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INTRODUCTION

The space telescope contains various scientific instrument
(SI) modules which are mounted to the Focal Plane Structure
(FPS) in a statically determinaté manher. This is accomplished
by using three registration fittings per SI modﬁle, one
resisting three translations, another resisting two and the
third resisting only one; Due to thermal inéulating%
requirements these fittings are complex devices composed of
ﬁumerbus pieces._ The structural integrity of these fittings is
of great importahce to the safety of the orbiter transporting
the teiescope, so in addition to the étress analyses perférmed
during the design of these components, fracture éusceptibility
also needs to be considered. 1In this work the piéces of the
registration fittihgs for the Rédial SI Module containing thé
Wide Field Planetary Camera wére examined to determine which
wouLdvendanger the orbiter if they fractured and what is the
likelihood of theif fracture. The latter is stated in terms of
maximum allowable initial flaw sizes in these pieces.

Wheh possiblé, pieces of the fittings where shown to be
fail-safe through.redundancy. Prima?ily this was done fqr the
bolts in four boltAconnections; For these it was shown that the
loss of one bolt would not destroy the.connectiqn. For pieces
in nonredundant configurations fatigue fracture analyses weré
performed.

 In order to determine the ma#imum allowable initial flaw

sizes, fatigue fracture analyses were performed using the



FLAGRO4 computer program written by T. Hu of Rockwell
International [1]. This program~integrafes the crack growth
rate per cycle quation of Collipriest [2] for a given geometry
and load spectrum, beginning at a specified initial flawAsize
Aand ending when ffacture instability occurs. - Given the desired
-1ength‘of service of the parts, this program was used
iteratively to determine the maximum allowable initial fléw
sizes. In fhis work the desired length of service was taken to
be féur lifetimes, with a lifetimé being defined as one
appliéation_of the load spectrum given in Table 2.

Some of the pieces are bolts or qfher threaded rods. If a
flaw exists at the root of a thread then there is some
interaction of the two streés raising effecté; i.e., the stréss
concentration due to the thread ahd the stress singularity (if
Lihear»Elastic Fracture Mechanics methods are used) due to the
_fiéwﬂ The extent of this ihteraction'is not yet Qell defined.
in order to obtain conservative estimates of allowable initial
fiaw size for tﬁesé pieces, a fracture analysis code called
ROD, developed by C. Meyers of MSFC, which also uses the
Collipriest crack growth rate equation énd includes the
capability of analyzing a rod witﬁ an éxternél éircﬁmferential
érack, was used by treating the thread depth as part of fhe
flaw size. These estimates are included in this report.
However, inasmuch as the possible fracture of threaded parts is
a common iséue in structural analysis it was decided to
investigate.the stress concentration/stfess singularity

interaction to determine appropriate methods of stress



intensity fTactor calculation for these geometrics, and, thus,
to be able to make more accurate crack growth predictions, nol
only for the threaded pieces of the registration fittings being
aunalyzed here, but also for future fracture analyscs of such
parts. The results-of this investigalion are reported in
Appendix B. | |

This project Qas divided into four Tasks. In Task I the
identification of‘required fracturé anélyses'was accomplished.
In Task II the FLAGRO4 code, furnished by MSFC, was implemented
oﬁ Auburn University’s IBM 3033 cémputer. In fask 111 stress
anélyses needed in addition to those used. in the original
design of the fittings were performed. These were needed to
supply suitable input déta for the fracture analyses which were
performed as Tésk IV. This report, howe§er, is not dividgd by
Tasks but, instead, By fittings,'thése being identified by
their location at poihts A, B or C, as indicated in Figure 1.
Also shown in Figure 1 are the global coordina?e directions,
V:, V2 and Vs, for the stfuéture.‘Forces applied in these
directions are identified as A1,A2,A3'§t point A, Bi1 at point
B, etc. Table 1 shows the loads in these direc{ions fdr'the
varicus events in the service Qf the telegcope,Aand Table 2
shows the loading spectrum used in the fatigue fractqrc
analyses of parts which experience compléte load reversals.

Some parts are loaded only during the positive or negative half

of the load cycles. Some are subjected to a pretension. For
these the spectrum in Table 2 was modified appropriately. The
methods of analysis used and results obtained-for each picce of



each fitting are reported.
REGISTRATION FITTING AT POINT A

‘The various bieces of the registration fitting at point A
which were addressed in this work are listed in Table 3. Also
shown are the materials of which each is made, the thfeshold
stress intensity factof range, AKo; of each, and the fracture
toughness, K¢, of each, as well as the manner in whicgntheir
fracture su;ceptibility was treated;-i.e.; a piece ié listed as
fail-safe or else its maximum.allowable initial flaw size is
specified. Thése are discussed as the remainder of this

section.

