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Introduction

This bulletin was written to serve as a useful tool in the undarstanding
and recognition of fatigue failures. Its primary chjective ig 10 aid Civil

Aeronautics Board field imvestigators In their investioation of sircraft ac- .
B =

cidents; but the hulietin also has & secondary purpose, Le., to provide genersl
information to anyone interested in fatigue. The photographs contained
herein were tiken from the Civil Aeronaucics Beard’s estensive accident
files and from National Bureau of Standards veports prepared for the Civil
Aeronuatics Board. The two tables are from W Mackine Parts Fail, by
Charles Lipson, #achine Design, May-December 1950,

i




WHAT 1S FATIGUE?

When o metal part or structure is placed under
a steady, static load less than the known limit
strength of the meral, the structure should theo-
retically last forever, provided proper precautions
are 1aken againgt such things as corrasion und
ereen. 1, however, the part. o atrocture be sub-
jected to repeated or flnctuating loads or Toads
with changes of dirvection. i may fractuve ai
srmws eve] far lower than that required to ecause
feibare under static conditions.  This phenarenon
is known us futigue and has been found to be the
moest common cause of primury failures of metals
in service. Laboratory tests have proven that a
fatigue fracture is progressive in nature; after a
number (often many millions) of cycles of stress,
a small erack forms in the region of highest stress.
Under continued stressing, ihis fatigie erack will
wrow in a direction generally perpendicular to the
tensile stress until the cross seetion of the member

o

is redced to such an extent that the remaining

area fractures from overlond:: Consequently, the
surtace of a fatigue fracture shows two character-
istic regions which are usnally quite different in
appearance.

Beeanse ths first phase of the fatigne mechanism
takes many eycles and often a long period of time.
the progressive portion of the fatigne fracture
will be relatively smooth. Two factors affect the
smoothness of the fatigue portion, i.e., the con-
tinued rubbing that occurs between the two faces
of the cracly, and the fact that the crack tends to
propagate in a straight line and thus tends to
produce 1 smooth surface initially.  That portion
of the fracture which failed instantaneously, ho-
ever, will have a rough, aminy surface. The
st ress required to initiate a faiigue erack is usually
less than thai required to cause plastie deforma-
tion.  Therefore, the progressive portion of a
fatigue fractuve is characterized by its brittle
nature, while the instantancous zone will show
someduetility.

‘Tatigue fractures can usually be clagsified as
simple or compound. A simple fatigne fracture

results from . single erack that spreads ovar the-
eross section and eauses ultimate failure. A com-
pound fatigme fracture results from two or more
cracks that sprexd trom different peints on the
veriphery of the secrion and canse o joint effect
on the fracture appearance.

Fatigae deformating 1s In sisence a Auctuating
plasticstrain of fairly small amplitude. Although
it has not been, proven conciusively, pure fatizue
appenrs o nroceed primarily by localized fine siip.

Fioure 1L.—Magmified view of a fatigue erack,
Mraight line propogation of erack,

Note the
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FACTORS AFFeCTING FATIGUE
STRENGTH

General

The fatigne strength of any part or' component
primarily depends wupon the actual stress and
stzength of tise metal in a highly localized area and
not- on the nuaminal stress or gross properties of
the p.‘m The fatigue sirength of a part is als»
dependent upon tha magnitude and frnquency of
mdnw and the manner in which the load is ap-
plied. Thls section is devoted to some of the mors
important, factors affecting the fatigue strengih
of a part as it is related to material resistance.

Factars Which impair

If & smooth, polished, sound specimen is plaged
into a fatlg'ue testing machine and tested at a
particular stress level, it will fail after a certain
number of cycles.  But if a notch is machined inta

a stinilar speeimen and the piece is tested as be-

fore, e, at the same nominal stress level, the

spectmen will fail at a lower number of cycles

than before. The ratio of the greatest. stress in the
region of the noteh, or any other strégs raiser, fo
the corresponding nominal stress is called the
stress concentration factor.

Stress Raisers (Motches)

A notch may be defined as any change of section
which alters the local stress distribution. This
definition, therefore, includes keyways, circum-
ferential grooves, holes, contour change, threads,
serutches, ete.

