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ABSTRACT

The preblem of weld miswatceh in pressure vessels is treated In detall,
calgn graphs are plven for mismnteh in cylinderps Jolned to cylinders, and
bemicpheres Jolned to eylinders,  These graphe, which arc in nondimensionnl
Uorm, show elastic and plastic stresses Tor a wlide ranpe of weld lund
veometries,  The material used in penerating the data i Litanium OAL=hV,
bul the desipgn pgraphs may also be used for other slrain-hardening materials

with a stress-strain curve that is virtuelly horizontal in the plastic rogi .,

The data which form the basis for the desipn data have been almest on-
tirely obtalned from parametric computer solutions. These solutions werc
checked with a test‘program using cylinders and spheres with precisely con-
trolled, simulated mismatch in a variety of weld land configurations. Ex-

cellent correlation between theory and test was achieved for static lcadings.

In addition to utatic lcadings the test program was also designed to.

' provide informetion on the behav1or of pressure vessels with mismatch under
pressure cycling. Failure vriteria for low cycle fatigue obtained from A
thls work are also included.

The present program is a continuation cf & previous, similar, NASA
contract (NAS 9-8303) concerned with the elastic and plastic behavior of
pressure vessels with weld sinkaze type geometries.
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NOMENCLATURY

Al

Woeld Lund Aves (B, (‘}-)I) - i

Modwlug of Elostieity - .l.b/.iu'ﬂ

Inertia Force - b

Proportionate Limit = .Ib/in'?

Ultimute Strengbh - /Lo

Yicld Strength- - 1b/in"

Shear Modulus - lb/ in”

Weld Land Length (Fig. 3-10) - inch

= LARt

Mismatch Parameter m = Aﬁ/tw

Equivalent Mismatch for Inertia Force
: ‘ \]

Defined on Page 3-3 |

Ingrtia Moment = inlb/in

Hoop Moment - inlb/in

Meridional Moment - inlb/in

= Ne/Nw

N‘umber of Applied Pressure Cycles at Pressure Pys Py oy p3 ]

Defined by Eq. (3.0)

Inertia Stress Resultunt = 1b/in

Axlnl Stress Resultunt - 1b/in




Mertdional Stress Resultant - 1b/in
Hoop Olress Resullunt - lb/ln

Number of Prescure Cyeles that Cause Fallure at Progsure

Pa By Byees
Internal Prossure - lb/inm

Normn L 1z1ng, Prospure - Jb/lnp

Cylinder Radius, Sphere Rudiug - fnch

Hoop Radius (normaL to shell meridlan) - inch
Mismatch - lnch

Surface Coordinate - inch

Thickness - inch

‘Weld Land Thickness - inch

,Thiékness Coordinate - inch

Reduced Strcss Factor ' d
Equivulent Stress Factor»

Equivalent Stress Fuctor in Membrane Region

Hoop Stress Factor - |
Meridional Stress Factor R
Defined by Eq. (3.5)

Strains in Directions 1, 2, 3 - in/in

Hoop Strain = in/in
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Scellon L

INTROLUCTION

The present work ls the second of a geries of investigations into the

behnvior of pVﬁﬂﬂurﬂ vessels with wnlntentionn) discoptinultics. The Lirst

Inventiputlon LLI dealt primarlly with the effeels of n t: Lopo dinanntlnuyty,

sueh as a weld slnkapge, 1o cylinders und spheres; the present. Invest et fon
concerng Moell with the ¢lactle and plastic behavior of eylinder anu
cylinder=henlsphere Junctures with mlismateh, The uubutunuu of’ the pragont
work 1o presented in Luv design graphs of Sectlon € which pive salation:

to Lhe following problems: ’ .

0 Mismatch in cylinder-cylinder Joints with weld lande: elastic

stresgces, pressure versus strain in the plastic repgion.

© Mismatch in hemisphere-cylinder joints with weld lands: elastic

stresses, pressure versus s*rein in the plastic region.

o Residual stress after one load into the plastic region for the
above shell types. . '

o Low-cycle fatigue of the above shell types.

- The deeign curves are given for a wide range of weld land geometrins
and mismatches up to 100 perceht of the weld land thlckn‘sa‘ The material
used for the generatlou of the curves is titanium 6A1-hv, However, sincc
the problem’has<been treated in a nondimensional way, pressure vesscls mode
of other materials with a similar stressestroin curve may ulso be analyzed

by the use of these curves, ut least approximatoly.

The solutions given in this work reflect the current ctate-of'-tho=urt,
- The dist¢ontinuity effects are treated as a problem of applied theory of

thin shells. Thus, local strese concentrations in Lhe cense of Ghe Lheory

* . . , . .
Number; in squore brackets iudicate refevencos in Section 10
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of elastlcl*y are not being considered. This approach 13 in keeping with
current. pruxis and does not introduce any seriouS'limitations on the re-
gulls Y:lven, 85 lony as the praésurc vegeelis are relatholy thin. For
long~term fatigue‘ﬂt relatlvely low stress levels elagtic stress concsn-
tratlcng can be Important. However, for the short-term, high stress level
repeated leadings consldered in the preseat investigatlon, the elagtlc

streoso coneentraticns are not of consequence.

The type of digeontinuity undey Inveptigatlon here lg referred to as
"wold mlomateh", Thls term i Lo be construcd as one of convenlence and
dees not Lmply that the complcte problem, including residual stresses in-
troduced during the machinliog and welding procecs, has been solved. Rether,
only the geometrie aspecte are consldered; the dliscontinuities are ascumed
to he frec of resldual stress and straln at the application of the first
pressure load. Howéver, residual stretses and strains which result from

the first pressure cycle can be determined from the information given here.

The results given in this report have been cbtained meinly by the

- application of the EPSOR (Elastic-Plastic Shells of Revolution) computer
program [2]. In all, some 350 combinations of loads and parametrically
varied geometries were required to produce the design graphs. Closed-form
analytical solutions were ruled out as being lmposaible (or at least very ime J
practical) Tcr the quite complicated geometries involving varieble thickness
shells employed here. However, an effort to accomplish a closed-form sc-
“lution for the residual-stress problem was made and is presented in
Appendix A,

Thus, the work presented here may be "onsidered almost entirely ex-
perimental with the experiments being performed on the c.-mputer. This
experimentation is rather time-consuming, but less so than would have been
the case if the experimentation had been carried out & naturel, i.e., with
actual physical models. However, a small experimental program employing‘ ]
six titanium pressure vessels with carefuily machined-in mismatches in a
variety of weld land geometries was part of the present work. This ex-

perimental work served as a check on the numerical-snalytical predicticns

(the agreement was excellent) and were used to investigate an area which




¢

15 beywnd the current analytical capabilities, namely, low-cycle fatipuc.

The main gunl of the present investigation has been the development
o' the design curves in Section 6. Constructed mainly with the requirements

of the practical cngsineer In mind, typical uses of these graphs would ilnclude
¢ Degign of proper weld land pgeometry.
o Determination of acceptable drawing tolerances for weld mismatch.

¢ Determination of internai pressure capabilities (static and cycl'c)

for pressure vessels with weld mismatch.
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Sccetlon 2

SOME FUNDAMENTAL CONSIDERATIONS

The most signiflecant aspect of the analysis of shell structures with
discontinuities Ls that it i concerncd with only & narrow zone in which
the stresses arce very hipgbh and quickly damped out into the general, membrane ,
' state of atress in Lhe major part of the shell. The main deviation from the
basic membranc state of stress is caused by a bending mcment at the pedmetric

discontinuity. Local changes in the membrane (middle surface) stress are

generally of mincr importance. Thus, an important factor in descriving, or
classifying, a discontinuity is to define the size of the resulting dis-

continuity moment.
The discontinuity moment masy arise from two sources:

‘0 Induced moments, caused by‘rapid changes in geometry (thickness,
and/or meridional geometry). Induced moments are statically

indeterminate.

o Applied moments, caused by externally applied forces. Applied

mements are statically determinate.

o An example of an induced moment is the weld sinkage problem dealt with
in Ref. 1. An example of an applied moment is the couple created by a mis-
match in two shells of equal, uniform, thickness. A shell with mismstched
weld iand develops both kinds of discontinuity moments, a- discussed in
detail in Sections 3 and L.