Focal Plane Structure Side _

The bése (679-3973) which mounts to thé FPS is shown in
Figﬁre 2. The most likely fpacture scenério identified for the
base was thevgrOWth of a thidugh crack located as indicated in
the:figure. The loading on this crack was assumed to be due to
loads applied in the V2 direction, resisted}equally by the two
shear lugs. Thus, half of the‘ioad was used as é tensile
strgss on a central thréugh craqk model as given‘in Figure 3,
with w = 3.o'inches,.t:= 0.718 inches and og = 0.3646 x A2
ksi. This stress, og, is either the stress &A,Uuo or o of
~'Table 2 if Az is due to Acoustic, Lift-Off or Landing loads,
respectively. From Table 1 it is found thaf the largest value

of A2 is 0.77 kips which is due to Lift-Off. Steps 8 and 16 of



the spectrum in Table 2 give the largést stress range, then, it
being 0.56 ksi. With this applied loading a crack length equal
to the plate width would not bé large enoﬁgh to reach the
thfeshold stress intensity factor range of 7 ksi-inch©9-5 for
this titanium allo&. It was concluded, then, that fraéture
would not occur in the base.

Thrée'flexures (679~4132) are designed to transmit force
Aa from the ball retainer to the cover. This causes the
bending stress in the flexures.AHowever, loads A1 and Az, which
are primarily resisted by the three radial shear slugs, cause
axialiforqes inAthese flexufes siﬁce the applied loads, the»
sheéf slugs and the flexufes are not coplanar. This is
illustréted in Figure 4, and the locations . of fhe flexures in
their Vi1-V2 plane is also shown. For fracture the largest
tensilelstresses are the ones df.inferest, and this occurs in
the flexure idéntified as Fs in‘Figﬁre 4. 'If was modeled as a
cantilever beam with its movable end restréined against
rdtation, this end being loaded transversely and axially by
concentrated forces. This is Shoﬁn in Figﬁre 5. The bending
stress is op = 19.07 x A3z ksi, and the tensile stress due to
axial loading is o¢ = 9.53 x Ay ksi. For this particular
flexure the Az loading did'ndt contribute‘té the stress. A
fatigue fracture analysis was performed on the moﬂel shown in
Figure 5 considering an edge érack‘subjected to both tension
and bending using FLAGRO4. 1In the load spectruﬁ of Table 2,
the streéses, oA, oLo and 9., are the sum‘of the bending and

tensile stresses. The FLAGRO4 program then uses-the correct



proportions‘of these in tension and bending. The maximum
alLowable initial flaw size for four lifetimes was found to be,
ano = 0.022 inches.

The loads acting on the flexures are transferred to the
aluminum cover (679-4135). They subject the cover alternately
to tension and bending and then to compression and reversed
bending, as is shown in Figure 6. The bending moment is due to

the lateral force, F, and the force reacting it which is

providéd by the internal spacer. Their lines of action are
assuméd to be separated by a distance, e = 0.903 inches. The
axial loading results from As. Neither of the fatigue

fracture computer programs being used has the capability to
treat a cylinder sﬁbjected_to both tension and bending, so a
fraciure model as is shown in Figure 3 was used in FLAGRO4 to
represent half of the cylihder,;albeit flattened into a plate.
In this modei w = 2.75 inghes, which is half of fhe Covef‘
circumference, t = 0;25 inches, the cover wall thickness at the
point of interest, and og = 1.68 x F + 0.728 x As ksi, with F
= 0.857 x (Al.2 + A22)0.5 kips. It was found that for‘a crack
ha]f;length of over 1.3 inches ﬁo crack'pfopagatioh will éccur.
A bqlt (679-5280) holds the aluminum cover in.place. The
Bolt has a prétension of 8.24 kips. When Ai,A2,As ére positive
this bolt is subjected to an additional tension of Az + 1.2 x F
kips, with F defined as in the preceding paragraph. When fhe
negatives of‘these are applied, the‘Bolt does not carry the Asj
load, but there is still a tensile contriﬁufion due to the 1.2

"x F load. As-a result every cycle of loading produces two



cycles of tension in the bolt. 1In order to simplify the
analysis in a conservative manner, it was assumed that the As
loading produces tensile stress in the bolt on its negative
cycle also so that every cyele would experience the same
maximum stress. The cross sectional area of the bolt is 0.1504
eduare inches, yielding a minimum stress in the bolt of 54.8
ksi and a maximuﬁ stress of 54.8 + og ksi, with og = (Aa + 1.2
k F)/O.1504 ksi, for each cycle of lqading. Thus, the terms in
the Maximum column of Table 2 must have the 54.8 ksi prestress
added to them, all thelterms in the.Minimdm column are simply
this prestress, and in the Cycles column each number is
multiplied by two. Using this load spectrum in the ROD program
it was determined that-frecture instability would be reached at
four lifetimes for an initial cifeumferential'flaw size of
0.069 inches. However, net secfion yieiding'will occur in this
pieee'before fracture-insfability, so analyses were performed
to determine what initial flaw size would produce'net section
yieldiﬁg at four’lifetimes. This flaﬁ size was found to be
0.b35 inches.

