy sIEl Q[ SE yonm S¥ s33e1 paaj 1¢ pauweidoid dida s13ed asaya 303 sadel ON

9985 °C Z1€90°0 09°Z81 ZLLR0°0] 26520°0 o€ Lz| 0L610°0 €1y 60" 18 €50t z°11e 8°268Z| 8B-1€6E2LX
1€965°0 €9650°0 0s-z¢Lt Z7€€0°0| $84600°0 09°01| (€520°0 e on°eL €sot z e g-2682) L-1€6€2ZLX
{1L0%°0 62550°0 0%°6L1 69€Z1°0] 69050°0 0$°%s| €8950°0 0L 0%°%81 (Y42 9°0%% 6°9%2€| S-0LELTZLX
1991€°0 66270°0 ns°6€1 9$850°0( 0072070 08°6Z| 699%0°0 9% 0%°912 S0t 9°0%% 6°omze| L-GLELTTLX
Z1691°0 261070 ot 8L 1€090°0| 65/10°0 09°82Z| 9L270°0 €6°¢ 67141 9291 79 »°0L0%| OT-106£ZTUX
6811€°0 €€9€0°0 06°L71 ¢96€0°0| 95110°0 0@°'81| 00%50°0 06°9 087612 9291 279" 2°0L0%| 6-106€22LX
6%200°0 6£000°0 00°7 1952070 0€200°0 06°0Z] 1€980°0 89°S oLl 1068 8 708 o°%z07| L-EL1522LX
£18€00°0 1€200°0 08’1 18€20°0] 1€200°0 00°2z1]| ©9L60°0 €677 01°9¢L $02% 6°£0$ 1°6LL 8-2L15CLLX
18€20°0 09510°0 00721 Z9zz0°0| 61200°0 0%°11| 16960°0 68°% 0s°s¢L $02Z$ 6°£0S 1°6LL L-2L1%572UX
09920°0 L{8%20°0 09°21 §8€20°0| TL200°0 61-2z1}{ $%0E1°0 11°9 o1°99 599 $ 119 £°90$ g-€R07ZTLX
Zo1€0 0 19020°0 o887 €sZ70°0| 81700°0 06°99| 09960°0 €1°s 0%°¢Z €009t | 1-eLst| %T19€L L-190%¢8lX
€26C0°0 09(00°0 08¢ 66%20°0) 91500°0 01°81| %5560°0 8L°7 08°LY 605€ t AR 144 € 00$ g-1e072ZLX
91€00°0 099000 [+] 4 6£6€0°0} 26L00°0 08" LZ| 9516070 857y 08°S%” 605€E [ Al 74 €°00¢ L-1€0722LX

i H -uﬂ -ux uuﬂ n:a edly janS§ (83H) vosud F (8300H) nNCU 371 panceay "oy lied

&) ad oy sl 30 1Y 30d w1l 30 ,ul E_394 gyl 3ad | adel 394 £ 334 eaiy ¢u1 ¢yl

-_r Lir] qr Tiw ysjusd 32d wluh ysjuld | SInCH IR | 8INCH ON JUTYIKH a5e3ans

g UV | #eag 11W PuTH ysyutd puTH o}
PUVH

SINVd OB WOIINVIIL 40 SISATVNY 1S00 1A-¥ TI8Q




4.4 Analysis of Production
Cost Factors

The cost data summary (Table A-VI) was used to establish the
factors for estimating 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 per-
centage of the mean was selected as the one to use for that cost
area. This data is summarized in Table A-VII.

NC machine time was best related to tape run time as expected.

Tape time multiplied by a factor is used at GD/FWD to schedule parts
on NC machines 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 by 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, :
s

4.5 Cost Analysis of Comparison Parts

Using the cost factors developed in paragraph 4.4, the man-
hours 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 removed for use in the Design Analysis Guide-
lines. Table A-VIII summarizes the cost data for each comparison
part.
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TABLE A-VII  PRODUCTION COST FACTORS--TITANIUM (3)

Scandard Coefficient
Cost Item Mean Deviation of Variation
}
NC Machine Time
o per hour of tape h,38 1.20 22 .4%%
o per in3 removed 0.06675 0.03758 56. 3%
Hand Finish Time
o per hour of tape b 0.72 57.6%
o per in3 removed 0.01797 0.01484 82.6%
o per ind left 0. 04654 0.02999 64 . &*
o0 per in? of surface area | 0.01280 0.01401 109.4% i
All Other Tiwe :
‘o per inJ left 0.18706 0.22159 118. 5%
o per in3 removed 0.02715 0.02220 81.8%%*
NOTES: l
1. * indicates cost factors selected to estimate y
cost of cost comparison parts. . i
2. Cost factors listed are first article cost
factors.

3. Statistical data was derived from Table A=-VI.
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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-11) demonstrates the
cost reduction and associated weight increase for machining the
design comparison part with larger corner radii (1/2" 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 1 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
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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 1-1% 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.

From 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 l-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 2-inch diameter rough cutter
in one pass where the 3/4-inch requires two passes. The l-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-111 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 schedvling the NC machine shop. Analysis of
the 30 part numbers machine time to tape time ratio yields an
average 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 (reflecting NC
experience), the first part cost ratio would be 11.435, and a cost
ratio representative of an average part for a 1000 aircraft pro-
gram would be 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 machine time. To obtain a true ratio between machine run-
time and tape time, the total machine time must be reduced to 68%
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 irn 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 by 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 a single pocket, Figure A-18, the following relation-

ships can be established:

Lt

e

7

—— L'y

————— 1|

i

FIGURE A-18 SAMPLE ANALYTICAL PART-COST ANALYSIS
FOR TWO DIFFERENT CORNER RADII

L = L1+ 2R

L =L 2+ 2R, )

2L + 2.y = 2L 1 + 4R + 2L 2 + 4R, or
*L = ¥L’ + 8R for one pocket

Let ¥L = L be the sum of the length of all sides, Nc¢ be

the number of corners to be finish machined on the entire part,
and L' =L’ be the sum of all cutter centerline travel. Then

L= +8R(Nc
A

L=1L + 2R Ng
L' =L - 2R N¢ (A1)

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




total NC tape time = 9.0 minutes
12 for 3 pockets

106 inches

0.38 inch

20 inches per minute

+ Ne teg

=L - 2R) Ne
n

+ Ne te,

Solving for tc¢y

tep =t1 _ L -2R) N
£] Nc

106 - 2 x 0.38 x 12
20 x 12

= 0,3463 minutes per corner

In the same manner, for a l-inch diameter cutter to finish
machine the same part, the total time, t2, was 4.0 minutes,
R2 = 0.50 inch and £2 = 30 inches per minute.

tZ-L-ZRZNC +thc2
f2

tcy = 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 l-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 time for "free" travel (no cutting) between corners
for the second pass.




The total part difference in weight is:
AW =AANchp (AG4)

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

91-9 " %%E . (El_A:w_tz) (AS)

Substituting equations A2, A3 and A4 in AS ylelds:

L-2R)N L-2R2N¢
AC _ R L L o P REERETE 4 Nt
T = 6t;C ( 3) + thc1) ( f7 Ne c;>

' AA Ne hp
R
Vo . L (1 L1 R2 _ Ri
1 60 AAhp ‘:Nc (fl B f2> + 2 (‘EE B 5Y + (tcy - tc2) | (A6)

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

(@]

p= 0.10
R; = 0.38
R2 = 0.50

AA

0.0236 }
Y = 20

fo = 30

0.3463

0.0722

T
0
N
[ }

AC _ RnC (0.1179 L+ 1.9032) (A7)
1b h Nc
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Applying a ratio representing the average for 1000 units so
as to measure program impact, Ryc = 3.20 (set-up time deleted).
Equation A7 then becomes:

ac _1 (0.3773 L+ 6.0902) (A8)
1b h Nc

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

The cost saving for the entire part using the larger radius
would be obtained by the product of equations A4 and A8 .

1

N 2

T, I h = liﬂ
AVERACE FOR A |
1000-UNIT PROGRAM |

|8 B8RS }
- - : bod-4-F- ;
£ 1 T 1
0 10 15
AC (man-hours)/1b.

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




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 by 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

density of metal being machined

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




5.3.4 Conclusion

The approach described herein is in use on the F-16 program.
1ts 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-111
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-111 production inspectors surveyed ten major F-111
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 desigr 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-1l illustrates one type of part surveyed. Such a
gsketch 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-VI present survey data from 6 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 (12B210l) 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-111 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 i
roughness was 43.3 MAA with a standard deviation of 13.57 LAA
(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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DRAWING DIMENSIONAL REQUIREMENTS

s/u Fi86211

ACTUAL PART DIMENRSIONS
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FIGURE b-1




Data Base: Number of Measurements - Webs: 1,070

Number of Measurements - Stiffeners: 866
Number of Part Numbers: 11
Number of Pieces: 36

Notes:

(1) Data was Gathered During Novcmber 1974-March 1975 by
General Dynamics Inspection on F-111 Production Aluminum
Machined Parts

(2) Analysis was Restricted to Parts with + 0.010 Tolerance,
Excluding Parts with History of Material Warpage or Other
Problems

Recommendation: That Standard
Drawing Tolerances for Stif- !

feners and Flanges be Relaxed
+0.010 to +0.015, -0.010

100
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MEASUREMENTS BELOW INDICATED DEVIATIORN (1)
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DEVIATION FROM NOMINAL DIMENSION (INCHES)
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FIGURE B-2 RECOMMENDED RELAXATION ON DRAWING
TOLERANCES FOR WEB AND STIFFENERS
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PANEL WIDTH, IN.