. The major diff'erence betwecen the two types of moments, and the reascn

| for making a distinction between them, is thal the induced moments arc
sensitive to the change in geometry which occurs as the shell is pressurized,
while the applied moments are nct. The change of geometry will, in oencral,
have a beneflicial effect on the induced mcment in that it is lwwered, and
a complicating effect on the analysis in that it will be nonlinear, cven

in the elastic part of the materiel's stress-siraln curve.

el




The EPSOR computer program [<] used to generate the data in the pre-
sent work cocntaine the proper precsure-coupling terms to account for the
nonlinear elagtic behavicr. This nonlinear geometrie behavior is also -
of course - carried into the plastic range, coupling with the material
nonlincar effects in that range. Other fundamental featurcs of the program

are as followa:

Shell Geometry =- General shell of revolution, defined by twe principal

radii of curvature. The thickness ls permitted to vary in the meri-
dional direction. Thin-shell theory is used, i.e., the thickness is

small in comparison to both radii of curvature.

Stress-Strain Relations - Because of axial symmetry, and the thin-

shell assumption, the only non-zero stress components are the prin-
_‘ciapl stresses ¢ and Co > which coincide<with the meridional
and hoop directions,‘ The stress~strain relations used pertain to
a temperature-dependent‘work-hardehing material with the von Mises

yield function. The loading possibilities are:

o For small initial changes in loads the shell response is
elastic, provided that no previous plastic straining has
taken place. '

o0 As the loads are increased, stresses at ceri.ain points of

the shell reach values corresponding to initial plaétic
yielding.

o Further increase in load results in the development of

specified elastic and plastic regionms.

o At some further time during load history, unloading from
a plastic to an elastic state may take place. (Residual

stresses upon unloading are computed.)

0 Reloading from an elastic region which had been plastic
constitutes the final possibility for formation of elastic

and plasvic regions.

Equilibriwn Equations - The equilibrium equations are written in terms

of the deformed shell, thus glving a nonlinear behavicr in the elastic

range.




Governing: Differential Equations - The poverning differential oquat. iong |

are analopcus to Lhose gliven iu Rel. 3.

Metheds of Solution - The governing differential equations and

boundary conditions arce transformed intu a set of algebralc equa-
tions by f'inlte diftference approximations. Al a given time in

the Load history the solution is advanced an increment in time AL
by solving these equations In conjunction with the flew rules
assoclaled with the loading function tc determine the implicit
plastic strain inerement. This 1s accomplished by an iterative
scheme. Finally, the complete solution for a specific load history
1s given by an integration with respect to time by a step-by-step

procedure .

2.1 Stress Pactors

In the present report the term stress factor is used to relate the
stress at the point of the dlscontinuity (i.e., the p01nt of maximum 'tress)

 to an easily determined reference stress, the meridlonal membrane stress.

The meridional membrane stress in the basic shell is

N
N
P PR, ( ‘
0 == o 2.1) |
This equation is valid for all axisymmetric, closed, shells with pressure
loading. The uniaxial stress taclors are defined in terms of the basic
meridional stress: ‘ o
o
O]
X T e
) c ]
cﬂ.’l’l (f) g )
. 2o
0'9 = g
Yy
2=3




According to the von Mises yleld criterion the equivalent stress &

io related to the uniaxial stresses by tlhe equation

An equivalent, or effective, stress factor is defined similarly to the
uniaxial stress factors
<.

o)

T

Q:

- 2 ‘
or o =qfe te - a (2.4)

o= = (2.5)
%
where 5h is the equivalent stress factor in the membrane region of the J

shell.

2.2 Stress Factors and Normalizing Pressure for Uniform Thickness Shells
with Mismatech

Fig. 2-1la shows a segmenf of the meridian of & uniform thickness shell
with a mismatch AR. The shell is loaded by an (internal) pressure p
resulting in the membrane stress resultents Nw and N, . The meridional

, i e
stress resultant creates at the discontinuity a moment of the magnitude ,]

M = 2.
NCPAR (2.6)

which may be thought of as an externally applied line mcement for a shell

without the abrupt step AR , as shown in Fig. 2-1b. Since the thickness

ol




Fig. 2-1

Shell with Mismatch

(2

a) MISMATCH

b) EXTERNAL
FORCE SYSTEM

¢) FREEBODIES
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(and therefcre the chell stiffness) is the same on either side of the din-
continuity, onc-half of the applied moment will be absorbed by the left
part and onc=half by the right part of the shell, resulting in an anti-
symmotfﬁa ntreces and det'ormation situation., The maximum strzss cceurs

nt, the discontiniuity. Since the applied moment 1s of the nature of an
externnlly upplied line load, no nenlinear effects will oceur at the dis-
eentinulty, however, the attenuatlion lcngth*) will be slightly changed and
the lower stresses at some distance from the discontinuity behave in a non-

linear way.

The meridional and the hoop stress at the discontinuity are

o
c = +
0T % 2
N &M .
S
99 % +v ——g
t
r, since M = L N AR
9 s sine 02V,
Yo ® |
Om‘ t (li3 t) (2'7)
N ' N - :
o, = %ﬁ (113191-\]5: %) | (2.8)

With these equations the maximum équivalent stress (Eq. 2.3) becomes

B N - 2
o= PYl+n" -n gLemEiEopoD L gfliy v (2.9)
l+n =-n L +n =n
NQ
where n = ﬁf (2.10)
)
m = %5 (2‘11)

—

See Section 6

M




The cqulvalent stress Lor no digcontinuity is found by setiing
mo= o I Bg. (2.9):

N

- @ p
o= I +n° =n ‘ (2.02)

Setting the equlivalont stress 5 equal Lo the ultimate tension
slrength of the material, Ftu » and using the definition according tr
Bq. (.1), the following expression is cbtained

t e
' p=p =F = = (o13)
m tu R'(.’ 14 n° -n

This equation gives the pressure at which a shell without a dis-
continuity would collapse. For example, in a sphere under internal

pressure n = 1 , and Eq. (2.13) gives

Ftu

ofct

pm= 2

Similarly, for a cylinder n = 2 and the membrane collapse pressure is

-y
¢

L b gt
m J% R “tu '

It follows From the definiticn, Eq. (2.5), that the reduced stress factor
is equal to the last term of Eq. (2.9):

a

2 + -y - 2 1+ -
a=YremItRLo2 o0 g2 Lty - (2.14)
l+n -n l+n =-n

This equation is plctted in Fig. 2-2.
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Fig. 2-2 Stress Factors for Uniform Thickness Shells with Mismatch
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.3 SBtress-Strain Relationg:

The use of EPSOR for plastie enalysis requires that stresc-straln
curves in terms of effective streases and strains are avallable. The

definitions ave (scc Ref. 4, p. 89)

- ¢! ' 3 H
Eifcetive Strecs O = —— ngl -a, " (o.l - 03)3 + (Op - oj)

2]

(erarn)

Effective Strain ¢ = ‘jg__ \ke] - eg)g + (e] - ej)d + (ep LY

3

to a uniaxial stress-strain curve (ol vs.-e]):

gy = 03 = 0
Uniaxial
€y = e3 = vey
Then ' . -
-h__n___./2+ew : )
> Uniaxial
- B 2 2 2 ~— o,
- €= - Vkl(l *v)T e (L+y) +o0- Ted+v) )

Thus, given a uniaxial stress-strain curve (01 \'£: 10 sl) » the last two

equations det'ine an eftfectlive stress-strain curve.

)23

(‘D.’l())

where indices 1, 2, and 3 indicate the direction. Applying thesc equation:.

(2.17)




The total cetffective strain 1s divided inlo a plastic and an elustic
part (Ref. &, p. 91)

Af'ter some manipulatlon the followlng equatlons for effective alralng

result
- oo, ! )
€ “"g(J + ) & = T
- 2
€, - g‘(l *v) e ; ;
(2.19)
- - 2 % ’
&g ¢, =3 (L +v) 3
-9
3G J

where indices p and t stand for plastic and total, respectiveiy.
Plots of g/3G vs. Ep and ap vs. ';t_ for titanium 6A1-4V STA are
" shown in Fig. 2-3. The curves labeled S-2 are typical values us obtained
from coupon tests on the material used in the experimental part of the
present study (see Section T), while the curve labeled NASA was obtained
from stress-gtrain curves ﬁsed in the Apollo progrém. ‘The curves are qui‘e
similar in their general and specific nature; the top figure shows that the
NASA material has slightly lower ultimete strength, the bottom figure shows
that the NASA material has slightly lower proportional limit. Adjusting the
curves to the same ultimate stréngth wéuld cause the curves to bractically
fall on top of each other; i.e., regarded in & non-dimensional way they are
almost ldentical. Due to this similarity of the curves it was decided to
use the NASA curve in the plasticity studies mede in the program. This use
extends only to the general shepe of the cur.es and actual modulus and max-
imum strength values were used as required.