Almost 2ll structural mateérials are sensitive to
notehes and, as stated before, the fatigue life of a
part. with a notch is less than for one without a
noteh. In some types of materials, there is evi-
dence to indieato that the harder or higher tensile
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strength olloy is more notch sensitive than the

softer alloys, Thisis especially true for steal. The

extrerne notch senitivity of the high strength
steels makes it dangerous to use steel heat treated
mueli i exeess of 160,000-180,004) psi ultimate ten-
1is strength unless great attention is given to
.atigue considerations. Since notches as such. can-
not ba covupletely eliniinated from any design, the
manufacturer must work toward lessening their
harmful effeors. Genercus fillet radii will help to
reduce the high stress concentrition in some
instances. There are many methods. that may be
employed to improve the fatigue life of threaded
parts. Two such metiods are to have the threads
cold worked by roiling and by undercutting the
shauk adjacent to the last thre.d with a smooth,
round bottom groove slightly deeper than the
thread roots.

Many severe fatigue failures can be traced to
noteh effects, Tailuve will scour in an area con-
taining a notch, rather than in an unnotched area,
dus to the resulting stress concentration. Because
< £ this, in examiniug the wreckage after a struec-
turzl failure accident, the investigutor should give
particular atteniion to fractures originating at
changes in section, at bolt holes, ete. Of course,
not all of these fractures will be fatigue failures,
but if there is such a failure, it will probably oc-
cur at such a location.

Stress Raisers (Inclusions)

Although all metals have some inclusions (i.e.,
non-metallic particles encarzd in the metal ma-
trix), only those near the surface of the part can
appreciably affect its fatiguelife. Dueto the high
quality control in the manufacturing of aircraft
parts most inclusions are extrenely small and the
presence of an inclusion in a fatigue failure must
ustally be determined by microscopic examina- -
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Finere e A corrasionfuligue failure of o steel sueker

poed vscd Gooprinping an il wdll,

tion.  TTowever, there have been a few cases of
fatiene faihires that lave heen ennzed by inelu-
sions which wore clemdy visible without magniti-
ention, but these cases are extronely rare,

Fritar 3o frelting corvosion-fativne failure of o propellor hlade,

ol cotesded Do owrrows b

Decarburizarion

Deenrburization is the loss of carbon from the
surface of a ferrous atloy wx o result of heating
i o medium that reacts with the earbon.  The
final result is o =oft =kin or “hack™ on the suwrface

of the pavt, which reduces the futigue properties
considerably.  Recanse the chrominm-vanadinm
and silicon-manganese spring <teels are especinlly
siseeptible to this effect, decarburization is an im-
portant cansideration in spring design. Decarbu-
“agon does oceur in other sieels, however, und
fatigue failures originating from this souree are
found in bolis, forgings and other steel parts, To
aliminme his difionlee, the uanad procednre that
goused B to aetine the solt skin oll the part,
Deearharization waally ocenrs with aouotel, and
the aceumulagive eifeet 12 1o mmke (e noteh ore
severe, "

Corrosion

When a corraded part undergoes repeared Joad-
ing, the normal fatigue life value for the meral is
appreciably reduced. This vedaetion should e
expected heeanse the pits on the corroded surface
act as notches and produce the sume deleterious
effects ws notehes. T the repeated stress is applied
while vorrosion is taking pliee, a special 1ype of
Tlis

shnultancons application of corrosion and yepeated

faticue called “corvosion-fatigue™ oceurs,

atress 15 much more haoemiful ro the part than ve-

8

pented stress being applied after the part is cor-

CRighty futegue fracture origivated at arrow *a”

Gty portion of fracture wud ad jgeen! surface of blade showing e relation of dark

areads Corroiry o Do fraeiure go those o Hee calernal surfaee,
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FLG1THE d0.—-A freeting corrusien-faviguc failure of a pro-
pelier blade. Fraclure surface showing orgin and ex-
tent of crack propagation,

roded. One sxplanation for this effect is that the
noteh or pit formed by corrosion is »pened when
the piece is subjectad to tension and hecomes filled
with rust or other corrosive products. When the
tension is released and closes upon the corrosion
products it contains, these products exert a wedg-
ing action producing eracking. Under the simul

tansous effect of fatigne loading and corrosion,
steel has no definite endurance Jimit,

Fretting corrosion js a special 13 pe of corrosion-
faripue, Fretting corrosion orenurs when two parts
are prese-fitted, clunped or shrunl together and
subjected to vibratory loads. In steel a reddish-
hrown discoloration is visible on the affected sur-
face while in almminum or magnesium the dis-

_coloration is black. F retting corrosion roughens
the surface, indueing local stress concentration
which results in early fatigue failure,