WEB DIMENSIONAL DEVIATION OCCURRENCES VS. STIFFENER

SPACING FOR NOMINAL WEB THICKNESS = 0.070 - 0.085
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TABLE B-1 WORK SHEET TABUIATION OF 1282703 SURVEY RESULTS

DWG. NO. 1282703-83 HAND-FINISHED [J DATE _4/15/75

As-MACHINED [X

WERS STIFFENERS/FLANCES I
| S/N F193900 S/N F186213 S/N F193900 S/N F186213
DATE 3721775 DATE 23/21775 DATE 3/21/75 DATE 3721775
POCKET ¥ |
¢ {owe t WwinTh |ACTUAL t | At ACTUAL t | At WG t | ACTUAL ¢t | At ACTUAL t | At
1] .045 4.5 . 056 .011 . 051 . 006 .105 117 .012 116 .01l
2] .045 5 .054 .009 .052 . 007 105 117 .012 116 .01l
3| .o45 5 . 055 .010 .052 . 007 .100 .101 .001 .105 . 005
4f 045 5 .056 .01 .053 . 008 .100 .101 .001 106 , 006 }
5] .045 5 .053 .008 053 .008 .150 163 .013 162 ,012
6] .045 3.5 .056 .011 .054 .009 .100 102 .002 .105 .005
7] .055 2 .053 -.002 . 062 . 007 .10 124 .04 122 .012
| 8| .065 4.5 .078 .013 .076 .o 110 122 .012 .119 .009
I 9] .055 4.5 .067 .012 .063 .008 110 110 0 114 . 004
10] .065 3 .079 .0l4 .077 .011 .100 .102 .002 105 . 005
{ 11| .055 4.2 .066 .01 . 064 .009 125 . 126 .001 .129 . 004
12| .065 6.7 .078 .013 .078 .013 .100 .108 .008 .105 .005
13] .055 742 .067 .012 .067 .012 .100 .103 .003 .106 . 000
l 14} .055 6.7 .065 ) . 064 .009 .100 .101 .001 105 .005
15| .065 4,2 .077 .012 .079 .014 150 . 164 .014 162 .012
16[ .055 4.8 . 066 .011 . 066 .01l .100 .101 . 001 .105 .005
17] .055 7.5 .065 .010 . 065 .010 .100 .101 .001 .105 .005 :
. 18] .065 2.0 .077 .012 .079 .014 .105 116 .01l 116 .01l '
19 .055 7.2 . 064 .009 063 . 008 .105 .118 .012 .117 .012
20| .055 7.2 . 066 .0l .061 . 006
21} .055 7.2 065 .010 .063 .008
22| .065 5.4 .079 014 .078 .013
23] .055 7.5 . 068 .013 .065 .010
241 .065 4.9 .078 .013 .078 .013
25{ .055 6.8 .066 .01l . 065 .010
26| .065 3.7 .077 012 .078 .013
271 .055 4,2 .066 .01 . 066 .01l |
28] .065 4,2 076 .011 .076 .010 i
29[ .055 4.2 . 066 .011 . 065 .010
30| .045 3.5 .055 .010 .055 .010
311 055 2 . 064 .009 . 062 .007
32| .045 5 .053 .008 .054 - 009 !
33 .045 5 .053 .008 053 .008 i
3| .04s 5 .053 .008 .053 . 008
35 .045 5 .054 .009 .053 . 008
36| .045 4.8 .054 .009 .053 . 008
§
!
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TABLE B-1 CONTINUED

DWG NO. 12B2703 -83 HAND-FINISHED (&) DATE 4/22/75
AS-MACHINED [

WEBS STI1FFENFRS /FLANGES
S/N 9 S/N #2 S/N #1 S/N #2 =
DATE 11/4]74 DATE 11/4]74 DATE 1174774 DATE 11/4]74
POCKET
# |wc ¢ | WIDTH ]ACTUAL t At |AcTUAL ¢ 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
s| .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
71 .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 L1158 . 004 JA14 . 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 L1264 -.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 3
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| .05S 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
271 .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
t
1
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TABLE B-11 WORK SHEET TABULATION OF 1284192 SURVEY RESULTS

DWC NO. 12B4192-17 HAND-FINISHED ([J DATE 4/14/15
As-MACHINED [

WERS STIFFENERS /FLANGES
S/N # S/IN #2 S/IN #1 S/IN #2
DATE 3/26/75 DATE 3/26/75 DATE 3/26/75 DATE 3/26/75 |
POCKET
# | WG ¢| WIDTH ACTUAL t| At ACTUAL t At DWG t | ACTUAL t At | ACTUAL ¢ yaxs
1] .150 1.7 . 157 .007 . 156 ,006 |{S.125 124 -.001 .130 . 005
2{ .150 2.3 .- .- . 156 . 006 . 125 .129 . 004 .137 .012
3] .100 4.7 .108 .008 .108 .008 .110 115 .005 .123 .013
41 .100 1.7 .107 . 007 .106 , 006 .110 . 115 .005 .122 .012
51 .085 4.1 .094 .009 . 094 . 009 110 111 .001 117 .007
6] .070 4.5 . 080 .010 -- .- .110 .101 -.009 . 106 -.104
7] .050 4.1 .061 .011 .061 011l .100 .102 .002 .107 . 007
8| .050 4.1 .061 .011 .061 011 ]| .100 .102 .002 .109 .009
9] .150 .161 .011 . 160 .010 . 100 .100 . 000 ‘112 .012
10] .050 4.1 .061 .01l .060 .010 . 100 . 099 -.001 .108 .008
11] .050 4.1 .061 .011 ,060 .010 .110 .101 -.009 .108 -.002
12{ .070 4.5 .079 .009 .078 .008 {| .110 .108 -.002 .115 . 005
13| .085 4.1 .092 .007 .093 .008 |l .110 14 . 004 .121 .011
14 .100 1.7 .108 .008 .104 . 004 .110 . 111 .00 .119 ,009
15| .100 4.7 .108 .008 .107 .007 125 .130 . 005 L 143 .018
16| .150 2.3 .- .- .- -- S$.125 125 . 000 . 132 . 007 bt
171 .150 1.7 .158 .008 157 .007 ||F.160 . 166 .006 172 ,012
18 .160 . 167 .007 . 169 .009
19 .150 .152 .002 . 153 .003
20 ,150 . 154 . 004 .158 .008
21 .135 .138 .003 . 146 .011
22 .135 134 -.001 . 140 . 005
23 125 131 . 006 .131 . 006
24 .135 137 .002 . 145 .010
25 .135 134 -.001 . 140 . 004
26 .150 . 149 -.001 . 154 . 004
27 .150 .149 -.001 .155 . 005
28 .160 .167 .007 . 167 .007
29 .160 .168 .008 .169 .009
30 F.125 .- .- - -- i
31 i
32 !
33
34
35
36
9
!
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TABLE B-11 CONTINUED

DWG NO. 12B4192-17 HAND-FINISHED [ DATE 4/15/15

As-MACHINED [R)

WEBS ) STIFFENERS /FLANGES

S/N _#3 S/IN _#4 S/IN ¢3 S/N _f
DATE _3/76775 DATE _3/76/75 DATE 3726/75_ DATE _3/26/75

POCKET
WIDTH ACTUAL t| At ACTUAL t At ACTUAL t At | ACTUAL t At

157 .007 155 124 -.001 S.131 . 006
.158 .008 .159 . 009 o 5 11223) . 004 .139 . 014
.108 . 008 110 .010 : .11 .001 .125 .015
.109 . 009 111 .01l 0 111 .001 123 .013
. 094 .009 .096 0 111 . 001 117 . 007
.081 .011 .081 0 .101 . 009 .107 -.003
.062 .012 .062 0 .102 .002 108 .008
.062 .012 .062 : 5 . 102 .002 .111 .ol
. 164 .014 .163 . 102 . 002 109 . 009
.061 .011 .061 . 101 .001 .109 . 009
.060 .010 .062 .10t . 009 . 108 . 002
.079 .079 .108 . 002 115 . 005
.092 .093 5 .114 . 004 .123 .013
111 . 109 111 .001 120 .010
.108 : .107 .130 . 005 .137 .012
.158 . .159 .126 .00) .133 1008
.158 .158 5 . 165 . 005 . 166 . 006
.165 .005 .164 . 004
.148 . 002 .151 .001
148 . 002 151 .001
.134 .001 . 140 . 005
134 .001 .138
.129 . 004 126
.133 .002 .139 . 004
134 . 001 .139
148 .002 . 154 .00%
147 .003 .153
. 166 .006 .167
. 164 . 004 .167

—— L e S LD N

~N L S N U e e

1.
2
4,
1.
4,
4.
4

4,
4.
4.
4.
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TABLE B-11 CONTINUED

DWG NO. 12B4192-17 HAND-FINISRED [ DATE _4/15/75

AS-MACHINED R

WEBS STIFFENERS/FIANGES

S/N 85 _ S/N _#5
DATE _3/70]75 DATE _3/26775

POCKET
NG t | WIDTH | ACTLAL t At ACTUAL ¢ At

=

-1
. 150
. 100
. 100
.085
.070

. 157 . 007 124 . 001
L1572 .007 . .133 .008
. 107 .007 . 113 .00}
L0 .010 5 A4 . 004
.093 . 008 g 111 . 001
.079 . 009 .101 . 009
.050 . 060 010 d , 102 .002
.050 L060 .010 L1102 . 002
.150 162 .012 L 104
.050 .059 . 009 .101 .001
.050 .059 e L 101
.070 077 .108
. 085 091 113
. 100 . 100 .110
. 100 . 106 3 136
150 . 157 . 126
.156 . 169
.169
. 153
154
137
.134
.138
137
134
. 150
.150
167
. 165