J
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Fig. 2-32  Stresu-Strain Curves for Titanium 6A1-4V STA
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Section 3

MISMATCH IN CYLINDER-CYLINDER JUNCTURES

Elastic stresses In mismatched cylinders have been extcnsively in-
vestigated in the past.*) However, a thorough literailure search [6] con-
ducted in ¢ nnecticn with Lhe present program failed to indicate any
satisfactory solutions to the plasticity and low-cycle fatipuc aspects
of the probliem. » .

3.1 Uniform Thickness

Elastic stresses at the juncture of two mismatched cylinders are given
by Equations (2.7) and (2.8). The calculation of the stress distributions
away from the point of discontinuity is an elementary problem of;shgll
analysis with tabulated solutions given in a number of standard works,
such as [3]. Solutions for stresses and strain in the plastic areas are,

however, not so easy to come by.

An approximate solution for the elastic/perfectly plastic case, based
on the method given in [1) is offerecd herec:

Consider a constant thickness cylinder with a discontinuity in radius,

AR:

*)0

Sce, for cxample, Bizon [5].




Under internal pressure the stress resultants are, in all parts of the
shell,

- BB
Ncp B
Ne = DR

At the discontinuity:

M = % ARN
¢ - @
= PR (oL .
&g = ZEt (2-v) (Symmetry)
Introduce the notation
M
= 3 m =3m
B - = £, 08
@
no= R
2tFtu

For a simplified analysis, assume that the dominant stress occurs
meridionally, i.e., the problem 1s uniaxial. Then, for the elastic-
perfectly plastic model the maximum edge moment (which gives infinite
curvature) is obtained from page D=4 of [1]:

For yielding in tension and compression:
- 3 1_52.-2_1
m = -j-—jjz¥x—--
ey
Yor infinite curvature, ¥ - o,

Thus
Ro=a (1-n°)

3=z

(3.3)

(3.4)

(3.5).

(3.6)
N

(3.7)
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)
‘BuL i 6Mm
m = —3 (definiticn)
Bt ¢
Yy
6M
2
Ftut
s BN (1.8)
Thus
- -2
Bn = g- (L-n
or : —~—
- §2 + 2 - B
no= 3 o »- ) - (3.9)
This gives an upper limit on the load when the dominant stress is in the
axial direction. Collapse in circumferential tension occurs (uniaxially)
when n = %-. Thus, the behavior is illustrated by the full curve of
Figure 3-1. 1In this figure are also shown points from biaxial computer
solutions, which by failure to converge indicate collapse. Quite gocd
agreement is evident between the closed-form and the computer solutions. d
Sbme details of computer solutions are shown in Figures 3-2 to 3-Y.

These solutions are for cylinders with a radius of 5 inch, a thickness of

0.05 inch, and material properties according to Fig. 2-3 (curves marked

"NASA"). Fig. 3-2 shows stresses for the inside surface as a function of .
the surface coordinate s for a cylinder with 50% mismatch (m = 0.5).

The discontinuity is at the extreme right of the graph, and the dis-

continuity moment is applied in such a manner that the tension on the

inside surface is increased. Fig. 3-3 shows stresses through the thick-

ness at the point of discontinuity. ' . . ]

Figures 3-4 and 3«% are the Counterparts of Figurcs 5-2 and 3-3, for
m = 1. Note in both sets of fipurcs that as the pressure is lncereased
the meridional stress is readily penetrating the gtress level cqual to Lhe

ultimate sirength of the material. The hoop stress dees nol exceed this
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. Fig. 3-1 Maxir'num‘Pressure in Cylinders with Mismatch




200 l 1 I I

180 -

1600 PSI
1400

1200
1000

MERIDIONAL STRESS ~ KS|
o O
O O
T
DSCONTNUTYK\
o
| 1

o L L I I
200 - | — T I
1600 psi —F
% 150} *§-—~:i:j$ W
% 1400 ]
) N
1200 |
v, I \_//""”FP.L.
W 100000 -
'._
u') .
Q . >
3 .
T 50 ‘ E -
O
R/t=100 3
2
l
o L 1 l 1 !
95 100 105 1.0 1.5 120

ARC LENGTH, s ~ INCHES

Fig. 3-2  Inside Surface Stresses In Cylinder with 50% Mismatch

T g .:A..."




L

200 I ] 1 [}
100 | =
O
-100 .. P=1200 PSI -
N
X o .
u{) -200 i L ] 1
w 200 T | —
1l ‘ _ ‘
0 -
100 . : -
\
0
ot
(4
100 F ~ p=1800 PSI 1
rQUTSlDE SURFACE INSIDE SURFACE=- | }
-200 } | ] ]
-003 -002 -001 0 001 002 003
THICKNESS COORDINATE, z ~INCHES |
Fig. 3-3 Cylinder with SO% Mismateh: Stress vt Discontinuity
3-6
i . u ‘ u . ' ) | ~ _77.'..'.'...,.-]’




200 i ] r
~ .
Y 150k -
{
)
v — FrL.
=1
% OO —
.|
<<
& 1200 PSI_ £
5  50}—1000 2 _
= 800 F
Laf, 600 §
2 a
o L | 1 | |
2001 — T T |
: F
_ 150k | Y
= , .
x N
) 1200 PSI
v o
t/U) 100 1000 _
%
{7) 800
(05 600 >
. &
O 50l 5 . |
I z
[
8
R/t:100 %
8 |
o L ] L | |
95 100 105 11.0 15 12.0
ARC LENGTH, s ~ INCHES
Flg. 3-4 Inside Burtuce Cylinder with 100% Mismatcn




200y T | I —

100

-100 1% P=1000 PSI -

-200 1 L - 1 !
200 -

STRESS ~ INCHES

100

X

-100 |-

P=1200 PSI —

—OQUTSIDE SURFACE INSIDE SURFACE =

-200 | L | |
-003 -002 -001 0 Q.01 002 Q.03

THICKNESS COORDINATE, 2z ~ INCHES .

Fig. 3-5 Cylinder with 100% Mismatch: Stress at Discontinuity




&

level at the discontinuity. It appears that as the meridional stresscs
beeome large a compensatory eftect takes place In the hoop direction;

the point cf maximum hoop stress ls being pushed away trom the discon-
tinuity, thereby minimizing the prowth of the equivalent von Mises ctress
(Ea. 2.3). The equivalent strons is, however, always meximum at the

point of wisnateh.

A Turther illusteation of the development of slress ac the pressure
is incressed 1s provided by Fig. 3-6. Meridional (g ) and hoop (ae)'
slresses al the lnner and cuter shell surfaces are shown for the cylindoy
with 50% mismatch (compare Figs. 3-2 and 3-3). As the pressure ig in-

creased the ¢ ve. g, curve approaches the l'inal yield surface, bends .

over and rolloﬁg it. 9The points shown along the initial loading paﬁh are
for pressures of 0, 800, 1000, 1200, 1400, 1500, 1600, and 1650 psi,
respeﬂtively. At the maximum load the effective* strain is quite high:
0.0147, of which 0.0067 is plastic strain. Upon unloading from the maximﬁm
pressure to a point of zero pressure the shell will retain this plastic
deformation, which results in the residﬁal étresses indicated by the points
"0" in the figure. Repeated loading and unltading from this point to the
maximum pressure will take place elastically, with no plastic étrains or
resldual stresses being added to the ones developed during the first load- i N
Aapplication.**)
. The distribution of residual stress through the thickness al the point
of mismatch is plotted in Fig. 3-T and the residual stress variétion along
the meridian is plotted in Fig. 3-8. The maximum residual stress occurs

at the surface, in this example. The possibility that the maximum residual

¥
)See detinition, Eq. (2.16)

**)This pertains to the mathematical model uscd in the EPSOR [2] computer ]

program, which does not recognize crvep. Creep seems, Lo some extent,
to have been present in the models in the test program. (Sce Secticn 8)
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stress occurs in the shell interlor is not very large; this would require a
very saturated yielding through the thickness. A qualitative example of
this is shown in Fig. 3-9a, where by clementary uniaxial methods*) the re-
sidual stress has been calculated for an assumed through-the-thickness
stress distribution. When the ylelding becomes saturated, the maximum
residual slress 1s shown to move from the surface to the interior. This
does, however, requlire strains of a higher order than those developabie

in typlecal pressure vessel materials. Fipure 3«9b ifllustrates this point:
biaxial computer results obtained for a cylinder with a mismatch of m = 1.5
with a pressure very close (98%) to the collapse pressure are plotted there.
The maximum stress is still on the surface. Note the principsl similarity
between the simple analysis and the computer solutior; the differences that

occur are due to the differences in stress-strain curves end yield surfaces.