Internal Stress

some fabrication processes or heat treatments
may develop iensile or compressive stresses on the
surface of a part. The introduction of tensile
stresses into the surface of 4 part will Tower the
fatiene strength.  The residual surfuce tensile
<tross will add to the desien tensile stress and may

4

praduce a toral stress Tigher ihan the designer
had antieipated. T the plece ix then subjected tof
repeated londing, the result will be carly fatigne
faituve,  Usually pertinent information regarding
residund stresses can be gained only by a Taboratory
investigation or by a study of the history of the
part.  Cold waorking, heat treatment (ineluding
quenching pracii es), cold straightening, drawing
or rolling, and othev fabrication processes may all
result in the introduction of residual stre
the part.

es into

Clamping and Press-Fit

When wsha ft Jos o enliar elipiped o it or when
A press-tie assemlbdy is mavde witheut any planned
distribution of lToeal stress, 1 condition ia created
similar to thar produesd by o sharp inside corner;
1o i stress concent ration This con-
centration i= due to the ehange in secrion size,
elamping stresses aed fretring. The change in
seetion size is a eritieal consideration only when
there is a lond transmitied throngh the press-fit
orclamp,  Inoneecase it wasshown experimentally
that when i eollar was elamped 1oz smaeth shaft,
the shaft's endurance Jhnit was veduced from
S5,000 psi to 45,000 pst. Failoees in engine parts
are often attributed 1o stresses eaused by elamping.
A nnmiber of propeller blade failures have also
been attributed 1o elamping  stresses.

i oereated,

Control
svstetn parts and helicopter ghafting ave some-
times shnilarly atlected. Tnomauy eases, the initiad
ernek originates in the press-fit and eannot be
detected mntil fuilure occeurs, {1t is the belief of
some expert that the life of fuel-line tabing nnder
vibration louding is primarily controiled by the
fittings and elamps.

FIGURE Hh—Corrosion on side of Blade, clearly visible.

Qou00yv




RECOGNITION OF FATIGUE
FRACTURES

Considerable information conceraimg the naturs
of a furigue failore enn generally be obtained from
anexumimtion of the face of the fracture,  Infor-
Brtion in relition to the magnitiude and direction
ot Toading and the presence or absence of stress
convent:ations ean be obtained by a careful study
of ihe fiactured swrfaces, Interpretation of the
fractre, however, may not always be a simple
matter, heeanse ench partienlar case may be in-
fInenced by many variables.  Althongh some con-
tributing factors, forexanple decarburization, can
only be verified by laboratory examination; the
presence of fatigne may in many cases be deter-
mined by a eareful examination in the field.

In stalie fuilures there is generally considerable
pvidence of ductility or “necking down,” whereas
in fatigue failures theve is no evidence of ductility
in the farigue portion of the fracture. It must he
pointed ont, however, that ail brittle fuilvres are
not necessarily Fatigne fadnres and this distinetion
must be used with other features before a final
determaination is made, ‘

Most faticue failures (with the exception of
some torsion fatigue failures)® oceur on planes
which are at right angles or approximately at right
angles to the direction of the loading.  On most
parts the fatigne plane-will be perpendicular to the

FIGURE 5a.—Portion of « failed wing spar.

axis of the part, and in the fatigue area the frac-
ture will generally be in one plane. Irregulav
fractures, that is, when tlie fracture slips from
one plane to another and when these planes are
extremely Cifferent from a plane perpendicular to
the loading or 1o the axis of the part, ave very
probably not fatigue fractures, alchough close
examination i3 oftan required to see if some small
area on the fracture surface does not conform to
the basic requisites.

The two most readily recognizable features of
a fatigue failure ave (1) lack of deformation, and
(2) the singular plane of fracture, usually a 90-
degree cross section.  In fact, in those cases when
the fractured surfaces are mutilated during sub-
sequent damage, these features raay be the only
ones available to distinguish between fatigue and
static failures,  In making determinations of this
type, it is important that both halves of the frac-
ture be available so that the sections can be fitted
together and stndied.