-
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—— L vl S~

e
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TABLE B-111

WORK SHEET TABULATION OF 12B2740 SURVEY RESULTS

DWG NO. 1282740 HAND-FINISHED () DATE 4/22/7%
AS-MACHINED [
WEBS STIFFENERS/FLANGES
S/N _#1 S/N _#2 s/IN 9 S/N _#2
DATE 1174/74 DATE _11/4/74 DATE _1174/7% DATE 11/4/74
POCKET
# |owc ¢ | wipTH ACTUAL t] At ACTUAL t At DWG t | ACTUAL t At | actuaL e | At
1| .040 3.8 .041 . 001 -- -- .100 -- .- -- -
2] .050 3.1 .055 . 005 - -- .- .- - .- .-
3] .160 1.9 .163 .003 .- .- .100 .107 .007 .104 .004
4| .120 5.0 .128 .008 .122 .002 .100 .103 .003 .103 .003
s] .100 5.0 .105 .005° .098 -.002 .10 .108 .008 .103 .003
6| .080 4.2 .090 .010 . 085 . 005 -- .- - -- --
7] .100 4.2 .107 .007 .100 .000 .130 134 .004 137 .007
8] .080 6.5 .090 .010 .085 .005 .130 .134 . 004 .137 .007
9] .100 6.5 .108 .008 .100 .000 -- -- -- -- -
10| .070 6.3 .080 .010 .074 . 004 .110 .104 -.006 .108 -.002
11] .070 6.3 -- - .075 .005 .150 .159 .009 .161 .011
12| .050 8.9 .059 .009 . 055 .005 .100 102 .002 .107 .007
13| .100 2.6 Ll .o11 .104 .004 .150 135 -.015 .- -
14] .050 6.3 .059 .009 .056 .006 .130 136 .006 L1140 .010
15| -- - - .- - .- -- .150 .163 .013 -- .-
16| .050 5.2 .059 .009 .057 .007 .- - .- .- .-
17} .050 6.3 .060 .010 057 .007 .100 .102 .002 .108 .008
18] .100 4,7 111 .o11 108 .008 .100 . 100 .000 .109 ,009
19| .100 4.7 - - .107 .007 .100 .103 .003 - -
200 -- - - -- . - .- .- -- .- -- -
21| .050 5.2 .061 .01l .055 .0nS - -- - - --
22| .050 6.3 . 059 .009 .056 .006 .100 .- - 112 .012
23 -- - - -- .- .- - .110 .110 000 .096 -.004
241 .050 8.9 . 060 .010 . 055 .005 . 150 .160 .010 .152 .002
25| .o070 6.3 .079 .009 .076 .006
26| .080 6.5 .090 .010 . 086 . 006
27| .100 6.5 .105 .005 .- --
28| .080 4.2 .089 .009 .085 .005
29{ .100 4.2 .107 .007 - .-
90| .120 5.0 .130 .010 .116 -.004
31| .100 5.0 .101 .001 . .-
32| .160 1.9 .166 .006 -- --
33| .050 3.1 .056 .006 .051 .001
| 040 3.8 046 .006 032 -.008
35
36
74

|




———
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TABLE B-1V WORK SHEET TABULATION OF 12B4021 SURVEY RESULTS

DWC NO. 12B4021-103 HAND-FINISHED [O DATE §/15/176
AS-MACHINED o::] '

WEBS STIFFENERS/FLANGES
S/N F190888 S/N F178237 S/N _F190888 S/N _F178237 |
DATE _11/21774 DATE _11/21/74 DATE ~11/21/74 DATE 11721774
, POCKET
' ¢ |owG ¢ | WIDTH ]ACTUAL ¢ At | ACTUAL ¢ At DWG t | ACTUAL t | At ACTUAL ¢| At
1] .064 . 069 .005 .073 .009 .150 . 146 -.004 .151 .001
2| .064 - - - .- .150 . 146 -.004 .152 .002
3] .064 .069 .005 .068 .004 .175 .- -- .175 .000
4| .06 .- - .070 . 006 .175 .- -- .176 .001
sl .064 3.2 .068 .004 .068 . 004 .175 171 -.004 177 .002
6| .064 3.2 .068 .004 .069 .005 .175 -- - 177 .002
7| .064 3.2 .068 .004 .068 .004 .175 77 .002 .176 .co1
8| .064 3.2 .067 .003 .069 . 005 .175 -- .- AN .002
9| .064 3.2 .069 .005 .068 .004 L1725 A7 -.004 AN .002
10{ .064 3.2 .067 .003 .069 .005 .175 .- -- .178 .003
11| .064 3.2 .067 .003 .068 .004 175 .176 .001 .176 .001
12| .064 3.2 .068 .004 -- - L1175 -- -- Y2 .002 |
13| .064 3.2 == - . 069 .005 175 .169 -.006 .181 .006
14] .064 3.2 .089 .025 .091 .027 175 -- .- .178 .003
15| .064 3.2 . 089 .025 .090 .026 .175 -- -- -- -- g
16| .064 .090 .026 .090 .026 175 .- - -- --
17{ .064 S .- - - 175 .172 -.003 .180 .005
18| .064 oo .- .090 .026 175 .179 .004 .178 .003
i 19| .064 3.2 .069 .005 .068 .004 178 .170 -.005 .178 .003
20| .064 3.2 . 069 .005 . 069 .005 175 .171 -.004 .179 .004
21] .064 3.2 . 068 .004 .069 .005 175 171 -.004 .178 .003
1 22| .064 3.2 .068 .004 .069 . 005 .175 .170 -.005 .178 .003
i 23| .064 3.2 .122 .058 .123 .059 175 172 -.003 .179 .004
241 .064 3.2 .068 .004 .069 .005 175 .172 -.003 .179 . 004
% 25| .064 3.2 .069 .005 .069 . 005 .175 .169 -.006 .178 .003
: 26) .064 3.2 .068 .004 .070 . 006 .175 A7 -.004 .178 .003 i
; 27| .064 3.2 .069 .005 .070 .006 .175 L171 -.004 .178 .003
! 28| .064 3.2 .069 . 005 .069 .005 175 .178 .003 .178 .003
29| .064 3.2 .070 .006 .070 .006 .175 .169 -.006 .178 .003 {
30| .064 3.2 .069 .005 .070 .006 L1175 .174 -.001 .178 .003
31] .064 3.2 071 .007 L071 .007 .175 .175 ,000 .178 .003
32| .064 3.2 .070 . 006 .071 . 007 .175 177 . 002 .178 . 003
33| .064 4.0 .072 .008 .072 .008 .175 .179 . 004 .173 -.002
34| .064 4.0 .071 .007 .072 .008 .175 .173 -.002 .178 .003
35| .071 3.9 L0717 .006 .079 . 008
36| .064 3.9 .072 .006 .072 .008
4
L
{
] !

! 75




TABLE B-1V CONTINUED

DWG NO. 12B4021-1C3 HAND-FINISHED [T DATE 4/15/15

AS-MACHINED (21|

WEBS ST1FFENERS/FLANGES
MM _Fiarie) S/N _F190887 S/N _F197361 S/N _F190887
BATY b8’y | DaTE Ta/8775 DATE _4/8775 DATE _4/87i5__
POCKET |
¢ lowe ¢ | wiotn facTuaL ¢ | A AcCTUAL t Dt e ¢ | actuaL ¢ | A ACTUAL t]| At
1| .o064 .078 .014 .070 .006 . 150 .160 .010 161 .011
2| .064 .071 .007 .067 .003 .150 .158 .008 .160 .010
3| .o064 .076 .012 | .063 -.001 175 .195 .020 .192 .018
4| .064 .070 .006 .069 .005 175 194 .019 .190 .015
s| .064 | 3.2 . 069 .005 . 064 L0001l .175 .183 .008 185 .010
6| .064 | 3.2 .068 .004 L0065 .001 175 .182 .007 .182 .007
7] 064 | 3.2 .069 .005 .063 -.001 175 .181 .006 178 .003
8 .064 | 3.2 .067 L003 | .064 .000 175 179 .004 178 .003
9| .064 | 3.2 . 068 .004 .067 .003 175 .181 . 006 .182 .007
10 .064 | 3.2 .067 .003 .065 . 001 175 177 .002 177 .002
11| .064 | 3.2 .075 .011 .060 -.004 175 179 . 004 .180 . 005
12| .064 | 3.2 .069 .005 . 062 -.002 175 177 .002 .179 . 004
13| .066 | 3.2 .070 .006 .062 -.002 175 179 . 004 176 | -.o0t
1) .064 | 3.2 .065 .001 .059 -.005 175 .180 .005 .176 .001
15| .064 | 3.2 .067 .003 | .058 -.006 175 177 .002 177 .002
16| .064 . 068 .004 . 064 L0001 .175 .178 .003 172 -.003
17] .064 .071 .007 .060 -.004 .175 .180 .005 . 180 . 005
18] .064 .076 .012 . 066 .002 .175 .181 . 006 175 .000
19] .064 | 3.2 . 066 .002 .059 -.005 175 179 .004 179 .004
20 .064 | 3.2 .066 .002 .059 -.005 175 74 -. 0Vl 179 . 004
21l .066 ) 3.2 . 068 .004 .059 -.005 175 .178 .003 179 . 004
22| .064 | 3.2 . 065 .001 .058 -.005 175 .176 .001 .178 .003
23] .064 | 3.2 . 065 .001 .060 -.004 175 177 .002 177 .002
24| .064 | 3.2 . 064 .000 | .059 -.005 175 .176 .001 .175 . 000
2sf .064 | 3.2 . 065 .001 .059 -.005 .175 177 .0c2 .173 | -.002
26) .064 | 3.2 . 064 .000| .060 -.004 175 .173 -.002 .175 .000
27] .064 | 3.2 .068 .004 .060 -.004 175 179 . 004 176 .001
28f .064 | 3.2 . 066 .002 .058 -.006 175 .187 .012 184 .009
29| .064 | 3.2 .071 .007 .057 -.007 175 182 .007 182 .007
3of .064 | 3.2 . 064 .000| .06l -.003 175 .186 .011 .186 .011
31| .o64 | 3.2 .069 L0051 .062 -.002 175 .183 .008 179 . 004
32| .064 | 3.2 . 065 .001 .062 -.002 175 178 .003 179 . 004
33| .064 | 4.0 .068 .004 .062 -.002 175 .182 .007 .181 . 006
| L0646 | 4.0 .065 .001 .060 -.004 175 .178 .003 .179 . 004
35| .071 | 3.9 .077 .006 .076 .005
36| .064 | 3.9 . 065 .001 .061 -.003
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TABLE R-1V CONTINUED