Thelbolt which holds the aluminum cover in place mates
with an internally threaded portion of the ball lower retainer
(679-4130-111). This is illustrated in Figure 7. The threaded
portion experiences the seme load spectrum.asAthe bolt excepf
that the tensile area of this piece is different. In tﬁis |
ahalysis the minimum stress was 40.6 ksi and the maximum stress-
was given by 40.6 +(As + 1.2 x F)/0.2029 ksi. The ROD program

used in the analysis of the bolt does not treat internally



threaded pieces, so the threaded portion of the lower retainer
was treated as a plate of width, w = 1.61 inches, which is the
circumference at its average diameter. Its plate thickness, t
? 0.126 inches, is the difference between the outer radius of
the piece (0.312 inches) and the root radius'of a 7/16 inch
bolt (0.186 ihches). _Instead of a central through crack, a
through edge crack was considered, the depth of this crack
being the thread depth plus an initial flaw depth, and the
applied stress was-assumed to be uniform. In this way it is
felt that.én approximation to an internal circumferential flaw
was achieved. The results of this analysis predict an
aliowable initial‘flaw size of 0.011 inches.

The ball upper retainer is attached to the lower retainer'
by four bolts (NAS 1351) which were checked for redﬁndancy.
Figure 7 shows the retainer and the location of these bolts.

In order to demonstrate the redundancy of these bolts it was
assuméd that one of the bolts was missing and that the other
three would carry the tensidn and compression required to hoid
the fitting. The missing bolt was aésumed to be.the one in the
fourth quadrapf of the Vi-V2 plane, and the Lift-0ff values of
A1 ,A2,A3 were used to compute the maximum tensile stress iﬁ a
remaining bolt. A preténsion of 2.9 kips was also appligd.

The maximum tensile stress in‘a bolt thus calculated was found
tqlbe 76.4 ksi which is less than the ultimate tensile strength
of the bolt, Sut = 80 ksi. Consequently, it was determined
that three bolts are capable of carrying the load, making this

connection fail-safe, and that no fracture analysis is



necessary for these.

Four bolts (NAS 1005) are used to attach the base to the
FPS. These were checked for redundancy in the same manner as
the ball retainer connecting bolts. The location of these
bolts is.éhown in Figure 2. Loads A1 and Az were taken to be
acting in a plane located 1.25 inches above the base/?PS
interface for moment calculations. _The bolt assumed to be
missiﬂg is the one located in the third quadrant of the Y1—V2
plane.  Again uéing the Lift-Off values of the appliéd lbadé
"and a prétension of 3.09 kips the maximum tensile stress in a
bolt was found to bé 102 ksi which is less than the ulfimate
tensile strength of 140 ksi. Thus, this connection is
fail—safe; and a fracture analysis of these bolts is not

required.

Scientific Instrument Side

The base on the SI side of the‘point A fitting (679-2152)
is shown in Figure 8.  A possible fracture because of a through
crack 1ocated.as’shown in the figure was inyestigated. The
procedure and results are quite similar to those used and
discovered for the base on the FPS side; that is, the loading
was hélf of A2 applied to a fracture model as shown in Figure
3, but with w = 3.24 inches, t = 0.88 inches and 0g4= 0.263>x
Az ksi. As with the other base this stress is too small to
develop a stress intensity factor range as large as the
threshold value for any possible crack size.

For the jackhead (679-2230) the critical location for a



flaw is in the thread relief grove, as indicated in Figure 9.
This was analyzed using the ROD program assuming a
circumferential crack with a depth equal to the groove depth
plus an initial crack depth. ‘Loéds A1 and Az cause the same
tensile stress in the jackhead during both thé positive and
negative halves of the loading cycles, while the Aa.}oad causes
tensile stress during the positive half of the cycle and no
stress during the negative half, As was done in the analysis
of the bolt which fastens the aluminum‘cover, it was %séﬁée%
that the -tension due to A3z loading occurs in both halves of;the
loading cycle so that the numbéf of cycles in the load spectrum
of Table 2 may simply be mulfiplied-b&.two. This results in a
craék growth rate somewhat larger than actually exists, so a
conservative analysis is obtained. The cross séctional area of
the jackhead is 0.1963 square»ihches, and a pretension of 4.84
kips is applied, so the Minimum stresses in the loading
spectrum are always.24.7 ksi. The Maximum stresses in the
spectrum are given by.24.7 + (Az + F)/0.1963 ksi,.in which F =
0.813 x (A12 + A22)9-5, The fatigue fracture analysis
predicted a maximum allowable initial flaw depth of 0.084
inches to reach fracfure instability at four lifetimes, but as
is thé case with thg'aluminum cover éttéchment bolt, net
section yielding will occur prior to fracture instability. Iﬁ
order to reach net section yielding not before four lifetimes
an itnitial flaw depth of 0.032 inches is maximum.