3.2 Weld Land

The configuration of the weld lands studied in the present work is
shown in Fig. 3-10. This particular geometry is arbitrarily chosen; it.
does, however, reflect the general practicelin current pressure vessel ”
design, i.e., a relatively short, uniform thickness region with a longer,
smoothly varying transition zone between the weld land area and the basic ‘ \!
membrane shell. All the thickening takes place on the outside surface, thus '
creating a shell centerline which is locally not a cylinder.

The thickness in the transition zone is descriﬁed enalytically as

t(s) = A+ Alsml + A25m2 + oaes (3.10) o

*:The shell is unloaded by elastic deformaticn in such a way that the
applied bending moment vanishes. See Appendix A for a ripgorous,
closed-form solution for residual stresses.
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where the A's and the m's are arbitrary constants. In the para=-
metric runs that were performed on the BOSOR program only Lhe first
two terms in Eq. (3.10) were retained, and m was set equal to 2.
This results In a transition zone with a variable thickness very close
to that which would be obtained by a constant value on the radius

Rt » such as would be the case in an actual pressure vesscel. The weld
fillet (the dashed line in Fig. 3-10) was neglected in the anulysis.,
This simplification results in a‘very slight conservatism in the analyuis
for mismatch values larger than about 0.5; when the mismateh appr.aches
1.0 the clastic stress overestimation is ©-3 percent for practical dosipng
(sce Fig. 2-% of Ref. [1]).




It is usual in shell analysis to use the middle surface as a refer-
ence polnt, and to refer all forces to that surface. This means, among
other things, that the precsurc ls acting on the middle surface, not the
Internal or external surface. It also means that in areas like the weld
land transition zone the middle surface describes a complicated, curved,
shell, and that problems regarding overlapping thicknesses and missing
material arises, as illustrated by Fig, 3-11., This difficulty has been
overcome in the EPSOR program by the use of an arbitrary surface as the

Missing Material
Thickness & .
‘Reference KRefer'encc Surface
Surface - \

N . - -

‘- R \
i Overiapping Material

.-

l—- Internal Pressure

Fig. 3-11 Middle Surface as Reference Surface

reference surface. In the work described here the inside surface hes been J
used as a reference, which accomplishes three things: a) the pressure is
applied to the corre‘ct surface, b) no overlapping thickness problems arise
(see Fig. 3-12), and c¢) description of meridional geometry is simplified.

Thickness 4 :
Reference ) |
Surface .
3 ) 4 - - KRefercnce Surface ]
eEnsseeean = ﬁ r e _ _ \— - ‘ -
L_ : No Overilap
Pressure

Fig. 3-12 Inside Surface as Reference Surface
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The bacic difference between the shells with a weld land and shells
WLthcut cne ls the lack of moment symmetry for the former type of shell,
Flg,. 3-13 illustrates thls: Due to the varying thlckness a momLuL MO

7, /%C

1 .

— L

Fig. 3-13 Moments at a Weld Land with Mismatch

is created, which is independent of the mismatch. The mismatch itself also
adds a moment, ARN . The direction of the moments is shown in Fig.
3=13. Note that to the lef't the two moments are opposing each other, while
to the right the two moments are added to each other. Thus, the eritical
region becomes the inside surface of the right shell, where the moment add”
tension to the basic state of stress, which also is tension. The moment : |
MO is, obvliously, a function of the land length T ; being O when L -0 “
and L ~ o , and a maximum for some intermediate value, as lmplied in the

figure. Thus, for both very short and very long weld lands the behavior

will vesembis that of the uniform thickness shell. (There is a smell

3=17




nonlinecar effect on the induced moment Mo. The maximum deviation from
linearity at the point of mismatch found In any of the computer runs made
in the present work wac less than one percent for nonlinearity parametler
values up to l.*) For most runs it was lesg. This noniinearity is too

small to be of any practical consequence. )

Typical stress distributions along the meridian arc shown in Fip. 3-1h.
These figures are for a weld land configuration which Lg closce to what
might be considered a "pest" configuration, L.e., it 1s sufficlently
thickened (25% extra thickness) to prevent failure in weld for reasonable
mismatch values, say up to 25% mismatch. The curves In Fig. 3-1h pertain
to a 50 percent mismatch and are drawn for several pressure levels from
thé elastic and into the very high plastic region. In the elastic region
(see the curve marked "600") both the meridional and the hoop stresses are
maximuﬁ at inside fiber at the right-tand part of the mismatch. On the
left part the strésses_are lower, and reach their highest values at the
outside surface. The absence of anti-symmetry, which would be expected
from the discussion in connection with Fig. 3-13, is clearly indicated.

For higher loads, into the'plaStic region, the ﬁaximum meridicpal stress.
remuins at the inside of the fight hand side part of the shell, while there
is a shift of the maximum hoop stress to the outside of the left hand shell.
(For pressures larger than 600 psi only the outer fiber stresses are shown
for the left hand side, and the inner fiber stresses for the right hand
side shell.) The effective stress does, however, remain at the inside of
the right side for this case, as it was in all the cases run in the pre-
~sent investigatioh. The stress distributions through the thickness at the
left and the right side of the mismatch are shown in Figures 3-15 and 3-16,
and the residual stresses in Fig, 3-1T. These results are quite similar

to the ones given above for the uniform thickness case. In fact, 1t was

*)Nonlinearity parameter p = 5 P —op » oee (1]
E (=)
J3(l-v2) RE
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found thut the resldual stresses are the same for both unif-rm and ncn-

uniform thickness shells, provided that the residual st.aln 1s the same.

Flis. 3-18 shows some resulls [rom computer runs Investipgating the
effect of the weld laud length L. Note, that as L 1is decreased (the
top part of the figure) the stresc at the bepluning of the weld land taran-
sitlon (s ==0,0) s lnereasing, so that Lhere 1: a tendency for the erlitical
zwone to move away from Lihe weld land Into Lhe membrance region. The ghresn
curves shown In the flgure are deawn for o pregsure which places Lhe stroneon
in the knee vepgion (between Lhe Limit, of proportiomallty and ultlimate |
strenpth) at the atresc-straln curve. The maximun stresscs are nobl in-
tluenced very much (LS4 vi. 1h6 ksl) by the chanpge in weld land lengsth,
but, the maximum ctrain figures (1L.07 vs. 0.87%) are quite different. As
the pressure is lnercaced the difference L strulns is sllightly mofe acoell -
tuated (at 1800 pci the maximum strains are 1.49 and 1.13%, respectively),
but as the horizontal part of the stress-straih<curve 1s approached the"‘
differences tend to lose their importance and ccllapse oceurs at 1970 psi
and 1700 psi, respectlvely

The weld land lengths of the shells shown in Fig. 3-1& are quite short
when considered in the light'of the commonly quoted figure of 34Kt tor
the attenuation length of a shell. The larger of the weld land configura-
tions is only gbout one half and the shorter only abcut onc quarter of
thiu figure, and still the effective stress in thervranbjtion and membranc
areas is not much differciit from the membrane stress. Thus it is seen
that the weld land can be quite short. In the present invéstigatjon the

shortest weld land length was 0. 75 J_% » including the transition lonwth,
“which is the configuration ln the top part of Fig. 3-18. Shorter weld
lands than this are probably n. t practical, at least for mcderately Llin
shells; | »

3.3 Design Graphs

The design graphs in Bectlion 6 were prepared from the results given
by the application of the computer program EPSOR to & serics of weld land

configurations with parametrically varled dimensions. The maverial used.
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In the computations is titanium 6AL-4V STA with propertles as desceribed by
Fig. 2-3 (curve marked NASA). These properLles extend throughout the chell;
- nec degradation of material prcperties occur at the weld land. However,
slnce the effects of the weld mismatch are very locallzed, the graphe may
be used even when the materlal propertiec at the weld are Lower thap in Lhe
surrounding areas simply by using the sctual materiai properties In the
discontinuity area and assume that they pertain throughout. the shell.

sing the pgraphs in thic way will be alightly vonnervab!vn f'or the cmaller
(less than about 25%) mlsmatch, but will tend to become more and more |

accurate as the mismateh 1s increaged.