DWG NO. 1254021-103 HARD-FINISHED () DATE: 4f22/15

As-vaciined O

WERS STIFFENERS/FLANGES
S/N__F178217 S/N__F178237

MATE__1/7/15 DATE_ 1/7/75

POCKET
WIDTH ACTIAL t Nt PIG t | ACTUAL t Nt

-

.072 .008 . 150 .155 . 005
. 060 . 006 .150 151 .00l
.065 .001 . 150 .150 L 000
. 066 . 002 150 . 150 000
. 067 .003 75 173 . 002
.064 . 000 175 176 ,001
.065 . 001 175 175 . 000
. 066 . 002 A5 175 . 000
. 064 .000 175 L1175 . 000
. 066 .00? 175 474 ., 001
. 064 .000 175 74 .001
.065 .001 75 175 . 000
. 086 . 001 175 L1713 002
. 087 .002 175 175 . 000
. 087 .002 175 74 001
.086 .001 175 175
. 065 . 001 175 175
. 065 .001 L1175 .174
. 064 . 000 175 )
. 064 .000 75 174
. 065 . 001 175 L1724
. 065 .001 175 174
. 065 .001 175 175
. 066 .002 175 175
.065 .001 175 176
. 065 . 001 175 176
. 066 .002
. 066 .002
. 068 . 004
. 065 .0Vl
. 069 .005
. 069 . 005
.077 . 000
.070 .006
125 . 005
. 066 .002

WD W W WS
NI RIPIPINI DN NI N

1
2
3
“
5
6
7
8
9
10
11
12
13
14
15
16
17
18
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TABLE B-V WORK SHEET TABUIATION OF 1284166 SURVEY RESULTS

DWC NO. 1284266 HAND-FINISHED D DATE 61"‘/75

AS-MACHINED (B

WEBS STIFFENERS /FILANGES
S/N _¢#1 SIN _#2 S/N 181 SIN #2
DATE 11 74 DATE _11/25774 DATE 11725774 DATE 11725774

POCKET

¢ | WG t | WIDIH ACTUAL t] At ACTUAL t At DWG t | ACTUAL ¢ At JACTUAL t At
1] .125 134 .009 131 . 006 . 100 .103 .003 . 104 . 004
21 .125 .13 .008 131 . 006 .100 . 100 .000 .102 .002
31 .070 .078 . 008 0717 .007 125 125 . 000 125 . 000
41 125 135 010 134 .009 A2 127 . 002 A7 .002
S1 .125 131 . 006 A0 . 006 125 121 -. 004 21 . J04 ~
61 .125 131 . 000 131 . 006 . 100 . 104 . 004 104 . 004
7| .070 1.0 .079 . 009 .079 . 009 . 150 . 152 .002 150 .000
8] .125 136 o1 .136 .011 125 . 130 . 005 . 130 . 005
9| .125 .138 ,013 .160 035 . 125 131 .006 .130 . 005
10| .070 7.5 .080 .010 .080 010 125 .130 . 005 kit . 006
11] .070 7.0 .081 .011 .080 .010 .100 . 098 -.002 .098 -.002
.070 7.5 .081 .011 .080 ,010 125 . 133 . 008 . 132 .007 P
.070 7.0 ,078 .008 077 . 007 125 137 .012 .- --
.070 5.8 ,078 . 008 077 .007 .100 .098 -.002 .097 -.003
. 100 .102 .002 . 100 . 000
.125 . 140 015 137 .012

WL W WL W AN AN AI A R A (Y bt e b b B0 b 050
VNS WVUNO VBNV EWN - WBNOVEWBN
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TABLE B-V CONTINUED

~

DWC NO, 1284166 MAND-FINISHED () DATE 4/23/15
AS -MACHINED 0
WERS STIFFENERS /FLANGES
S/N _F189886 S/N _F189886
DATE 12710775 DATE ~12/10/74
POCKET
¢ [owe ¢ ] WIDTH ACTUAL t| At DWG t | ACTUAL t At
1| 125 124 |-.001 .100 . 106 . 006
2] 2y 123 |-.002 .100 .105 . 005
3| .o70 . .- 125 121 -. 004
a4l 125 121 |-.004 125 126 .001
s| 125 124 1-.00t 128 27 .002
6] .125 .119  |-.006 .100 108 . 005
11 .00 7.0 L068  |-.002 150 L 154 . 004
al 125 .126 .001 125 137 012
9| .125 L1206 .00t 125 .- .-
10} .070 1.5 L0067 |-.00) 125 133 .008
11{ .070 7.0 .068 |-.002 .100 .097 -.003
12| .o070 1.5 L068 |-.002 128 L1232 . 007
13} .070 7.0 L0066 [-.004 2% .130 .005
141 .070 5.8 L0065 |-.00% 100 .100 . 000
15 .100 02 . 002
16 L128 120 .001
1?
18
19
20
21
22
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TABRLE B-V1 WORK SHEET TABULATION OF 1282765 SURVEY RESULTS

WG, N0 17R276S HAND-FINISHED [ DATE u'o[l(_-]]_‘n

As-MACHINED TR

WENS STIFFENERS/FLANGES
S/N FIBG619 SIN PIBA622 $/N TI84619 S/N FIR462?
DATE 11/20/74 paTE T730774 DATE 11720774 DATE 11/20774 {
t e ¢ \‘.-\l‘:»}f'n}ir ACTUAL t{ At | ACTUAL t A e v | oactual o | A acan o | A
1 17s .- -- .- .- 100 107 .007 102 002
2l L21s - .- .- =, 100 L1023 L003 | -l08 _ 008 )
3} 300 .- .o .. 1, .80 098 .ol8 .097 017
41 085S 1.4 089 L 004 .091 - O8O0 . 086 L 000 . 087 .007 \
1. 068 a.h .071 006 .070 , 006 . 100 . 105 005 107 .00?
6] .125 <132 .007 .130 005 . 100 R0 020 | 120 020
7| 065 5.9 .070 . 005 .070 005 150 A7 027 1 173 023
8] .o6s 5.9 070 L 005 069 . 005 L150 166 o6 | 167 o017
9f . 065 5.8 .070 L 005 0N L 004 LORO 084 004 085S L00S
10] .075 3.9 . 081 L0060 L0830 L 000 150 L 145 -, 005 148 -, 002
11 .05 6.4 082 . 007 . 081 005 L 150 150 . 000 . 150 ,000
12l w0 | 40 L 046 006 L04% L 006 100 .094 - 006 | 096 -, 004%
13 L0500 | 9.2 L 064 014 . 0ot L 005 == = 1 = -8
14 . 050 8.0 L0606 .016 L 066 0lb 100 L 106 L 006 . 106 006
15 000 | 8.8 056 016 .053 _0lb L 080 .104 024 | .087 007 |
T Y i .058 L0118 L0531 L0113 080 L0724 -, 006 L0718 -, 002 !
17] .050 | 9.2 006 L0l6 , 064 0 100 105 005 | .107 007
18] 050 8.0 L065 BUR) 065 L014 L 100 106 006 .102 ,002
19] .oa0 | a0 046 006 L0458 015
200 L0785 | 6.4 LO82 007 . 081 005
pd 075 R . ORS% AL . 081 006
2| 065 5.8 .on . 006 L0721 008
23| .06S 5.9 .072 .007 070 T 006
24 065 L0722 002 068 005
250 128 130 . 008 .133 .003
261 .06S 5.9 NUA 000 070 008 !
21| .oss 408 . 089 00w . 089 00 i
28l 178 . -- 004 !
] 29| .275 - - --
Ao} Lo o5 N -8 |
[}
!
4
|
]
i
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TABLE B-VI CONTINUED

DWG. NO. 12B2765 HAND-FINISHED [}

as-maciined O

WEBS STIFFENERS/FLANGES

S/N ¢i S/N #1
DATE 3/4/75 DATE 3/4/15

POCKET
$ CTUAL t t ACTU
= ACT A CTUAL t At

.107 .007
.107 .007
. 089 . 009
084 . 004
106 . 004
111 .01
.154 . 004
.158 .008
. 086 . 006
152 . 002
.158 .008
. 104
. 104
.082
.082
.108
.105
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TABLE B-IX F-111 MACHINED PARTS SURFACE ROUGHNESS
pis 0 | g Winpghar 1;f£ b
L Nipiahpead ! If.%!
. " 1 ran Hu ) 3 Ak
|1 npe % i L 14 o "
ia-ml L &% S (%]
JAr n e (¥
T & e AT
g &l T 1]
L Lo il 1T i
Y T
" Ash 3 A28 ¥
[hem) i b 11 Lia T
AL ¥ ] D
A0 %0 Jisa '
e it 10 o5
L0 A - "
LT Lk _1ndd b L
A 14
(T Fve:-in ~yino N _2ie i i) i
(AR} 0 i LN o
T ki oA 'L
L ' oS | e o ¥
A= L i o 53
] Ls b =
L L Sy i
. b [}
FINTAZD N B Jar "
{li=F} . %y [ H Y% L1
- = N bk
[TTwi Tk mh e fy
(e A% 1
0% n
L H A 3 e i3 Qepp. slided
(=M . 10
T N s b 064 48
(A=) , ad 1ol . 064 70
J Dkl B . 064 49
o Gl ki . 064 51
m " . 064 107
| ik . 085 46
o D ! .064 76
o iy " . 064 87

Results:

Mean = 50.