To discover whether a part has failed in fatigue,
the investigutor should first look for the two dis-
tinet zones which' are characteristic of fatigue
failure, i.e., the fatigue zone and the instgdtaneous

F1aURE §b.—An enlarged view of the lower spar vcap, Note
digtinctive “clumshcll” markings.
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Fraran Goed one-mege bowding foligee failure of a spor
(NIEEH

ey val indiead e Juligue ariginoat ogalt ieole
IR Caeasher Todged Leteeey fracture foees o ajter

swlativ feduyre,

ot ooy fraennres, more than one fatigue
zons iy be found, indicating that several fatigne
cracks lud developed and were progressing at the
time of the final Fhoe, ITnoeach fatigne zone,
the origin of the Tudene erack ean be found by
Joeating the center of radiation of the fatigue
wives,  These fatigue waves are known as “elam-
<hells savetershells” stop marks,” or “heach
nirle” and are fownd inomost serviee fatigue
fuilnres, Iatigue waves are not, however, aiways
present: Lo example, where certain ahininmm
allov<are involved, the fatidne may progress with-
owt feaving distinetive wave markings, although
i these eazes, the faticue area ean be identified
by its smoeoth, rubbed., velvery appearance, Al
thangh the presence of progression marks is in-

A .

Fraens T— 4 oneacay bending fatigue fracture of a noce
landing grar wele, Fatigue crack, originated at arrow

o and . penctrated tooarrows U hefore fingd foilure,

“hending aie, therefore, simitar to tension fatigue’

Huenced by the tvpe of moreriadl it b= prinanly
dependent npon the aniour and amiformity of
SEressvarintionr,

Bending Fatigue Failures

[t i5 posaible (o divide bending farigue failives
into three geneval elassifications according to the
type of bending lond imposed. These three classi-
Heations are one-way bending, two-way bending.

Froene S fweacay bewding faligue failure of nain
landing gear arle,  Arrows “u” and B indicate nul-
tiple nuelei fatigue zones. ‘ i )

and rotaey hending,  Most severe bending futigue

encotntered will fallinto one of these eategories.
A onesway hending failure may oceur when g

fluctuating bending lond ciuses one side of a piece

to e stressed i tension and the opposite side in

compeession, The fatigue erack will start on the. 5

tension side of the bend,  Fatigue failures due to

foilures. Distinguishing  featuves e nsnally
found in the overload part e fraetive, Undee
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=

Ravarsad bunding and
miotion food

TanLe 1—Fracture dpprarances of Fatigue Faiiures in Bending.

two-way hending loading, the tensile stress alter-
nates iront one side of the neutral axis to the
other, and wheo the stress level and number of
londings are of the right order, cracks will start
on either side of the part. and progress toward the

. center, Rotary bending occurs when a part is

rotated while under a bending toading. A typical
example of rotary bending is an engine crankshaft
under service loading.

Tension Fatigue Failures

Becausz of initial eceentricities in-a part or

because of eccentric loiding, pure tension loading |

-arely oceurs in service.  Somwe amount of bending
usually accompanies tension in axial loading.
Haowever, 2 number of fatigue failnres under pre-
dominantly uxial loading do occur in service and it

Ficune 9.—Fracture surface of ¢ “D” roll from the Bu-.
veau of Engraving and Printing.  The material was heat
treated sicel containing (.45 percent carbon and appror-
imately 3.00 percent nickel.  The rolls were made with
w doudle fillel joining the yearing surface to the swork-
ing section of the roll. Faligre cracks originaled in
the hearing awrfuce fillet and penectrated throwgh ap-
procimately 15 percont of the cross seetional areq be-
fore complete failure occurred,  Upon cramination of
the beariag sarface fllel, relatively dcep tool maris
were digcovered, Pooy smackining, failsre to grind ihe
fillets, and the low streagih of the steel were all ron-
tributing factars to the cause for fuilii e,
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FIGURE 10.—4 tension fuligue failure of @ helicopter rofor
wiade flapping tink. Fatigue erack originated al or-

row vt ,),Vnpﬂ/)u{m[ fo oy et

ful Tor the nivestigntor 1o be able to dis-
timriish Theee Tailuves froan bending and torsional
faitures, By an exawnmmnniion of the manner in

i
which the faugie crack has progressed into the

A ‘W@*MM@%N o

B

Fioore 11—Torsional fatigue failure of a crankshaft,
Faligue crack originated at arrow »o". Below, an en-

Aarged piew of fracinre surfeee,

part, tenzion fatigne failures e generally he
distingmished from other types of faticue.  Par-
allel or constant curvature stop markings are
characreristic of farigne fatires resulting from
straieht tensife Toading,  Asin hending faticue
failures, the relative size of the fatigne zones and
the instantaneous zone ean be used as a measure
of the stress level which praduced the failure,