The bolts (NAS 1005) whichvéttach the base to the SI were

checked for redundancy~in the manner used for the bolts
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- fastening the base on the FPS side of the fitting. Figure 8B
shows the locations of.these bolts, and the one in the third
quadrant of the Vi-V2 plane was assumed to be missing.
Lift-Off loads were used along with a pretension of 3.07 kips.
The Ay and Az loads were aseumed to aet in a plane 1.87 inches
abeve the base/SI interface. A maximum tensile stress in a
‘remaining bolt was determined to be 116 ksi which is less than
the ultimate strength, Sut = 140 ksi, so this connection is

also fail-safe.
REGISTRATION FITTING AT POINT B

Table 4 lists the various pieces of the registration
fitting at point B which were eonsidered in this work. The
format of this table is like that of Table 3 fer the fitting at
point A.. Except for the support plate on the SI side.of the
fitting; the pieees of this fitting are ideﬁtical to those of
the fitting at point C:. Inasmuch as the loads are greater at
point C, the results obtained from analyses at point C are
taken as conservative results at point B. To see the details
‘of the analyses for all the pieces of the point B fitting
except the support plate the reader is referred to the section
of this report titled "REGISTRATION FITTING AT POINT c". The
geometry and loading of the point B support plate (679-2228)
are sufficiently different frem the support plate at point C
that they were analyzed independently. |

In order to identify likely fracfure locations and to

11



detgrmine the states of stress at these locationsbin the
sﬁpport plate at point ﬁ, a plane stress analysis of the
support plate was performed using the SAP V finite element
program [3]. The finite element model used is shown in Figure
10, along with the locations at which flaws were assumed to
exist. The.cut—out region in which the flexure fits was
modeled by reducing the foung’s modulus of the elémentS'in that
region-by the ratio of the reduced thickneés to the thickness
of the rest of the piece. As can be seen in Figure 10, only a
portion of the suppqrt plate was modeled, the remainder being
treated»as rigid. The most critical location found for a crack
in this piece is indicated in the figure. The stress
distribution at this location can be repreéented by that due to
a combination of bending and axial loading, thése_being fbund
to bevgivén by ob = 2.9 x B:1 ksi and o¢ = 2.5'x B) ksi) These
only occur during half‘of a load cycle, so the stresses in the
Minimum colﬁmn of Table‘Z were taken to be zero. An gnalysis
of an_edge crack was performed, and it was determined that an

initial crack depth of 0.153 inches is acceptable.
REGISTRATION FITTING AT POINT C

Following the format of Tables 3 énd 4, Table 5§ lists the
pieces of the point C registration fitting which were addressed
in this project along with the material, fracture toughnesses,
and fracture susceptibility of each. A,descriptioﬁ of the

various analyses is given in the following paragraphs.

12



Focal Plane Structure Side

Two possible flaw locations were investigated in the base
(911—4236),_these being illustrated in Figure 11 which shows
two views of the base with the ball installed. At location 12
is a through crack subjected to stresses due'to the C1 loads.
The fracture model is as shown in Figure 3 with w = 4.50
inches,}t = 0.5 inches and og = 0.349 x vaksi. As was fqu%d
to be the case with the other bases, even when Ci1 is due to
Lift-Off this applied stress is not large enough to cause crack
gréwth for any flaw size which can occur. The other flaw which
was considered was an edge crack at location 12a. At this
locétion thé Cz load causes both a uniform tension load and a
bending load. The resulting_stress is found to be o¢g = 1.44 x
C2 ksi on the ball side of the piece, and it was assumed té
decay linearly to zero on.the back side. In the lqad spectrum
‘of Table 2, og is either op, o,0 or o., when the appliéd loads
are-due to either Acoustic, Lift-Off or Landing sources,
respectively. These stresses were divided into the appropriéte
tensile and behdiﬁg stresses in the FLAGRO4 program in the
analysis. It was found that an edge cfack depth in excess of
1.5 inches would be required to develop net section yielding
which will occur before fracture instability.

The stress relief groer on the stem 6f éhe ball
(679-2387-110) is the most critical potential flaw location in
this piece. A circumferential flaw was assumed to exist there,

as is shown in Figure 12. The cyclic loading is tension due to
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the force, F = (Ci12 + C22)0.5 during both the positive and
negative halves of the loading cycles. Thus the numbers in the
Cycles column of Table 2 were doubled, those in the Minimum
column were the prestress of 14.4 ksi and those in thg Maximum
célumn were 14.4 + F/0.3068 ksi. It was determined that net
section.yieiding would occur before fracture instébility, at
which time the flaw would have become 0.1485 inches deep. This
depth_is predicted to be reached at four lifetimes by a flaw of
initial depth, ao = 0.1475 inches. | |
Four bolts (NAS 1005) fasten the base to the FPS. They
were checked for rédUndancy in é manner siﬁilar to those of the
other bases. The bolt locations are shown in Figure 11, and it
was assumed that the C1 load acts in a plane 3.14 inches above
the base/FPS iﬁterféce. The worst condition arises when'fﬁé
bolt in the fourth quadrant of the V3—V;_plane is missing.
Assuming this bolt to be missing and a prefénsiohJOf 3{09'kips,
the highest remaining bolf tension was determined to be 5.88
kips, or 101 ksi. This is smaller than the ultimate tensile
strength of the bolt, Sut = 140 ksi,ﬂso fhis'connection is

fail-safe.