Mean = 69.9

—— —
49 measurements on As-Machined surfaces

3 in AA, standard deviation = 36.9
22 mcasurements on Hand-Finished surfaces

in AA, standard deviation = 19,14

* Where parts werc not serialized, picces were given the
numbers shown.
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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. I

1.0 TEST SPECIMEN DESIGN

Testing involved two different task areas. Task I was
aluminum and titanium I-beams used to assess various tolerance
relaxations in a structure typical of aircraft. Task II speci-
mens were components of F-111 and YF-16 parts. Table C-I sum-
marizes the test program.

1.1 Task I - I-Beams

The beams have a 30 inch test section with a 12 inch load
introduction and transition section at each end. There are six
pockets machined from both sides in the test specimen. After
machining, half of each beam was hand finished and the other end
of the beam was left as machined. Figures C-1 and C-2 show the
I-beam configurations.

1.2 Task II - Aircraft Component Tests b

|
These tests included specimens of two sections of the F-111 ;

wing rear spar and a segment of a YF-16 bulkhead. These speci- ‘

mens were used to verify tolerance relaxations on actual aircraft

component configurations. The F-111 inboard spar specimen is a

30 inch test section outboard of rear spar station 143.40. There

is a 15.12 inch load introduction and transition section at each

end of the specimen for a total length of 60.25 inches. The S t

specimen of the outboard section of the F-111 wing rear spar has

a 28.18 inch test section starting at rear spar station 211.716

with a 15 inch loading and transition section at each end. The

upper portion of the station 479.55 bulkhead on the YF-16 is a

titanium two piece back-to-back channel. This titanium section

bolted into the rest of the bulkhead, which was aluminum., Because

of this, no test load introduction or transition area was neces-

sary. This section of the bulkhead was used as the third

il
|
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component for this series of tests. In the case of the spars,
equal numbers of specimens were left either as-machined or
hand-finished. For the bulkheads, half of each channel was hand-
finished and half was left as-machined. Figures c-3, C-4 and

C-5 illustrate each of the Task II specimens.

2.0 MANUFACTURING DATA

Test specimens were machined by NC machines and hand-finished
as described below.

2.1 Machining Procedures

Test components were machined using normal production equip-
ment, programming and machine operators. This procedure was
deliberately selected to provide test components that were repre-
gsentative of production aerospace parts with respect to machining
processes used to fabricate them. Only sharp cutting tools were
used to eliminate additional variables that could.be introduced
by varying degrees of cutter dullness. Production NC milling
machines used to fabricate the test components are maintained to
established specifications that are suitable for production
requirements. It is vecognized that even with rigid performance
specifications maintained by periodic maintenance inspection and
adjustment, that different machines, and even different spindles
on the same machine, vary in performance. The machines used for
machining these specimens were identified by operators and super-
visors as neither the best or worst but as average in condition
and performance. Specifications of NC milling machines are given
in Tables C-II, C-III and C-IV. Test component 622-005 repre-
sents an F-16 bulkhead section and was machined on a conventional
profile mill since prototype compcnents were manufactured in
this manner and no NC program was availavle.

Cutters used for NC operations are purchased and maintained
to GD/FW specifications. These specifications are required to
assure optimum cutter performance and, equally important, pro-
vide reliable, consistent performance. Variation in performance
of cutters from different manufacturers is unacceptable in ef-
ficient NC machining operations. Cutter specifications used to
machine these test components are referenced in Figures C-6,

C-7 and C-8.

Table C-V is a summary of cutter configurations used to
machine test components and Table C-VI is a summary of machining
parameters. Key identification elements in this summary are
the test specimen drawing number and NC tape number. Insignifi-
cant NC operations such as drilling of hold down bolt holes were
omitted from this report.
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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
1 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 pockef. 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.

g = e -
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SEC. 1 PAGE ©

CUTTING TQOL SPECIFICATIONS “wreveszs

MS -CU -0Q|
PRCCURENENT an MARM T IMANCE SPEZCIFICATIONS

stondarg’ (7 °-50 C heix) £ fiute €ao Gitdls 168 Gl

TMS-Cu-30.COI

o Kol & .00
’J-—-\NIN wea Y0 .010-?

L NLIEWT

e
WANITRES e - 18 T

SECONDARY
RELIEF =

Senn ARy
RACIAL RELISF
(sccening o)

1
— pea-03 7' FRIMASY
20.10° 'r LAND WIDTH

T30
~ RACIAL RANE

1. TOOL MATERIAL TO BE N2 OR M7 (min) TYPE H.5.5., PEAT TREAT FLUTE ARCA 63-€DRe,DRAW EnANK 10 Re

42 .A"
2. CONCENTRIZITY GETWEEN CUTTING SURFACIS AND SMANK.OCZ T.LR.
3. MAINTAIN UNIFORM CUTTING CLZARANCE ON 2Ll CUTTING SURFASES INCLUDING RADIVS
4. REMOUE GRINZING SURRS 3Y wauEtd
[=> 5. 00 NOT FLUTE 1 AREA CF COSNIR REQWS W, 10, W)
c. SHANK Ci. AND FLATS 1M SCMPLIANET VITH 2853 394,19 -1268 AND #C. 1A
[F=> 7. WHZN CORNER RADWS IS APFLIEC TRIS POIST 70 BE LOWER Thil RADIUS
8. TOL.ON MEW END MILL DIANTTESS T3 3£ +.003 -.C00
©. 0O NOT FLESTRIC FENCIL ETCH CN CHULINNG AREA OF S§HANK
10, ALL CUTTEAS R.M.CUT,A N, HELIX OR L K, CUT,L.H MILIX A5 RECUIRZD
11, SLL CUTTIRS GVER (SO 012, TO MAVE NiTRIDZ - CXIDE SURFACE TREATMINT

s TG SFCCITICATIIN ATPLICS TO TND MILLT SVIR LS B4, enALLER END WILLS TD 2F YO €0'S, eT0s
D 13, ON C6R.AND LARGER, AADIUS,FACE & O.D MISMATCH .010 MAX, ) HONE SHAKF INTERSECTION T) BLEND,
5O UNDERCUTTING SLLOWED | "2l TS €€ TRUS WITHIN .OC2 Len 1299 Tuaw CORMINATIN ro Qs 8% & moman.)

19 14, FINSH ON CUTTING SURFACES 20w IN. RM5 MaX.,

18. ALL NEW TOOLS 70O €£ FURNISRED WITH .01 RaDit OR CHAMFER UNLESS SOECISIED OTHERWISE
16, 10ENTIFY WITH MECR'S. TRADE NAME OR SYMSCL IN SET SCREW FLAT OR Ol END CF SHANK

(CONTINUED ON REVERSE Si0E) APPROVED: .2 R S

FIGURE C-6
2 FLUTE END MILLS FOR ALUMINUM
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SEC. V PAGE 10

CUTTING TOOL SPECIFICATIONS “*~*"
TMS-CU-00I

PROCUREMENT apo MAINTENANCE SPECIFICATIONS
high helix (45°) oluminum cutting end mills

TMS -Cu- 45.001

TOOL GEOMETRY

8

. SMANK DIA. AND FLATS IN
. WHEN R RaDIUS 1S
. TOL.ON NEW END MiLL DA
. DO NOT ELECTRIC PENCK

50 M

(CONTINUED ON REVERSE $i0€)

. CONCENTRICITY BETWEEN CUTTING SURFACES ANO SHANK 002 T..R.