FIGURE 12 —Fatigue failure of a puieispress shaft which
was subjected to torsiowand hending loads.  The fatigue

tion.

crachk m'f{/in(l!éd +ta sharp jfiliet et a change in

Torsion Fatigue Failures

Torsion fatigue failures ocenr in cither of the
two basie directions, i, (1} helical, at approx-

imately 45 degrees to the axis of the shaft, along
the plane of masimum tension, or (2} longitudi-

tal, or transverse, to the axis of the shaft, along
the planes of mashinnue shear, Fatigue stop
warkings catmot always be found on the surtace of
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the fraeture, and secondary means such as absence
of ductility and observing the angle of the failure
plane must often be used to identify torsion fa-
tigue failures. Transverse fractures are asually
very smnoth from che rubbing of the two halves
of the fracture before fnal separation and this
characteristic may be wsed o identify this type.
In many service tors.onal fatigue failures, the
initinl erack will originate in one plane and then
stip ol into another, Tielical fractures usually
secur when stress concenteations are present, while
hnaginu]hud<)r{runsvorsefrnclure%genornﬂ;’h\dh
ente the ahsence of stress coneentrations.  In look:
ing for tossion fatigne failures, the investigator
i wsnadle aided by the knowledee that torsional
Jording is present i the sevviee applivation. In
this regaed, torsion futipue ghould he suspected
when examiving failures of crnnkshattz Hap
drive tarque tubes, coll springs, splined shaft mem-

hers, et

Fratme 12.—~Fatiyue failure af ¢ propelier blade whick vos

subjectcd 1o tension axd oneway deading Inuds.

vore indicates crack orighn,
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THE FIELD INVESTIGATION

In most cases of fatigue failures, as in any
other type of failure, certain pertinent informa-
tion is absolutely necessary if the cause for failure
is te be determined and the j -evention of recur-
rence Lo be assured.  The worlc involved in collect-
ing 21l pertinent data is twofold: (1) a thorongh
field investigation to insure thut the complete serv-
ice history is known, ard (2} a metallurgical
examination of the failed materinl.  In some cases
a complete mefallographic examination may not be
necassary because the type of fatlure may bacome
obvioussolely by visuzl examination ; however, the
finding of fatigue does not, in itself, properly
dleline the probable cause cf an accident. More
unporiant, it offers little toward vhe solution of
the problem. Tf a component has been subjected
to maintenance ov operational malpractice, the
real eause of failure would be such malpractice.
On the other hand, the cause may be attributed
to improper design, manufacturing imper{ :ctions,
or an unrealistically established service life.
Without a complete field investigation such prob-
len . areas cannot be known and the time and
money expended in the investigation may be
wasted, . ' ‘

Altlkongh the field investizator does not have
the necessary facilities for a comnplete examination
of a [ailed part, there is much information he
can and should obtain that will aid in the final
determination of not only the type of failure, but
theunderlying reasons therefor.

The data obtained by the fiald investigator
should include a description of the impact and
fire conditions because this will have o direct bear-
ing on the wreckage distribution and damage 1o
the subjacted parts. Weather conditions at toe
time of the accident should also be noted. This
should include wind velocity and turbulence,
clouds, and visipility, and the temperature as it
affects the operation and performance of the air-
eraft. Environmental conditions after the acei-
dent should also be netea so that the effects of ex-

10

posure on the parc can be taken inte consideratinn
during the metallurgical examination. For ex
arnpla, if upon final examination ths failed pe. -
shows signs of rust, it mu=t he determined whetlim
the part obtained the rust before or afror the
1eeident,

A description of the Joeation of the failed puc.
relative to other parls of the wreckage shonld ulso
be submitted with the pert.  If possible, a pho-
togruph of the part before it i removad froud the
wreckage should be obtained or if a similar sir-
craft is availavlo, a photograph of the properly in -
stalled part should be taken. This will comy wr. -
sate for any possible mistakes in parts catalog-
and to serve as a reference 11 a purts catalog of
the particular aireraft does not exisr or is difficu’:

“to obtain,

Thne field investigator should also examine the,
aireraft to determine if any unawtherized mod;-
firations had becr made. Thir informnation 13
needed to determine if the failed part was sub
jectew to a lugher nominai strvess than thet ters
which it was designed, and if these modifications
atlected the aireraft’s airwortiiness.