Scientific Instrument Side

_ The ball on the FPS‘side fits into the suéport plate
(679-2223). As was done for the §upp§rt plate in the point B
fitting, a plane stress analysié was performed using the SAP V
finite element program. The model used is shown in Figure 13;

As is‘clear from the figure only a portion of the support plate

14



was modeled, the remainder being assumed to Se rigid. The
regions.which are cut-out to accept the flexures weré modeled
by reducing the Young's modulus of the elements in these
fegions by the percentage that the material is actually
reduced. Also shown in Figure 13 is the most critical location
for the existence of an edge crack. A£ this cross section the
stress can be represented by a contribﬁti&n due to uniform
axial stress and a contribution due to pure bending, ot = 1.75
x Ci + 0.85 x C2 ksi and ¢p = 2.71 x C1 + 0.73 x C2 ksi,
respectively. Because these only occur during half of a load
cycle, the minimum stresses in‘thé applied load spectrum were
taken to be zero. Nef section yielding, defined in this
‘particular analysis as the development of a plastic hinge at
this cross section, is the limiting condition here; So the
maximum allowable initial flaw dépth for aﬁ‘edge érack at this
location is the depth which will g;ow.such thaf the cross
section is reddced'to a size aIlowing net section yielding at-
four lifetimes. This initial flaw depth was found to be 0.21
inches.

The support plate is connected to fhe base (679-2211) by
thrée bolts. The base attaches to the SI with four bolts.
This is shown in Figure 14. The possible fracture due to
though cracks emanating from a bolt hole as shown in the figure
was considered. Loading at this bolt was assuﬁed to be
one-third of the applied Ci. A fracture model as is shown in
Figure 15 was analyzed with W= 2.125 incheé, t = 0.58 inches

and the applied stress, og = 0.2705 x C1. It was determined
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that the threshold stress intensity'factor range would not be
reached for any possible initial crack size.

Since>three bolts (NAS 1005) connect the support plate to
the base rather than four, this connection was not checked for
redundancy, but inétead a fracture analysis was performed on
the bolt subjected to.the highest loading. This bolt is
indicated in Figure 14. In addition to the preload of 3.07
kips, it isvsubjected to a fluctuating load of 0.434 x C: kips
during half of a loading cycle and éero during the other_half.
In'view of this, the minimqm stresses were taken,tq be the
prestress and the maximum stresses were the sum of the
prestress and' the fluctuating stresé. A circumferential flaw
which is 0.027 inches deep will cause net section yielding, but
this flaw does not grow when subjected to the stress intensity
factor range corresponding to the applied fluctuating stresses.
Therefore, the maximum allowable-initiél circumferential flaw
depth. is 0.027 .inches.

The,foﬁr bolts (NAS 1005)-which were used to attach'the
base to the‘SI'were checked for redundancy. Their locations
are indicated in Figure 14. The 61 load Gqs assumed to act in
a plane 2;45 inches above the base/SI inteéface, and the bolt
in the first quadrant of the Vs-Vi1 plane was the one assumed to
be missing. The largest bolt tension due to the applied loads,
which were the Lift-Off loads, was found to be 2.1 kips. This
load along with the preload of 3.09 kips causes a tensile
stress in the bolt of 89.5 ksi. The ultimate tensile strength

of the bolt is 140 ksi, so this connection is deemed fail-safe.
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REMARKS

Various pieces of the repistration fitlings for the Radial
S1 module of the Space Telescope have becen examined from a
fracture mechanics point of view and deemed to be fail-safe or
¢lse have had maximum allowable flaw sizes specified for them.
The results of these analyses are summarized in Tables 3 - 5
and also in Appendix A which is comprised of tables in a form
nérmally used by MSFC in summarizing fracture anaiysis results.
In many instances the applied stress levels were so low that
the threshold stress intensity factor range was never reached.
In most of the othefs the allowable flaw.sizes were large
enough to be detected by v;sual inspection. However, for some
parts, such_as'thé flexures connecting the aluminum cover tQ
the ball retainer 'in the fitting at point A, the flaw sizes
were ralther small. Eddy purrent tests are capable of detecting
Ilaws of_this size (0.022 inbhes x 0.1 i1nches), so for those
which have been so tested these small flaws should represent no
danger of going undetected.
| In every instance approximationslwere made to err on the
conservative side. These were pointed out iﬁ the discussiouns
of the analyses for each fitting. One conse}vative
approximation thét was not mentioned, however, is the fact that
retardétion was not included in the crack propagation
computgtions. It is probable that retardation occurs aftler

Steps 8 and 16 in the load spectrum of Table 2, and so it is

17



expected that the predicted crack growfh rates are larger than
they are in reality resulting in smallervpredicted allowable

flaw sizes than actually may be tolerated.
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TABLE 1  RADIAL SI LOADS

Acoustic (kips)

0.771
0.298
0.660

1.213

1.208
0.958

Lift-0ff (kips)

20

2.372
0.770

1 2.014

3.459

3.440
2.148

*

Landing (kips)

1.660
0.425
1.894

2.091

2.082
0.987




TABLE 2

Event

Acoustics

Ship

Launch

Landing

Launch

Landing

g

A,Z

w N -

~N o

10

11

12
13
14
15

16
17

18
19

20
21

22

23

RADIAL SI LATCHES LOAD SPECTRUM

Stresses Calculated Using Acoustic Loads
Stresses Calculated Using Lift-0ff Loads