In general the computer solutions converge relatively. rapldly o the
dpsired golution, but when the collapse pressure i1s approached it becanes
more and more difficult to obtain convergent solutions. When the ccllapue
pressure 1s exceeded no convergent solution is possible. A precise de-
termination of the pressure at which the solution first becomes divergent
is a quite difficult and lengthy»process which had to be done by a trial-
and-error approach.. Due to this raﬁbef’time-consuming process only a
relatively few collapse pressures were determined, and the collapse pres-
sures for other geometries were interpolated, three-dimensionally, from
the computed values. An example of this is shown in Fig. 3~19, where
collapse pressures for a weld land thickening cf 50% (tw/t = 1.Y) are
plotted versus weld land lengths. It wes assumed (an assumption confirmed
by the trends) that for values of the weld land length parameter L/Jﬁ%
larger than T, the weld lend actuaslly behavec as a shell of uniform thick-
ness. For LARt values less than T there are 11 points shown in Fig. 3-10;
these 11 pcints were used to define the entire surface of collapse prese

sures for this particular shell family.

The quantities used *c normalize the design graphs are

°© P, the collapse pressure for a uniform thickness pressurc
vessel without a discontinuity. Pn i1s defined for the thick-
ness at the discontinnity, tw , and is
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(compure Eq. (¢.13)). Note that the maximum weld land Lhicke-

neus, tw, 1s used.

0 The cffnctive elagtic strain Ey corresponding to p
defined by the sketeh below

m’

- O

: F
- = T tu
= - l+ o—
¢ =5 ()3

o The ratio ¢ = tw/t » where % is the thickness of the weld
" land (see Fig. 3-10) and t 1s the membrane thickness.

* ¥
o The length ratio L = —ﬁz- , where L is the combined
length of the weld larids on either slde of “he discontinuity.

, The design graphs were actually computed using the tollowing materlal
data (see also Flg. 2-3, curve marked NASA):

.

Fiy = 120,000 psl
Foo = 160,000 psi
E =117 X lO6 psi

However, through the use of the normallzing parameter other materials with
simllar stress-straln curves may be used, at least for an approximatc

unalysis.




The following technique wag used to preduce the desipgn charte

1) Curves of p/pm va. ¢ were computed for comblnations of

ms= 0, 0.25, 0.50, 0.7, 1

2) Using the above curves three-dimensional crossplots for several

values of E/Ey were drawn.

3) Values from the threce-dimensional crossplots were used to produce

the series of tw0-dimeqsional design graphs in Section 6.

- Examples of the three-dimensioﬂal graphs areAshown in Figures 3-20a-e.

lIn these figures the planes L* = 1.5, 3, and 6 are fully defined for

all combinations of 4 and m . The plane L* = 4,5 1s defined only

for (t=1,0sms1)and (m= 0.5, 7= 1.25). All other values on |

" the L* = 4.5 plane are interpolated. A étu@y of the plots in Fig. 3-20

indicates that linear interpolatiqn between the parameter values selected

in the set of design graphs in Section 6 ls permlssible without intro- J
ducing any appreciable errors.

The residual stress graphs in Sectirn 6 are based on computer runs - j
for the uniform thickness case. The graphs have been checked for values
computed for the weld land conflgurations. Fig. 3-21 chows this com-
parison. The polnts plotted there are for the eutire range of paicameters
used in the investlgation. No difference attributable to the geometry
is evident, however, for the small mismatch of m= .25 there appears to
be a tendency for the weld land cunflgurations to lnve somewhat smaller .
residual stress than the uniform thickness shells. This difference, which . ]
is probebly due to the usoftening ~f the sheil due to plastlc effects away
from the thick<ned weld land area, has been ignored as far as the resjdual

stress design graphg are ccncerned, This introduces a glight degree of

.conservatism for weld lando with mlumatches of 25% or lower.
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Sectlion h

MISMATCH IN SPHKRE/CYLINDER JUNCTURES

The prcblem of a mismatch at the juncture botween a hemispherical and
cap and & cylinder 1s quite simllar to that of a mismabteh botween two

eylinders. However, there are differences, ruch as the different ratlo

of merldional to hoop stress, and the fact thut the Juncture itgelf is a

discontinulty, which does not allow a pure membrane siate of stresy.

4.1 Uniform Thickness

The calculation of the stresses at a Juncture of a hemisphere and a

éylinder is an elementary problem of shell analysis. If th¢ thicknesses

of the hemisphere end the cylinder are equal, onc f{inds (1f the shells are
thin) that the only redundant forces needed for compatibility of deforma-

tions are shear forces at the juncture, see Fig. 4-1. The magnitude of the

Q. Qs

!

Flg. k=1  Shear Forces at Hemlsphere-Cylinder Juneture

hal




shear stresses 1s small sand the main effect of the shear forces is to
modify the normal stress distributlion in the vieinity of the Juncture.
. Timoshenko [3) shows that the maximum meridional stress occurs in the
cylinder at the digtance 0.61JRt from the Juncture, and theAmathnn
hcop stress oceurs In the cylinder at a distance 1.W4fRt from the

Juncture, Le stresses at these polnts are

Og - L3 B et o= 0.60fRE (1)
ax B
o, = 1.0 B at s« 1ubRE , (4.2)

max’

At the Juncture itself the stresses are

o ‘ L= &R- i .

¢ 2t . . ’ R . .
| at’ s =0 : : . . (4.38,b) -
.. R . . ,‘ . . . t ‘ .

% ° % 5 | | | :

Thus the uniaxial maximﬁm stfeséés are significantly different from the ‘ _
membrane stresses, The maximum biaxial effective stress (Eq. 2;3) does ‘ J
‘not, however, cxceed the membrane streés; results from the EPSOR computer

program shows that the maximum effective membrane stress exceeds the effec-
tive membrane stress by only 0.5%, at a distance of about 2\’5% from the

juncture. Fig. L-2 ghows the effective stress distribution in the vieinity
of the jﬁnctuﬁe. It is quite cleé} that the Jjuncture is not the critical

area of this shell configuration, and that the strength of the pressure A
vessel is unaffected by the‘juncture,  In fact, a mismatch may exist at | e
the Juncture without affecting the strength of the pressure vessel. :5

The existence of a bending moment in the vicinity of the Juncture - 'ﬁ“?]
will have some influence on the stresses produced by a mismatch at the .
Juncture. This effect is, hewever, quite small, and 4t is believed that | B
the differences found in the behavist of the hemlsphere=cylinder case A
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compared to the cylinder-cylinder case are mainly caused by the dif'ferent

ratios of meridional to hoop stress at the Juncture. A rather complicatod
Interrelationship must exlist between the varlious discontinultles at the

Juncture (mismateh, change of curvature between hemlsphere and eylinder,

and varlable thickness if a weld land 1s used). Even so, the pross bes-

havior of the stress distributleons Is very similar to that ol the cylinder-

cylinder case, especlally for larger values of the mlsmatch., This similarity
of behavior suggests the ldea of an equivalent mismatch, which ig being

pursued here briefly.

<

- From Eq. (4.3)it is found that the quantity n , defined in Secticn 2
is '

1
s

which value upon substitution in Eqs. (2.9 ) and (2.13) gives

1/2
N . ;
R R S
and
) L %Ftu (h-S) d

The quantity [ ]l/2 in Eq. (4.4) is, as previously defined, the stress

factor . This factor is plotted in Fig. 4-3 (compare also Fig. 2-2)
together with the similar factor for the cylinder-cylinder case (n = 2).
Note, for example, that a mismateh of 1.0 in the sphere-cylinder case
results in the same stress factor as a mismatch of 1.43 in the cylinder-
cylinder. 1In the lower part of the figure this mismatch equivalence is
plotted for the range of mismatches, and it is found that the cylinder-

hemisphere juncture in general can teke a mismatch which is Ll.4=1.5 times

as large as in the cylinder-cylinder juncture; for the same elastic equi=-

valent stress factor @. As another example, take a mismatch of n =1

and calculate the effective stress using values «f o {rom Flg. he3:
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For the sphere-cyl inder case

N ; N
g = -t-°=°- ‘-/—1— % 060 = 3009 —Cf

o

For the cylinder-cylinder case

N N
w2 Bk 2,07 = 3,08 -

Thus, since the meridional stress resultant N 1s the seme in both cases
the sphere-cylinder case has a slightly lower effectivé elastic ctrecs
than the cylinder-cylinder case, for m = 1. Compare this with stresses

at m =0, i.e., no migmatch:

For the sphere-cylinder case

N N
a=-t9'\/—’21—xl=l.32 -1;9

For the cylinder-cylinder case

N N
o= 2x {3 = 173 £ | N

Here there is a 30% difference in the elastic stress in favor of the

sphere-cylinder case.