. MANTAWN UNIFORM CUTTING CLEARANCE ON ALL CUTTING SURFACES INCLUOING RADIUS
. RENOVE GAINDING BURRS BY NONEWNG

. 00 NOT FLUTE IN AREA OF CORNER RADIUS (RF. PG. 104)

. ALL CUTTERS A.M.CUT, R M. HELIX OR L. .M. CUT, L. ;
. RADIAL RAKE 19°-20° MEASURED BY luoncnbn OROP METNOD - PRIMARY RADIAL RELWEF 30.99 (gecantac TYRg)
MEASURED BY INDICATOR DROP ME THOD SECONDARY RADIAL CLEARANCE AS REQ'D, (11°.10%)
. ALL CUTTERS OVER 50 D'A.TO HAVE o_u‘moc-oxu SURFACE TREATMENY ,
. THIS SPEC. APPLIES YO END MILLS OVER 30 DA, , SMALLER END MILLS TO BE TO WFG 8. STANDARDS
. ON.O8 R. AND LARGER  RADIS , FACE & 0.0 MISMATCH 010 MAX. NONE SMARP INTERSECTION TO SLEND.
N0 UNODERCUT TING ALLOWED. RADII TO BE TRUE WITHIN 005 (0% LES Txan O8N WIuATCH TO 08 20% 00 A wad.)
. TOOL MATERIAL TO BE M2 OR N?{mn) TYPE N.S S, NEAT TREAT FLUTE ARCA TO 8308 Ac DRAW SHANK TO s 42-48
. FINISH ON CUTTING SURFACES 20w IN. AMS MAX .
" ALL NEW TOOLS TO BF FURNISNED WITH .01 RADH OR CHANFER UNLESS SPECIPIZD OTHERWISE

T
V7. IDENTIFY WITH NFOR'S. TRADE NAME OR SYMBOL N SET SCREW FLAT OR ON END OF SHANK
[>10. To0Ls T e TOWAVE PRIMARY LAND LUNOERICALLY '8

COMPLIANCE WITH USAS 994,19 AND PAGE 104
APPLIED, THIS POINT TO BE LOWER THAN RADIUS

METERS TO B€ +.008 -.000

ETCH ON CHUCKING AREA OF SMANX .

L.N. NELIX AS REQ'D

ND .00% WIDE ON 0.0 ONLY.

AMOV!O:M—

FIGURE C-7

CUTTING TOOL SPECIFICATION - HIGH
HELIX ALUMINUM CUTTING END MILLS
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CUTTING TOOL SPECIFICATIONS S

TMS-CU -0
PROCUREMENT ano MAINTENANCE SPECIFICATIONS

high helix (45°) aluminum cutting end mills
TMS -CU - 45.001

NOMINAL | . “c"}t

SHANK DIA |"A" 8" WN
029 1.6 o | 96
.180 1.49 10 | 209

“PAREC-SET" FLAY -

FLAT PER —~ .:r_-——_L-_ v _l
Eohp- Rt = (e o NGTH SHANX MUST GO INTO
d PRE-SET NOLDER )

LIPS ]
ssth LRl e R o A -
dA |8 o N 2o
[ 3 -~
ore (4] 00 .99 209 [T
1.000 1.02 A 1.08 2 3a _j
1.280 1.09 it 108 234 :
2.000 2.50 A4 .36 LR Y]

“PRE-SET” FLATS —,

)/

413 TAPRM 128 OF. -
FLATS PER — umu.uﬂ

USAS 094.19 - 1968 Aw 0"

(LENGTH SNANK NUST GO INTO
PRE-SET HOLOER)

—

[E=> FOR END MILLS WITH RADIUS 25%
OR MORE OF DIAMETER

SRIND THIS AREA TO- ~1
VARY RADIAL RAKE
ON END OF END MILL
FAOM O® AT CENTER
TO GLEND WITH AXIAL
RAKE ON OD.

NOTE .
OUE TO THF CURVED SURFACE GENERATED BY
OESCRISED REL IEVING ORIND, THIS WILL BE

J A HAND OPERATION .

AREA OF BLEND

SEYWEEN

AXIAL ANO
RADIAL RAXE

/ 6’_ 7" i
aponoven: L ¢ 2Ll T v

FIGURE C-7 (Cont'd)
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CUTTING TOOL SPECIFICATIONS ™3’

TMS-CU -00I
PROCUREMENT ano MAINTENANCE SPECIFICATIONS
.q,6 anp 8 FLUTE END MILLS
FOR MACHINING N.GH STRENGTH aND HICH TENMPURATURE ALLOYS

TMS-CU-25002

CEmTRN Lot TivD age
I T T
L2 i L

NOTES !

Vo oo
= Sogqaoou

13.
14

s

16.
[

f=>18.

. ALL CUTTERS R.M. CUT R.H.MELIX, OR L.M. CUT L.M.MELIX ,AS REQ'D.
. FINISH CN CUTTING SURFACES 20u 1N RW3 MAX ., FEMOVE GRINDING BURRS BY HONEING
. TOOL MAT'L. TO BE ALS.1, M&H,M62,M43,M54 NS 5. ,HEAT TREAT FLUTE AREA 68-69 Re

. STECL STAMP ON EMND AS SHCWN OR IN SET SCREW FLAT  A.LLS.1. NO. AKD STEEL MFGR'S.

. ALL CUTTERS TO BE "GASMED END" TYPE WITH NO SALVAGE HOLE OR CENTER

atlﬂl-'l.l = %
TOOL MATER:AL TOOL CONFTRUCTION &
DENTIFICATION GEoNITET

. DONCENTMCIT T MTE(EN SUTTME WAFACTE a0 Ssihe COF 71 8
'l'n.ll'lll.lﬂ 0N BHAle Zid AN TLATES PER WR4N G394 B 0CD
" NEW END MILL DIAMETERS TO GE +.003 - .C00

DRAW SHANK AREA TC 4€ P: MAX,
MAINTAIN UNIFORM CUTTING CLEARANCE CN ALL CUTTING SURFACES INCLLOING RADIUS
THROUGH 500 UIA. (¢) FLUTES , ,645-1.C30 DIA.(¢) FLUTES , 1125 -2 C30 DA (o) FLUTES

SYMBOL

’ OVER .20 DIA. YO HAVE NITRIDE - OXIDE SURFACE TREATMENT

THIS SPEC. APPLIES TO END MILLS OVER .20 DIA. , SMALLER END MILLS TO 9E YO MFOR'S,
STANDARDS

SHARPEN PER PAGE 8A

ON O6R.8 LARSER | RADIUS, FACE 8 0.D. MISMATCH 010 MAX. HONE SHARP INTERSECTION TO

BLEND. NO UNDERCUTTING ALLO#ED RADIt TO BE TRUE WITHIN COS5 (on L33 Tman CO R misuaTtn 10 &2
0% OF A wat ). SES PAGE A

NEW TOCLS YO 9E FURNISRED WiTH .01 CORNER RADIUS lusiess sprce gy oTugawing av #o, ok Tocy, cevicn)
EXISTING TOOLS AT GOF\W AS OF 3-16.70 MAY HAVE A SALVAGE NOLE CENTER AND/OR "PRE-
SET" SET SCREW FLATS SUT ALL TOOLS PROCURED AFTER THIS DATE NUST N 1PLY WITH
NOTE 11 AND AS S~OWN

FLUTE IN AREA CF CORNER RADWUS ONLY WHEN RADIVUS 1S 28% OR MORE OF DIA (ecu sans 8A )

/ P . .
{continues on Pace 04 ) APPROVED: . (RS oI GPON
FIGURE C-8 CUTTING TOOL SPECIFICATION -

4, 6 & 8 FLUTE END MILLS
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CUTTING TOOL SPECIFICATIONS “%sz ™

TMS-CU-00l
PROCUREMENT ano MAINTENANCE SPECIFICATIONS
4,6 a0 & FLUTE END MILLS

(STEEL CUTTING)
TMS-CU-25 002

FOR CND IMLLS WITH RADIUS 25Y,
[B>""" "0 mcat of oiAMETER

NOTE=ous 10 tor cuosed puavace ormaastes
vl'(loll\(in: 87 BINCONLD Al vmg emnD, Tmid DAY
N, Oliefts aviaLe ol 88 L2 0t i0m.
., S RaDaL Aang

GRIND THIS aRLA TO VAR Y Radial Rang

ON (8D OF {AD tLL 7ROV 0° aT CONTEA TYPICAL FOR BALL NOSE END MILLS
TO OLEND WiTw ARisL Rang ONOD,

000 Max oven 4 W e m-JL

o0 1oee on L witiin OF
PRINLRY L AN r
03 TNAKY. L WEONR PRIMARY RACIAL ltut'(u:u e Tvog)
7%-10° 7°-11% ron asVE - B, THAY | - DA,
RADIAL Rang I
3°-8° ron asove | o,

l? -16®
TECONDARY RADIAL RELWEP

CASH CEPTH AN TO CLZAR CENTCR

e F

06-08 PRMAAY LAND WIOTH—e=] L.. "-'-"tl-l-ln""hl

VIEW A TYPICAL ALL END MILLS

o_ 80
""1:"3 5% Eno concavity

77 7 - .7
aPPROVED: . [ o AL

FIGURE C-8 (Cont'd)
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TABLE C-1 VERIFICATION TEST PROGRAM SUMMARY

Test
No.