Stresses Calculated Using Landing Loads

Maximum
1/3 x o
2/3 x o
%A
.39 x o
.37 x o
.35 x o
.33 x_oL
%o
.75 x %0
' .50_x %0
f25 X OLO
%
J5 x 9
.50 x UL
.25_x o
%o
.75 x OLO
.50 x %0
.25 x oLO
G
.75 x o
750 X o
.25 x o

21

1/3 x o
2/3 x a,

.20
.22
.24
.25

.75
.50
.25

.75
.50
.25

.75
.50
.25

.75
.50
.25

x X X X

Minimum

>

-,

l__Q

Cycles

1417
1696
487

155
799

13837

218378

13
- 30

10

13
30

10
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Figure 1.  Radial SI in -vé Bay
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APPENDIX B - INVESTIGATION OF STRESS CONCENTRATION FACTOR -

STRESS INTENSITY FACTOR INTERACTION FOR FLAWS-IN FILLETEb RODS

During the course of this project several filleted rods and threaded
fasteners were analyzed to eStablish a maximum allowable flaw size at the
fiflet or thread root for each. Insufficieﬁf work has been reported for
stress intensity factor (SIF) solutions of-theSe geometries to allow
fafigue fracture analysis methods to be developed. Recently, Nord has used
finite elements to ana]yze‘some threaded rod geometries [B-l], and he is
current]y:incorporating his resd1ts in the Del-West fatigue fracture
program for use by MSFC. Since there is very little data with which to
compare his results, his results cannot be verified at this fime. For the
analyses of threaded and filleted rods fn this work approximate means for
Qetermining the SIF were used. There were two approaches which were
considered. One was to determine the stress concentration factor for the
fillet and increase the applied stress in the fatigue fracture analysis by
~ this factor. The fatigue fracture analysis was to be performed forAa
nonfilleted bar with an.initially tircuiar surface flaw. It was fhought
that this would. lead to conservative results; i.e.; prediction of track
‘growth more rapid than actually would éccur. The ofher,approach was to
assume that in the fillet there was a circumferential surface flaw
extending around the entire circumference. By treating the fillet depth as
part of the flaw size a fatigue fracture analysis couldnbé performed since
there are solutions aVailab]e for this Drob]gm. Again, it was felt that
this would yield conservative results. The results reported for such

pieces in this document were obtained in this latter manner.
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Since a lack of SIF solutions for surface flaws occuring %n fi]leté
prevents accurate estimates of gfowth for these flaws, it was decided to
investigate these fiaw geometries using finite element techniques.

Ahalyses of rods having circular surface flaws were analyzed to determine
the interaction of the stress concentration factors of the f111ets with the
stfees intensity factor distributions of thevflaws. Figure B-1 shows the
generic filleted rod geometry which Was analyzed. For all the rods
considered the difference between the large diameter and the smai] diameter
was fwfce the fillet radius. Ai1-dimension$fwere normalized by the small
diameter. Thus, there were two dimensionless parameters which ‘
characterized the rod geometry; r/d, and a/d. The lengths of the rods were
1ong enodgh to not affect the results. Typical elastic constant for steel
v(E = 30,000;000 psi, v = 0;3),were used. |

Stress intensity factor distributions around the crack fronts for the
various geemetries were determined.from three-dimeﬁsional finite element
analyses. By assuming two surface flaws in the bars 1dcated 1800 apart the
verious symmetries allowed a model of one eighth of a rod to be used; The
sizes of'the flaws considered were small enough that no interaction between
the flaws should have occured, so it is considered that fhe results of only
one flaw in a rod would be essentia]iy the same. A typical finite element
mesh used is shown in Figure B-2. The region surrounding the crack front
was modeled with collapsed sided, 20 noded, isoparametric elements with‘the
mid~edge nodes of the radial edges moved to the quarter point to produce
the proper strain singulafity at the crack front. This modeling technique

was suggested by Barsoum [B-Z]. Inasmuch as this is a displacement based
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finite element method, the SIF must be determined byvpost-processing the
displacements in some way. The SIF were determined from these results in
two ways; by using the nodal dfsp]acements in the analytical expressions
for-displacgment, and by using an energy release rate method developed by
deLorenzi [B-3, B-4]. Each of these methods is discussed in the following
paragraphs. |

The displacement functidns in the finite elements are qssuqeq in terms
of their values at their nodeﬁ, which ére the displacement values
determined in the finite element so]ution. When the'modeling ;echnique of'
Barsoum is used the dlsplacement funct10n along a radla] line orig1nat1ng

A
at the crack front is given by

r|1

U=U1+[4“2-"3-3“1]V 2u3+2“1-4“ ]

In this, ui is the disp]acement at the crack front node, u2 is the
displacement at the quarter point node, and dg is the displacement at the
corner node away from the crack front.. On the other hand the expression
fqr displacement in the vicinity of a crack is known to be of:the form,

- Ki r (C-1)