A comparison between swveral uniform thicknese cylinder-cylinder
and hemisphere-cylinder junctures is shown in Fig. b=4. The full-line
grid represents the cylinder-cylinder Junctures, and the points cylinder-
hemisphere junctures, plotted versus the equivalent mismatch, as de-
fined by Fig. b-3. The dashed lines are cylinder-cylinder curves for
the samz effective mismatch as the hemirphere-cylinder points. For the

larger values of mismatch (m = l.h) the agreement is excellent, for the
smaller ones (m =~ .5) therc 1s a reductlion of the pressure parameter for
the hemisphere-cylinder configuration of some 10 percent in the hipgh

viastic strain range (E/Ey 2 1.5). When the mismatch approaches zero

h-6
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Lhe curves for the two configuratlons apgraee exaclly, by definition of

Py It 1l seen that, ln general, the pressure which would cause collapee
at Lhe Juncturce of the hemlsphere and the eylinder le somewhal Lower Lhan
what would be expected from a knowledge of the sLress factor @ alone.

The explanation of this Is not eleary the phenomenon Jo slmply noted here.
(The posuibllity thal carly plasticity in the surrounding shell, which 1o
higher stressed than the juncture for small miomnbehes, would Lnflucnce
conditions should be recognized. However, for mismeteh values of the ordep
0.9 and higher this docc not scem to be responcibie for the relative Lowops
ing, of the pressure ). »

As in the case of the cylinder-cylinder the maximum Jjuncture streas
oceurs at the inside of the shell with the larger radius. ,Comnutef sol-
utions with positive and negative mismatch (Fig. h- b) failed tc show ahy
differences in the Juncture stress.

R Ty

Maximum
Stress

Maximum
Stress

Positive Mismatch ‘ Negetive Mismatch

Fig. 4-5

In areas away from the Juacture the stress distributions are quite differcnt
In the positive and negative mismatch cases, as shown iu Fig. b=6. The

antisymmetry exhibited by the cylinder-cylinder case is entirely absent,

4-8
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In splte of thls the maxlmum stress 1o ldentleal for both the posltive and
negative mlomateh cages. No nonlinear behavior was found at the Juncture ;
but ai some dlegtence away Lrom Lhe junciure nonlinearity 1s the rule, vFrom
the peint of view of muxlmum stbresy Lha nondlucar beohavior 1o of no conge-
quence:  the critleal polpl In the slell ls always elther the point of

mlomateh, or the "pure" menbrone (no bending) part of the eylinder,

h.2 Weld Lands

The weld Jand confilgurations Investigated for the hcmiﬂphere-cyljudo}
Juncture Bre ldentical to those used at the cylinder-cylinder Juncture
described in Section 3.2. The cominents made in connection with the oylluder-
cylinder all apply in kind, with the only'difrerencesfbeing in’degree. As
in the case of uniform thickness positive ahd negative mismatches (Fig. has)
vere investigated, with no evidence of any differcnces between the two types
of mismatch.

A typical example of stress distributions for positive &nd negative .
mismatch‘is shown in Fig. be7. An interesting point is 1llustrated by the ‘ N
figure: In the elastic region there is, in the negative mismatch case, a
slight "overshoot" compared to the membrane stress in areas remote from
the discontinuity. (See the lower part of Fig. 4-T, curve marked 800 psi.)

As the pressure is increased this "overshoot" tends to disappear, and it
does not seem to play a part in the collapse mechanism. The shell will

5t111 fail at the mismatch point, if the mismatch is large enough, or in
_membrane areas at. the load pﬁ s 1f the mismatch is small. Even so, this
points out that negative mismatch apparently is even leses desirable than
positive mismatch. o ‘ |

4.3 Design Graphs . @

The design graphs for mismatch at the Juncture of a hemisphere and a
cylinder, which are presented irn Section 6, were prcduced in the same.
manner 85 the ones for cylinder-cylinder mismatch. Thus the discussicn

In Section 3.3 applies. One thing should be pointed out: The hemispherc-

h-10
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cylinder curvee murked m = 1 may be used for the cylinder-cyllndcr'cuuu
. ac an upproximetion for. m e 1.4, (This in baged on the diseunsion of
eqﬁivalunt slress factors In Bection h.i.) m o= A ﬁuy appear ap im-
poapibllity, but when 1t 1In ecnaldered that the effect of the mlsmeteh 1o
to Introduce n line moment into the prespure vessel, it will be reallzed
that all the denlen eurven plven hare arve approzimntely valid for axtorn-
nlly applied llne momenté, regardless of the source of cuch mementn. Iror
instance, n situatlion cuch ag the one shown 1n Rig, #-8 may be analyzed

uslng the accompanylng desipm graphs . The flgure shows o pres-ure vesasel

o RF'—'-1

Ng : ‘ Ne

Fig . )4-8

supported by eircumferential lugs spaced close enough so that the re-
action to the axial inertial load may be considered uniform around the

clrcumtfercnce. (If the reaction is not uniform, the use of peak values
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Using the two values (f) and (g) the equivalent m may be found from
Fig. 2-2. Entering the appropriate design chart (remembering that
p, 1ls a

vessel supported in this way may be found.

function of n , see Eg. 2.13) the strength of the pressure

Reslidual stresses may be calculated using the graph prepared Tor the
cylinder-cylinder mismatch confligurati-n. Spol checks were made and arc
shown in Fig. k-9. There 15 a tendency for the shorter weld land cconi- ‘
figurations, and the negative mismatches to have smaller residual stresses
than shown by the graphs (these are the points below the lines), but the !
tendency is not very strong, and a further delving into the finer poinﬁs |

of that problem cannot be easily justitied.

X

L1k
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Section b

FAILURE CRITERIA

el Statie Failure

Conslder the stress-strain curve of the material used here, Litanium
6AL=hV. Whether in the amnesled or the heat treutod (STA) condition, Lui.
waterinl has a praclically horizontal propresslon after the velatively .oy

strain E/;y ~ 2 has been reached:

1

ﬁu

o 1 1; . ;—. é-/ éy v \l
Fig; H-1

At this point the material is rather unstable and a very slight lncrease

N in stress will cause a large increase in strain and the shell will colinpeoe,

The curves of pressurc versus strain (section 6) for this material

used in mismatched weld lands ig quite similur to the curve above Lor Liw

larger mismateh values, but for smaller mismatches the horizentul, or

near horizontal, part is sometimes modif'ied and delayed to larger straiyn

values:




m~1

- Fig. 5-2

Thus, for intermediate values of m the geometry-material combination is
gomevhat more stable than the material itself, and additional.pressuie
can be sustained at higher strain values than E/Ey ~ 2. However, the
material cannot withstand more than a particular measure of strain.

From coupon tests (see Fig. T-8) the uniexial ultimate strein is of the
order 3-5 percent.

The normalized strain mey be expressed as

where € is the uniaxial (coupon) strain. Taking the values of

Fig. 7-8 this equation gives the following values:




Coupon Scries "8": 5,01 = £~ < ek
€
Yy

Coupon Seriecs "C": 3.80 = & < ).yz
¢
v

From these vesults 6 i recommended that the Tollowinge criterion be used :
tuow falure erilerion for pressure vessels fubricatod 1'vrom Lo Lanium
GAL=-WV

pal

(f) .2")

al}mt
il
N
o

ult

This corresponds to the criterion of [1]. Note that this is for virgin

material; in #u naturelwelds a lower figure may have to be used.

Static testing to failure lcad on pressure vessel:~ wiih miémat:ﬁ
was not a part of the present program. Agreement between theoretical
results and tests below the failure load, but in the plastic region,
was very good (see Section 8), which tends to back up the faillure

criterion.