Specimen

Material

No. of
Specimens

Spectrum

Task I (Development

I

I-beam

I-beam

I-beam

Tests)

2124-T851

2124-T851

6A1-4V beta
annealed

F-111A Phase I and
II Training Usage

YF-16 Air Superior-
ity Random Ordered

YF-16 Air Superior-
ity Random Ordered

Task II1 (Verification Tests)

4

F-111 Rear
Spar Segment
- Inboard

F-111 Rear
Spar Segment
- Outb'd

YF-16 Bulk-
head Segment

2124-T851

7050-T73651

6A1-4V beta

annealed

(two
channels)

(Same as test #1)

(Same as test #1)

(Same as test #2)




TABLE C-II GIDDINGS & LEWIS (8 x 30) 3-AXIS
SKIN MILL SPECIFICATIONS

MACHINE SPECIFICATIONS:

3-Axis Mill
Table Size
Horsepower
Spindles
Spindle Speeds
Control System

(1) Machine

92" x 360"
50/100

(2)

1800/3600 RPM
Bunker-Ramo 3200

Maximum Travel

Approximate Location Col 72S
Task Center 231
High Strength Machining No
PROGRAMMING SPECIFICATIONS:
Postprocessor (l-4 Format) MACHIN/TRW3GD, 4

Rapid Traverse

INTCOD Commands Required

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

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

s "




TABLE C-II1 ONSRUD 4-AXIS MILL SPECIFICATIONS

MACHINE SPECIFICATIONS:

4-Axis Mill

Machines (4)

Table Size 96" x 180"
Horsepower 30/100
Spindles (2)
Spindle Speeds 9-3600 RPM
Control System Bunker-Ramo 3000
Approximate Location Col 62-68S
Task Center 228
High Strength Machining Yes

PROGRAMING SPECIFICATIONS:
Postprocessor (1-4 Format) MACHIN/TRW4GD, 1

Rapid Traverse

Maximum Travel

MULTAX & V4AXIS/ON Commands
INTCOD Commands

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

100 IPM (X & Y-Axis)
55 IPM (Z-Axis)

55 DPM (Tilt)
X-Axis: 180

Y-Axis: 96

Z-Axis: 18

TLE: ~HL®
Required

Noc Required

Not Required
Required for Preset Cutters
FSTI X4, Yl4, Z14

104
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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

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

1900/3600 RPM
Bendix Dynapath 24
Col 60S

230

No

PROGRAMING SPECIFICATIONS:

Postprocessor (1l-4 Format)
Rapid Traverse

Maximum Travel

MULTAX & V4AXIS/ON Commands
INTCOD Commands

SPINDL Commands

COOLNT Commands

TOOLNO Commands (Optional)
Gerber ADM Format Statement

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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TABLE CeVII  1-BEAM TEST SFECIMENS SURFACE FINUSH DATA -
ALUMINUM, 1/N 622-001

OUTSIDE FIANGE (OF)

| INSIDE FLANGE (“")‘;\;G UPPER llA\('P (UF)
e T — ‘7""-77 X ¥ ‘_ "*‘
. ¢ —t——0 ® DG Q}‘O G O ) 6 ——t—¢
oo | o o |17 1
o—t——o o oo ®©lo QQ( ® o@_’@ o—t——0
LOWER FLANGE (Ll‘)
o= UAND-FINISUED (H-F) AS-MACHINED (A-M)—
L' c SX 6
e by N“AR QH)P (h\) L,
! ! ! ] .}:z " ::Il’ll T 4!] -uIIIl‘;_.\-ar “lll‘Il n-nv--‘ '-‘ r ] ], !
Lol 1 3 i W g ) ) ! i [ [
LAMET I B | i -

FAR SIDE (FS)

- WEB LOCATION
- FLANGE 1OCATION

S/N MATL HAND - FINTSIED AS-MACHINED

S
(%)

p/LEN/E T 4 5 l 6 7 7 o 5 4 3 2 1

1

INSIDE FLANGE SURFACE
759 Al [ UF | NS Sh | S8 S6 ] 44 32 45| 53104100119 11121109 | 106 | 117
UF | FS 501 27 S| 60} 43| 58 stfu13flos 109 | ti6 | 126 1109 ] 109
LF | NS 46 | 56| &2 52 56 | 38 260 421114113104 110]110] 107
WF | FS 260 57 ] s61 580 551 47 $29 1030127 (110 ] 1164 | 113 [ 114 | 110

OUTSIDE FLANGE SURFACE, MIN,, AA
ur 29 32 I 13 15 26 31 28 27
LF 17 19 34 kX 31 34
INSTOE H.AMh \lth\(‘h
757 A1 JUF | NS 27| w6 30 15 24 23] 62| 45| 63} 49 ] 55| 26
UF | FS 17 w6 19] 3| 22 oo | 45t 49| 52| 55| 44| 40
¥ |NS 13| 262 N} 23 3| 331 49| 47} 36| 31| 12
, LF | ks 16| 127 ] 191 364 238 s8] 63| 67 ] 43 51 ] 68} 2
: OUTSIDE nmcr <mu/\cr
’ Ur 17 16 100 29 33 30 29
g \F 9 8 l 36 35 33 34

INSIDE Pl.ANk E \URh\(l-
758 Al UF | NS 15 161 13 11 251 27 26 65) 64 ] S8 58| 78] 45| 88
ur | FS 13] 23§ 2 15] 206 10] 14f 59| 78 38 791 53} 73| 68
LF NS 15 9] 11 10 7 16 19 70| 64 ) 66| 62| 73| 74} 83
Lt | FS 151 151 14 187 231 13 ) 15 73| 55] 63 2] 56} 47| 88

| ; OUTS1DE FLANGE SNRFACE
Ur 7 I 7 of 4t 39 36 39
LF 17 15 19 18 33 42 32 33

INSIDE FLANGE SURFACE
759 Al | UF | NS 28] 64 ] 45 45 38| 37 29 so| 52 49| 40 52| 461 51
U | ¥s 32| 36| W 3] 32| 32 29§ 38} 35| 4l 36| 44 ] 4 36

A LE | NS 36| 38| 35] 35| 30| 34 390 53| 63| 52| 54| 50 21 51
. LF | FS 2] 271331 N 27| 28] a3f 39| 38 3] 35| 41 ] 42 kY
| OUTSIDE FLANGE SURFACE
Uy 26 24 27 24 I 22 23 23 24
LF 22 22 | 24 27 21 28 22 21

INSIDE FLANGE SURFACE
764 Al JUF | NS 171 19 289 20 20 33} 21q 3| 36| 8] 33| 40 33§ 32
Ur | Fs 25| 290 221 23] 281 20| 23] 33| 39| 32| 34 36| 41} 40
\ LF | NS 2 19 21| 21} 21 17] 1] 3] 33] 30| 30 3] 38} 45
LF | FS 28| 29 251 26| 30] 32| 33§ 32| 33} 30| 42| 43| 47} 58
OUTSIDE FLANGE SURFACE
25 28 26 l 23

22 218 25

=
-
‘ad N

~ D

D~
d
Rl

INSIDE FLANGE SURFACE
764 Al | UF | NS 200 18] 19 22| 26 23 23} 53] 68| 47| 551 60| 62} 49
UF | FS 15| 2| 2 19| 257 26| 23 s5s| 83 85| 723} 11| 63| 79
L¥ | NS 25f 20 231 40| 37 35] 29 63| s2| 60} 73| 55| 69| 58
Lt | FS 37| 20 26 26 15] 16l t5) sa] s3] 81} 621 74} 61| 77
OUTSIDE FLANGE SURFACE
U3 9 4 3 KN Ik 40 39 37
1F 13 11 8 11 2 K] 41 29
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TABLE C-VI1 (CONT'D)
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APPENDIX D

TEST SPECTRA AND STRESS LEVELS

This appendix describes the approach used in generating the
F-111 and YF-16 wing fatigue spectra to be used on I-beams and
F-111 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-111 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-I1I was
used on aluminum and titanium I-beams. The spectrum of Table
D-III was used on the YF-16 titanium frame se went. 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-111 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-111 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 (100%) stresses of 30.7 ksi (alum-
inum) and 61.4 ksi (titanium) are representative of YF-16 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 2124-T851 alumi-
num slow crack growth non-inspectable structure.

2.0 TEST STRESS LEVELS

2.1 F-111 I-Beam Stress Levels

Testing of the F-111 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-111
test spectrum.

A KT = 2.0 was estimated for the web/stiffener/flange radii.
The analysis combination of 45.0 ksi and Ky = 2 indicated that
crack initiation should occur at approximately 0.5 lifetimes

(10 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 little
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-111 test spectrum over a range of
MSSLs. The 30-ksi stress level exhibited a computed growth rate
approximately 10 times slower than that of the 45-ksl stress
level. The assumed crack growth behavior indicated by 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 0.10-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-16 I-Beam Stress Levels

A MSSL of 30 ksi 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 N
range of MSSLs using the YF-16 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-111 blocks required to grow a
crack from 0.05" to 0.10" at 24 ksi was computed to be
172 blocks (34,400 hours). Therefore, the YF-16 spec-
trum is about 2.26 times more severe than the F-111 ‘
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-111 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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i
TABLE D-1I I-BEAMS - F-111 TEST SPECTRUM E
Load Cycles per
Level Min % Max % 200-Hr Block
1 0.11 0.31 239
2 0.22 0.37 464
3 0.15 0.49 1
4 - 0.25 - |
5 0.01 0.43 114
0 0.11 0. 5% 138
! 0.10 0.29 1280
8 0.05 0.60 11
9 0.00 0.59 pl
10 - 0.15 - 0,07 40
11 .21 0.93 3
12 0.i1 0.77 10
) 0.32 0.77 3
14 0.19 0.79 7
) 4Gy 0.12 812
16 0.19 0.60 810
17 0.22 0.51 112
18 = 0 O 0.24 67
19 0.19 0.76 26 i
20 0.10 0.38 301
21 0.18 0.37 £38
22 0.05 0.32 1
23 0.01 0.42 1
24 0.32 0.78 1
25 0.15 0.69 3
26 0.26 0.65 ] l
20 0.29 0.7} ]
28 0.18 0.47 51 i
29 0.06 0.47 168
30 0.15 0.59 13
31 0.21 0.85 10
32 - 0.24 - 0.07 ¥
33 0.11 0.65 53 ‘
34 0.25 0.61 6 \
35 0.02 0.47 111 ;
36 - 0.25 - 0,15 ]
kY 8L 21 1. 00 |
IR - 0.16 - 0.14 |
0 0,02 0.28 1376
40 0. 1Y 0.50 I8

Maximum load level;
maximum stress = 24,0 ksi
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TABLE D-I (CONTINUED)

Cycles per
200-Hr Block
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Load
Level