2G ¥ 2m

Thé parameter, C, depends on the proximity to the free surface along the
crack f}ont. Equating the coefficients of thé r terms in the above

equations yields:

ki = 26 ¢/2"  [4uz - u3 - 3u1]
Cc- L

P

Thus, one way to determine the SIF is to utilize the displacements
determined by the finite element solution in this equation. This method is
sometimes referred to as the "displacement substitution method" and will be

in this report.
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Since the stress intensity factor is related to the amount of energy
released when a crack gfows an incremental amodnt, calculating the energy
release rate for a crack provides a reliable means of determining SIF.
Several schemes for calculating the energy release rate for flaws have been
reported over the years. Most of these, in one way or another; calculate
the difference in strain energy of two bodies identical iﬁ every way except
that the crack size of one is slightly larger than that of the other.
Dividing this difference in strain ehergy by the difference in fhé ?rack
sizes yields an approximation of the energy release rate. In the 1imit, as
the difference in créck sizes épproaches zero, fhis approximatioﬁ L
approaches the exact energy reTease rate. Thus, the accuracy of the
calculation depends on the increment in crack size_used. Recently,
utilizing the fact that the'énergy release rate;is given identically by the
J - integral, deLorenzi [B-3, B-4] has developed a method for calculating
eﬁergy release rate rather sihp]y. What is more, tﬁé increment in crack
size divides out of his eqdations so that the results do nofldepend on the
ﬁagnitudevbf this quantity at all. This method will be ;a11ed the
"deLorenzi method".

H ‘Before the filleted rods were analyzed, both the disp]aéement
substitution method and the deLofenzi method were used to analyze
semicircular surface flaws of a/d = 1/12 in nohfi]Teted rbds,.the results
being tompared with each other and with results of other investigators
[B-S, B—6] to assess the accuracy of the two methods. This compariéon is
displayed in Figuré B-3. In the figure the SIF distributions around the
crack front are displayed in non-dimensional form as geometry factors,'F.

The angTe, 8, is measured from the tangent to the rod surface where it
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intersects the origin of the semicircular flaw radius, as shown in Figure
B-1. Two finite element meshes are compared, one using 102 elements and
the other 204 e]emenfs. The various curves fall in a band which has a
Width of approximately 5% of the mean value. The méan value corresponds
well with the analytical solution of‘a semicircular surface flaw in a
§emi-infinite body [B-6] and also with the results of [B-Sl7 The lower
edge of the band is the curve corresponding to the 102 element mesh,
deLorenzi method results, while the upper edge is the curve from [B-5]). If
one takes the curves from [B-5, Bfﬁ] as essehtia]]y correct and if;one
bears in mind the fact that the results in [B-S] were obtained using the
delLorenzi methdd with a 340 element mesh, then it is seen that as the mesh
is refined when using the delorenzi method the solution converges toward

~ the correct one. This is not the case using the displacement substitution
method. Moreover, the displacement substitution results oscilfate in the
regidn near‘the rod surface.; Consequeht]y, it is concluded that the
deLorenzi method is the more.reliable one. Also shown in Figure B-3 are
curves for a rod with a fillet of r/d = 1/4 as determined using the
delLorenzi method. It is c¢lear that the 104 element and 208 eiement curves
have the same re]atiQe 1ocat{ons as for the nonfilleted rod. In view of
this it was decided that for the various filleted rod analyses the‘resu]ts
obtained using the 1dz element grid and the delorenzi method could be
considered to be approximately 5% low but otherwise correct. Although the

results obtained using the disblacement substitution method are included in
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this appéndix, because of their oscillatory nature it is thought that the
results bbtained with the delorenzi method are more reliable. Therefore,
it is recommended that for analysis purposes one use the curves reported as
determined by the delorenzi method and multiply them by 1.05.

Four different flaw sizes, a/d = 1/6, 1/8, 1/12, 1/20, were
investigated along with three different-fil1et'sizes, r/d = 1/4, 1/7, 1/10,
as well as the nonfilleted rod condition, r/d ? O. It is generq!gy thought
that the stress intensity factors for surface flaws of size a/d <'l/10 can
well approximate solutions for flaws in semi-infinite‘bodies, and the
' results given in Figure>B-3 from references [B-S] and [B—G] support fhfs.
Figures B-4 and B-S.show the results détermined in this study for .
‘nonfilleted rods, and they support this conclusion also except for the
curves corresponding to a/d = 1/20. The curves fbr the other flaw sizes
appear to be convérging to some lower bound curve, pbss{b]y that of a/d =
1/12, but the a/d = 1/20 curve is far below this. It is felt that this
curve is incorrect, but the reason has npt been determfned at this time.

Figures B-6 through B-9 are fhe results determined for the filleted rods
~using tﬁe delorenzi method. The displacement substitution method |
counterparts are given in Figures B-lOAthrougﬁ B-13. In each of these it
is seen that the SIF values where the flaws intersect the fillet surfaces(
are much higher than for the nonfilleted rods, but not by an amount
equivalent to the stress concentrafion factér’for each particular fillet.
Furthermore, it is seen that at the deepest penetrations of the flaws into
theAfods the Si? vaiues are much lower, and,.in fact, for fillet sizes
apﬁroximately équa1 to or.less than the flaw sizes the SIF's are actually
smaller fhan those in nonfi]]eted rods. - At firgt this seems a sprprising

result, but after some consideration it becomes clear why this is so and
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why the values near the‘surfabes are Tower than simply the nonfilleted rod
va]ue§ multip]igd by the appropriéte stress concentration factors.