In Table 5.1 are shown some particulars fer the test spevimens, \L
including failurc pressures atfler a relatively small number of Pros e

cycles into the plastic region, and calculated failure pressures. The

predicted failurc pressurcs are based on the geometry of the test speci-
mens as fabricated, wili ultimate strength values of L7TO, 000 poi for Lhe
cylindrical test upecimens (Tita "A", "B", "C", "D") and 100, 000 tor the
hemisphere-cylinder test specimens (Tita "E", “F"). The predictod o) -

ure modes were, on the whole, reulized In the tests. (If failure occurs 1

L
in the mismatch it is a "meridional”, It in the mesbrane awny Crom bies

weld land it is "hoop" mode.) It is interculing to note Lhat the mccup-

acy of' predictlon is quite closely norrelated with the amount of wis-

matehs  Plotting the ratio of uctuul to predicted ultimatce pressure:s
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resutte in the Tollowing £ gure (only specimens with estimatod meridlons !t

ﬁﬁlmwfum;MoMmi,fm'Mthsrmume°

1.4 -

TITA Fe

22 |- , A

- -
1.0 L.....---+——"""| ‘ | | |

0 0.2 0.4 06 0.8 1.0

ACTUAL ULT. PRESSURE
PREDICTED ULT. PRESSURE

Fig. 5=3 Shake-Down Effectl

Lhe Lerm shake=down eftecl is used here based on the observation,
during tests, thut creep effects are apparently reSulting In improved
strength ol Lhe mismateh area due to cycling (see Scclion 8). Thus,
For prossure vescels which have experienced pressures up to 90 or 9%
percent of the ultimate pressure predicted by the use of the critericn

(h.2), & strengthening according to Fig. £~-3 may occur.

An alternate way to handle the discrepancy between the predicted
and actual collapse pressures after shake ~down, wbuld be to tind the
value of m ) which, when used to predict collapse, will yield the
actual results. This was done and the results are shown in Fig. 5-L.
It appears that by setting m = 0.75 AR/tw and using this reduced (or
actual) mismatch in connection with the design grephs, an accurate pre-

diction of ultimate pressure after shake-down will be realigzed.




m

ACTUAL
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Fig. 5-4 Actual m at Collapse

.2 Low=Cycle Fatigue

In Ret'. [1] there is a discussion of the type of repeated loading
consldered here; i.e., pressure cycling between zero and a sufficiently
large pressurc to cause plastic deformations in the discontinuity area
and/or in the membrane parts of the shell. A derivation of equations for
predicting low-cycle fatigue based on the work of Manson [4] and Mattavi

was madae, and a est estimate
7l de, and 8 "best estimate"

curve based on this equation is re-
produced in Fig. 5=5. Also shown in the figure are results from the

cycling tests obtained in the present test program.

The test program was, among other things, designed to provide veri-

fication (or improvement) of the curve in Fig. 9=5 in the region 10-100

cycles. To that end the following cycling sequence wus devised:
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1. Bring the cpecimen up to a precssure p  which causes ylelding
2, Cycle x times belween O and p psi

3. Increage pregsure by :Ap and cyele x  times between O
and  Ap + p

k. Repeat Step 3 untll failure occur:s

The rcason for this particular procedure was to reduce Lesting time

and expense to manageable size und stlil get reasonahly pood data.

An unexpected phenomenon occurrved during the testing: there was evidence
of'quite & coinslderable amount of creep during Lhe cycling (sée Sectlon 8
and Appendix B for detai;s). This cqnffonts us with a very complicated
problem vwhich is beyond present analytical'capabilities. (The effect of "
this creep appears-to be veneficial as evidenced by the data of Table 5.1 R
and Figures 5-3 and 5-4.) ' : , 3_ ' S

‘ Inibreparing the test data in a form suitable for the plotting in
Fig. 5-5 the test data were réduced in the manner indicated'below;

If the pressure vessel is subjected to a number of pressure reversals,“_"“_"_"___“_‘!

say nl' reversals at the pressure P at which pressure the nominal life

is N (see Fig. 5-6), then the life ieft in the material is Nj-n, cycles
4 D . . B
[}
P . ,
1
Ny |

) >

4 n, ,

R *

3 Ny L

= N

N3 Np Ny L
Fig. 5=6 g
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In general

or N,

Thus, Bq. (L.5) glves o lower bound for the

the higher "i" 1o, the more sccurate Bq. (5.5) becomes.

The relation (5.5) was
from Table 7.1&‘ (Fage T-2k). Fig. Y=5 shows
with the "best ectimate" of
curve were Zound from Fig. 6-5, m = 1.) Note, for .é:gample, tll_jxa.‘c} at thé
point where the "best eétimate " curve predicts 10 cycles the lower bound

’
N N ' N, N
1 1 b 1
e e (T -l W R B (T S 1.+ see =mn (b.4)
1\].L 1 N? r i Ni+l i+l Nn n
>ng Bpy boeee t nn (9.09)

fatipue 1ife. Nobte tLhat

upplied to data tor test speclmen Tita "A"

a ot of these data, compared

Fig. 9-h. (The values of p in the latter
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Fig. 5=T Cyclic Data for Tita "A"
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proedicts more than 6C eycles. Thus, the "bout estimate” curve scems
quite vonscrvative.  Nobe, Lowever, that the ultimate pressure of the
test specimen 1o higher thon the predicted; the test speelmen scems to
behave, cloge to the fallure toad, as if the actual mismateh is smallor
than the peometrie mismaten AR/tw ; us shown In Fig. G-k, Using the
"etual" mo from Fig. S-b an adjusted "best estimebe" cupve can be de-
vised, ag chown in Flg. Y=7. Note thut evon this adjwsted curve is be-
low Lhi: lower bound, The most accurate poinl on the lawer bowd: curve
is the tailure point, Lhe next most necurate is the point lmmediately
below, 12 eyeles at 1550 psi. This point corresponds te 9 eyeles on e

adjusted "best estimate", and is plotted on Fig. 9=5 as point "A".

The cyclic data for the other tests were treated in the same anner
and the number of cycles at the load levels closest to the failure press=
sure plotted oh Fig. 5-5. The results would hsve been quite'encouragiug,
except for the anomalous behavior of test specimen "D". It should be
‘noted, though, that the abscissa of Fig. 5-5 is the predicted strain;
had the actual strain been used, the "D" points would have been higher.
Note also, that test "D" (and "C"), being critical in hoop tension,
rather than in bending at the mismgtch, are ot subject to the shake-down

effect as much as the mismatch-critical shells.

The results of this exploratnry work on low=-cycle fatigpue pcint out

the need for further, and much more ambitious, work in the field.

N
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Seotion bv

APPLICATIONS

This section swmmarlzes the resgults obtained In the present investli-
pations. The results are presented in the form of a usories of grraphi,
which should enable Llhe practicnl engineer to rapidly estimate oluaslic
and plus,1¢ slresses in weld mismatehes at the Junctures of eyl inders

to cylinders, and hemispheres to hemlspheres.

While designed expressively for the types of shells mentioned above. ,
the desliegn graphs may also be used to estimate, approximacely, elastic

ard plastic stresses in other types of pressure vessel cenfipuraticon:,

6.1 Background Information

Pressure vessels are, tyrically, fabricated from segments of shells
which are Joined by welding (or other methods) tolform the complete structure:.
During this process & mismatch is often introduced. To winimize the obross-
raising effect of the mismatch, and to éompensate for the lower mechanical
properties in the weld, a weld land, i.e., a local thickening of the shell d

thickness is used, se» Fig. 6-l.

Axis of
Revolution

Critical
Point




The critiecal point, 1l,c., the point where failure is likely to 6ccur, is
the Inuside surface of the shell with the larger radius.‘ (Theoretihally,
for unitorm thickness shells, the outside surface of the smaller radius
shell has almost the same stress, however, the exislence of a weld filletl
tends to alleviate this stress somewbat). The length of the weld land is

L, Including a rather long, tapered transition zone.

The analysis method used here is based on the nonlinecar elastic and
plastic theory for shells. Stresces include membrane and bending effects
but exclude stress concentration due to sharp corners. The information
contained here is applicable only to axisymmetric discontinuities in long,

steep, thin shells. These terms will be discussed”briefly.