To expedite the investigation and the final de-.
termination of the cause for failure, proper purt,
nomenclature must be used when labeling parce.
This includes labeling the part with the proper
part number and obtaining serial number of the
aireraft (and of the part, if any).

Tha rnost important pertinent information the:
the field investigator can obtain is the total time
on the failed part, the lime on tha part. since its
last inspection, and the tine since the aircraft’s
last overhzul. These three tima factorz are neoded
in almost every investiaition and they mmst he
obtained if at «ll possibie. Obtaining these time
factors is of special importance if fatigrue is sus-
pected as the eause for failure because any metal
pait may faii in fatigue if it has been subjected
to repeated stresses long enough. The inspection
and overhaul times are of special importance ir.
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determining whether the facilities responsible for

the inspection and overhaul fulfilled their respac-

tive responsibilities.

The feld investigator should also refer to his
fle of Airworthiness Directives to determine if
there are any existing AD's that are applicable to
the particular accident or suspected part. Com-
pliance with applicable AD's should, of crurse,
also be investigated.

An examination of the aircraft's loghook should
also be undertaken. Most, if nof all, of the above
requivert information can usnally be obtzined from
thelegbook. Any other perrinent information ob-
taine i from the loghook, such as sny previous in-
sidants or accidents, should also ke noied. '

 In summary, when a field investigalor submits
a part for final examination and determination
of the cuuse for faiture, the fullowing information
should accompany it: (1v a deseripiion of the
impaet and fire conditions: (2) 4 deseription of
the weather conditions at. the time of the accidert
and the environment of the part wfter the uccident
oceurred; (3) a deseripiion of the location of the
failed part or a photograph of the part in the
undisturbed wreckage or a photograph of the part

in a similar aireraft; (4) examination for unan-
thorized modifications; (5) proper part nomen-
clature including correct part numbers and
aiveraft serial number; (6) examination of appli-
cable AD's and determination of compliance with
them; (7) examination of logbook, noting pre-
vious accidents or incidents, and most important
of ail; (8) the total time on the failed part, the
time on the part since its last inspection, and the
time since tlie aircraft's last overhaul.

Although in many cases it is impossible for the
field investigator to obtain all of the aforemen-
tioned data, an eflort should be made to obtain as
much of it as possible. In most cases. if this in-
formation is not submitted with the failed part,
time and money must e spent in conference with
the field investigator and in otherwise acquiring
thesa data. LE the preceding facts ere obtained by
the field investigator and submitted with the failed

part, the examination and determination of the

probable cause for the part’s failure will in most
cases be determined without excessive cost or loss
of time. Moreover, appropriate corrective action
can be taken which, of course, is the desired end
produet of accident investigation.

e
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Appendix

The phetographs in this Appendix are large reprodusions of these con
tainel in the tase and sre repeated here to siiow more deisils of the ditferent,
Tuiled pao 11 iz hoped that these photogravhs witl hielp inerease Lhe reader’s -
abiling to reeogrnize fntigue failures, ' '

000015



foerack.

RO A R TR TR Ey T RORT R ARSI

Ao b st

el A

iy

o

"

‘

pifiedd e o

Vo










|

frotiony

EEE e

corrosn faligne

S .
L TR

fatture of o propcdicr hinde

of eraels prapaggsition

~n et

Poentetare surface shooein) orogor amd vy

.t

nl







250

Taa s

R

Poortoon ol o fadlvd iy wpeir

il

[T



: LI g BT Ry e N

o ran TR

Pt

—l?

- et ¥

' e ot “ofe dlis ‘ Lo kit wnrl g
Froee i b Yo ondagrged vivw of P leqeer wpar v Nade distinelive "ol ol

l‘)l)l}“‘)') ; '
20 : ()




Lale s oarraw

TR NI

e

o

Yoo s

i

spar

i




. B e g L,
3
c
| AT Voo ey e e ity Tt ' B L O R S EE T Patogee cracds o poated gl areeee
. FITI ! ' [P

22







o

forilire

ey,

e

I

fare)

'
'

)

el

oy

D

/

vt

i~




it
i
Rt

&5}& ot

2
L



oo

e

'

1o







i
e
Frorre 18 Patigue /rulﬁ‘: af o propettor Bigde aeloicl e w//::u/rvl o deasions dned cone gy howid g loads, {rroae
froedicates eruel wrogon
{
. C o v MR ENT PRI N, OB F g tued Vg aee

D000