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

69
70
72
73
74
75
76
17
78

71
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TABLE D-1 (CONTINUED)

Load Cycles per
Level Min % Max % 200-Hr Block
79 - 0.24 0.03 15
80 0.32 0.69 8
| 81 0.28 0.70 4
82 0.19 0.44 505
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
1 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 = Qa7 - 0.12 2 r
96 - 0.25 - 0.18 2
97 0.21 0.54 682
98 - 0.21 0.04 295 '
99 0.15 0.49 25
100 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 0.0l 0.42 11 1
107 0.01 0.37 38
108 0.21 0.99 1
109 0.10 0.47 64 :
110 - 0.26 - 0.19 1 !
111 - 0.25 0.10 200 ;
112 0.15 0.139 32
113 0.10 0.56 19 !
114 - 0.08 0.17 238 l
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 i
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TABLE D-I (CONTINUED)

Load

Cycles per
level Min % 200-Hr Block

120 .21
121 Lk
122 .10
123 .18
124 .10

cycles per block = 22,424




TABLE D-II 1-BEAMS - YF-16 TEST SPECTRUM
Load Cycles per
Level Min. % Max. % 400-Hr Block

1 0.10 0.42 847

2 0.15 0.55 5

3 0.12 0.44 21

4 0.15 0.95 1

5 0.13 0.51 2

6 - 0.03 0.44 2

7 0.14 0.34 1861

8 0.15 0.83 A

9 0.11 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 1.00*% 1
18 0.11 0.30 1460
19 0.15 0.79 148
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
a7 0.11 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 = 30.7 ksi (Aluminum)
and 61.4 ksi (Titanium).
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68
51
15
164
g2
26
65
10
10
1122
34
164
b4
347
57
65
30
43
31
2¢
477
889
30
10

Cycles per
400-Hr Block

%

Max,

oooooooooooooooooooooooooooooooooooooooo

TABLE D-I1I (CONTINUED)

Min. %
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TABLE D-I1 (CONTINUED)

Load Cycles per
Level Min., % Max. % 400-Hr Block
76 0.13 0.49 55
77 0.15 0.41 111
78 - 0.03 0.53 91
79 0.12 0.37 86
80 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
9% 0.14 0.52 314
95 0.12 0.57 1
96 0.13 0.41 187
97 0.13 0.41 1259
g8 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 - D.33 1380
107 0.15 0.59 143
108 0.15 0.41 87
109 0.15 0.38 138
110 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)

- Cycles per
Min. % # 400-Hr Block

608
17
8

9

.13
.07
.16
.12
.12 A
.15 . 33
.15 0.58 281

- 0.03 0.76 2
Total c¢ycles per block = 19,305
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TABLE D-II1
YF-16 VERTICAL TAIL ROOT ROLLING MOMENT TEST SPECTRUM

Load Min. Percent | Max. Percent Cycles per
| Level | Alt, Toad Alt. Load 411;_1210ck i
1 - 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 9L.7 One Cycle Every 2 Blocks 2
11 - 50.0 50.0 25
;
NOTES: (1) The mean load is zero. t

(2) 1 Block = 400 flight hours.

(3) 100% voot RM @ W.L. 116.5 = 0.600 x 10% in.1lbs.
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APPENDIX E

TEST FIXTURES AND SPECIMEN LOADING
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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-111 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 1-Beams

The I-beam specimens were installed in fixture 622FTJ21812
as shown in Figure E-1. This fixture applied fixed end moments
to the specimen so the stress was constant along the length of
the beam test section. Four beams with loading assemblies were
suspended from a support frame and were tested simultaneously.

1.2 F-111 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 part.
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 band-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 SPAR SEGMENT LOADING ARRANGEMENT







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-1 presents the final strain survey on the first
I1-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
I1-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-111 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 4 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 1Inspections

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-11l1 spectrum
makimum 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, Holes were 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 werc 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 1I-Beam Orientation

In order to identify the location of a crack or failure on
an I-beam the orientation scheme shown in Figure E-11 was estab-
lished. The mark on the end of the hand-finished portion of the
beams was used to orieat 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 SPECTRA

The F-111 test spectrum was used to test aluminum specimens
only, The YF-16 test spectrum 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-111 test spectrum was applied as a 200 flight-
hour block. Repeating the spectrum 20 times represented one 4000-
hour service life. The maximum (100%) stress level of 24 ksi is
representative of the F-111 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 cne 8000-
hour service life. The maximum (100%) stresses of 30.7 ki
(aluminum) and 61.4 ksi (titanium) are representative of {F-16
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 1life. The maximum
(100%) stress of 38 psi was representative of the fuselage frame
stress at maximum spectrum load.
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Aluminum I-Beam Failure, S/N F409757
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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-1ll1 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-11l1 rear spar tests and the YF-16 fuselage frame
test were verification that the as-machined 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-III with a graphic description
of the test history depicted in Figure F-1. 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-111 Rear Spar Segments Data

The four inboard rear spar members were tested in pairs for
120 blocks of the F-111 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-111 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.

E 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. Flourescent penetrant inspection discovered i
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-1
and F-1I 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 "b"
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

a 2c a/2c

1. End of block 80

(1007 = 24 ksi) .015 .070 . 2%
2. During 100% = 45 ksi .070 .35 .20
3. During 100% = 45 ksi .11 43 .26
4. Failure Blk 36 LL108

(100% = 45 ksi) .2028 .985 2l

——

5. Aluminum total thick-

ness . 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
n "

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 seen 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 r409762

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 time 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 spproximately
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.




START |TYPE | Tyee |1/4"D [
DATE |MAT'L |SPECTRUM [HOLES

11-22-14

11-25-74
12-05-74
02-17-75
04-14-75
02-21-75
05-12-715
G6-04-75
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' ALUM
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ALUM
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F-111
F-111
F-111
F-111
F-16
F-111
F-16
F-16
F-16
F-16
F-16
F 16
F-16
F-16
F-16
F-16
F-16

F-16
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FIGURE F-3

ALUMINUM I-BEAM
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FAILURE, S/N F409764







FIGURE F-5 \LUMINUM BEAM FAILURE /N F409758
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FIGURE F-10 TITANIUM I-BEAM FAILURE, S/N F409768
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FIGURE F-14 TITANIUM I-BEAM FAILURE, S/N F409769
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FATIGUE ANALYSIS OF I-BEAM SPECIMENS
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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 tc each test specimen to the point of crack initiation
was calculated. This computation was made for various fatigue
stress concentration factors (Kr) utilizing the applicable F-111
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., In/N = 1.0 at crack initiation. From the
UGY9 program output, plots were made of KT versus applied theo-
retical fatigue damage. The effective Kr at crack initiation
was read directly from each plot at Tn/N = 1.0 (Miner's rule
for failure). A sample plot for specimen S/N 767 is shown in
Figure G-1. 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.




;
|
T —

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 UGY procedure for several Ky values. The resulting outputs
were plotted in terms of Ky 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 Kt equivalent in
value to the transfer factor, Kyg, derived earlier. Thus for a
damage of unity (¥ 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-1I. 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 Kt 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 Ky 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 (KT = 1.1, 1.35 or 2.8). The ratio of the
fatigue strength without concentration (o) to the fatigue
strength with the specified concentration (o, ) is defined as
the fatigue strength reduction factor (Kg), i.e.,

Kf. on
On

210




These values of Kf are a measure of the actual effectiveness of

a stress concentration. They are, of necessity, calculated using
4 : '

oy and o values of maximum spectrum stresses. rable G-II11

tabulates the values of K, n, on » and K¢ for each specinmen
tested,

From the above data, the fatigue notch sensitivity factor,
q, was derived and is defined as

q=Kf -1
KT - 1

The numerator represents the affectiveness of the notch in fatigue
while the denominator represents its effectiveness in a purely
elastic situation. The resulting notch sensitivity factor is an
indication of the severity of the fatigue condition. The higher
the value of q, the more severe is the fatigue condition and
consequently represents a reduction in fatigue life. These

values of q for each specimen are also presented in Table G-III.

¢-¢ Section 4.2 of Volume 1 for an evaluation of the relation-

ship between the fatigue notch sensitivity factors and the surface
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 are 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
4+ 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 resuit of local

damage and the results of these tests will be deleted from the
following statistical analyses.
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2.1.1 Effect of Surface Finish on Fatigue Cracks

There were 8 fatigue cracks observed on the 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 89%, 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 89% confident that failures are more
likely to occur on the A-M sur faces.

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

Sur face roughness measurements were taken throughout the
length of the specimens and are shown according to the position
on each beam in Table H-III. The average roughness on the H-F
ends is 24.9 p(in.) AA, while the average roughness un the A-M
ends is 62.1 p(in.) AA. Since the average roughnesses differ
by 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
% A-M 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. .

o e

The mean roughness at the 5 beam failure sites on the A-M
ends is 71.0 compared to the mean roughness of 62.1 for all A-M
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 failure |
sites and also at the corresponding position on the opposite end f
of the beam. Of the 6 specimens analyzed, 5 failures occurred
: on the end of the beam that was the roughest. Based on this
i relationship, one can conclude, with a confidence of 89%, that
failures are more likely to occur on rougher surfaces. 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 sur faces.

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 I-Beams with Fastener Roles

Four aluminum I-beams were fatigue tested with 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 90%
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:

CRACKED NOT CRACKED

HOLES HOLES TOTAL
R-F 23 49 72
A-M 16 56 Ut
TOTAL 39 105 144

The test static is T=1.723 which is referred to-the X2 discribution.
The result is that one would expect a value of T as large or larger
than 1.723 i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>