An explanation of this behavior is best given after first recalling
that the stress intensity factors of a flaw in a body loaded remotely by
some stress distffbution, gy, are exactiy the same as those obtained if one
instead loads the flaw surface with tractions equéT to the negative of
those caused in an unflawed body by o¢,. Specifically, one could obtain
the SIF values of the unfilleted rods by applying a uniform pressure
distribution on the f]aw surfaces just as well as by applying a remote
uniform tension, since in unfiawed, nonfilleted rods the remote loading is
transmitted undisturbed throughout thé rods. Thus, one can consider that
the SI? results given in Figure B-3, obtained in any way by anyone, aré for
f\awé Yoaded on theif sdrfaces by uniform pressures equal to the stress in
Ki = % og\yma. This is illustrated in ?igure B~14a. Similarly, if one =
wished to determiﬁe SIF values for f]aws which occur af the roots of
fillets in rods loaded in remote'tension, oné'cou1d do so by applying the
negative of the stress distribufion caused by that tension at the flaw
location. In this case, however, the distribution would not be dnifdrm, as
js shown in Figure B-14b. It would have a maximum value at the fillet
surface (equal to the stress concentration factor timés the references
stress) and would decrease at locations closer to the center of the rod.
Comparing Figureé B-14a,b it is clear that to simply multiply the SIF -
distribufions for nonfi]léted rods by the stress concentration factor would
be to app]y'too much Toad on the surface and obtain considerable over-
estimates. On the other hand if one uses the value of stress at the

deepest penetration of the flaw one is using too little stress; however, in
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some instances the value of the SIF at that location is predicted fairly
well anyway;

This is also a surprising result at first glance, but is understandable
if one recalls (see, for example, Broek [B-7], pages 78-80) that the stfess
near the location on the crack front where the SIF is being determined hés
more effect than stress at-some distance from that location. So although
the stress increases at locations closer to the rod surface the effect on
the SIF at the deepest penetration decreases, and the resu]t is very
similar td that of a uniform stress of the smallest magnitude acting on the
flaw. For fillet sizes approximately equél to or less than-the flaw sizes
the value of stress at this location is less than the remotely applied
tension, so the SIF is less than wbu]d'occur in the nonfilleted rod.
Likewfse, the highest stress values have the most effect dn the SIF near
the sﬁrface and the lower stress values have less effect. The'cufves for
filleted rods,fn Figures B-6‘£hrough B-9 and B-10 thrdugh B-13 demonstrate
these facts very clearly, so they are not surprls1ng after all.

F1gures B-15 .through B- 17 and B-18 through B -20 illustrate the same
resu]ts as in Figures B—6 through B-9 and B-10 through B-13 but grouped by
fillet size rather than flaw size. Grbuping them in this way shows clearly
that the geometry factohs decrease with increasing flaw size. This is due
to the fact that the smaller the flaw size the more the concentrated stress
_at the surface affects its SIF distribution. Again, note that the a/d =
1/20 results are questionable, but the others are considered to be
reliable.

The stress intensity factor distribution results presented in this
appendix are usefui for ca]cu]ating SIF's for a few combinations.of

semicircular surface flaws occuring in filleted rods and for those
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geometries which can be obtained by interpolation of these. More
significantly, however, they illustrate the importance of the stress
distribution in the region where the flaw is located. In order to
determine SIF values for flaws in regions of stress concentration, then, it
is best to determine the stress distribution in that region without a flaw
and tﬁen use that distribution as the applied loading on the flaw surface.
If a Green's function can be determined for the flaw geometry'éf interest,
then any distribution of lbading on thé flaw surface can be handled with
ré]atiQe]y'litt1e expense. Such functions have been determined for only a
limited number of surface flaw conditions to date, howeVer, so this method
of SfF determination for surface flaws is not currently available for
foutine}utilization. The S;hwartz alternating method was demonstrated to
be useful in determining SIF's for elliptical surface flaws by Shah and
Kobayashi [B-8], and it has since been refined for such flaws by

Vi jayakumar and Atluri [B-9] and Nishioka and Atluri (B-10]. In view of
the results shown in this répOrt, it should be particularly powerful for
elliptical surface flaws occdring in regions of stress concentration since
it utilizes an ana]ytical solution for a buried elliptical flaw subject to
arbitrary 1bading on its surfaces along with a finite element solution of
fhe actual geometry without a flaw. In order to impro?e fatique crack |
growth analysis capabilities a relatively inexpensive method for
determining SIF values for surface. flaws ofvarbitrary shape located in
regions of arbitrary stress distribution needs to be devised, and it is

recommended that this be pursued in future research efforts.
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F‘igure B-2. Typical Finite Element Mesh for a Filleted Rod Flaw Analysis
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