Long Shell:

. A shell element is'considered long when ‘there is no coupling between
the discontinuity effects at A and B (see Fig. 6-1). This condition
is satisfied when the meridional distance between A and B is approx-
imately equal or greater than the characteristic 1ength Lc of the
shell. Lc is defined as the decay distance of discontinuity
stresses. Linear theory predicts this distance to be approximately
equal to 3 \[ggg . However the results obtained by nonlinear ‘\!
theory [10] indicate that the characteristic lengths of shells
vary with the amount of pressure. This relation is shown in Fig.
6~-2. The pressure effect is a function of nonlinearity parameter
p Wwhich is expressed by

p = D 5 (for v = 0.3)

t
1.2 E N

n

where

p = pressure (lb/inp)

(negative pressure indicates externa) pressure )

E = moduius of clasticity (Lb/ina)




Observe that at o = 0, Lﬂ = 34/R.t which corresponds to the
o oy

linecar theory solutlou.

2.4

2.0 be | (“P)n/z /

VR,

| 1.2 ‘ | / T -1/2
. Q.8 \

~

-1 - 0 1 2 3 4 5
P

Fig. 6-2 Characteristin Lengths of Shells of Revoiution

Jq

For practical use the limitation imposed by Fig. 6-2 may not be
- 8trictly edhered to. It is generally safe to consldev shells
"long", which have half the length indicated by Fig. 6-2.

Steep and Thin Shells

A shell element is considered sut'ficiently thin [L11] when

1.8\/32/tw 2 10

and sufficiently stecp [L1) when

1.8 sin @\,R,_.)/Lw » 1o




Axisymmetr

While the information given here is based on axisymmetric dig-
continuities, it con algo be used for discontinuities extending
only partially around the circumference, provided that this

length is more than asbout flve times Lhe characteristic length |
Lc' For shorter distances, the present results arce usually con- Y
servative, but scmetimes slipht underéstimation may occur [12].

A particular case of lack of axisymmetry which is eminently suited

to be trested by the present methods is shown in Fig. 6=3.

/// ’

’ I//
Y

Fig. 6-3

J

6.1.2 Weld Land Geometry

The weld land configuration family for which the design graphs strictly
apply is shown in Fig. 6-4. The geometric quantities defining this con- :

figuration are the length, thickness, and mismatch, expressed in nondimensional

L/6 — L/3

Fig. 6-3 Weld Land Configuration
6=l
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parameters as follows:

X X
Length P sy L5 SDL 5w (6.1)
Rt
t, 4 }
Thicknegs 1 = = , L =qs1. - (6.2)
Mismatch m = & , Osms<1l . (6.2)
W

% .
The main effect of the weld land length L iz to modify the distzibution

of the mlsmatch moment between the two shells (when L* -+ o each parﬁ
receives one half of the moment, for L* < ® more than one half of the
mismatch moment goes to the larper radius,‘or outside éhéll). This eficct
is Jargely a "ring" effect, i.e;, the added area, rather than the addecd
thickness distribution, is the dominent factor. Thus, for weld land con-
figurations with geometries deviating from the one shown in Fié. 6-3, the
definition of the length L* is changed to the following:

o2 M L N |
BRI €0 B vy (o) .

where A 15 the weld land area as defined in Fig. 6-h. This equation

Ay, ]
- \“\\\\\“\\\\\\\\\

ol

Plane of Symmetry
(Joint)

Fig. 6=4

6=




becomes ldentical to Eq. (6.1) for the configuration shown in Fig. €-3
when the transitlc: 1s expressed as a second degree curve, and- very
nearly identical when the transition radius Ry (Fig. 6-3) is constant.
For a triangular weld land

L

T, [T

’X‘
Eq. (6.k4) reduces to L = 0.9 LARY , which 15 not very much different
from Eq. (6.1) showing the relative insensitivity of this parameter to

rather gross changes in the geometry.

6.1.3 Stresses and Strains

- The stresses comﬁuted‘by the use of the design graphs are total
effective stresses composed of membrane and discontinuity stresses.

The total effective stress is defined as

o =:‘ﬁ2i + cg - O¢Pé (6.5)

where g and % are meridional and hoop stresses, respectively.
This relationship is based on the energy of distortion theory used to
predict the onset of plasticity effects. The theory stetes that yield-
ing in a biaxial field will cccur when the effective stres:s becomes
equal to the uniaxial yield stress of the material.

The effective strain corresponding to the effective stress is

- 2 2 2 .
€ = g‘le(p *eg - e(pe:9 (6.0)

The desipn graphs are given In terms of pressure versus strain, and the

stresses are then found as a funetion of the struin. Both the prossure
6-6
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and the siraln are in nondimensional form through the use of the followling

normalzing factor::

Y " -
}'m = I.f.u R""" poun} (("x.'{)
! 14+ 1n" -n
I : -
- ¢ tu
= = L + S——— (I,H
&, = 5 (L+v) (0.8)

Py is the pressure at which a shell with a uniform thicknens cqual. Lo

tw and no mismatch would collapse at the weld Juncture.

The material is assumed to be titanium 6AL-hV, but any materinl,
with & similar stress-strain curve, i.e., with a smooth transition
between the elastic and plastic region, and with a rractically hovizontal
plastic region (see the.nondimensional stress -strain curves in Fig. 6-23)

can be used.

6.2 Procedure to Obtain Stresses

The following procedure is suggested (and followed in the exatple
problems in thc following sections) to obtain stresses in weld lands with

mismatch.

L. Obtain parametérs required for the solution. These include the following:

o Dinensions of the shell ‘ILQ t, £, D (or Aw)’ AR
e
o Material properties - E, F,  and FP L (in shell and weld), v

o Internal pressure - p

<+ Determine nonlincar parameter g




¢

3. Check the applicabllity of the curves. The shell must satisly the
following criterias

o Long shell: Fig., 6-2
o Thin shell: 1.82 Rr,/'l:w
o Stecp shell: - 1.8 sin ¢ R°/tw 2 L0

The materisl sircees-strain curve must setisfy, approximately, the
following criterila;

“PL

Ftu

1< < 0.70

L. Determine weld land geometrical parameters

o=t/

* L

1" =
JRet‘

L
(or L' = % - L )

t(r-1) ViU

8
]
=%

5. Determine collapse pressure in the membrane area of the shell

t 2
p =F R

m tu
2 V l+112 «n

2 for cylinders

n

n

i

n 1l for spheres

Use the appropriste material strength Ftu .




(.:}'

Dotermine Juneture collsapse ppessure for no mismateh

1

for cylinderscylinder juncture

o) H
no: o= tor hemlophere~eylinder juneture

Use F{u For the weld,

Determine normalizing strain

€ =

o Fiu
- (1+ —
y =3 On) g

. N .
Find appropriate design graph for the ¢ and L  values of Step. .

Key to the figures:

% Figure Number

Cylinder-Cylinder Hemisphere-Cyl|nder o o \J
A AllL o 6-5 N 6-14 ’

1.5 . 6-6 6=l o

1.05| 30 B 6-16 ?
b ' 6-8 6-17 A !
6 6-9 6-13 ] 1
=T 6"5 il :
1.9 6-10 =19 K
3.0 6=-11 : H=DD E
1. i}() l‘ . ') 6‘12 ‘ 6"1' o ) i
O 6-13 ‘ e ) ‘
=T 6=4 G-th 5

-, -

Enter the figure with p/pm and m , anl vread straln ¢/ ey (or

enter with stroln and m , and rewd pressweo ;:/;fm). Inter; ointdone

6=9




*
between charts for «+ and L 'may be nccessary, If so, use linear
interpolation.

9. Enter Fig, 6-23 with strain E/Ey and rend stress c;/F+u and recldual
straln ¢ /e .
"/

10, Enter Flg. 6-24 with m and ER/Ey and read reslidual gtress ER/FLu .

Note that approximate solutlcns to other than the above Junctures, or
to external line lcads in additlon to fnternal pressure may be obtained by
Judicious application of the graphs. For example, the curves wlll be exact
for mismatch in the Joir.s "1" and "2" (see sketch) in a conleal pressure

vessel if the radius R2 is used instead 6f'the eylinder radius R.

Spherical Surface

< Jomtv1 ' Joint 2
Joint 3

Joinf 1 is analyzed by the use of the cylinder-cylinder curves and joint 2

by the use of the hemisphcre-cylinder curves. Joiht 3 may be¢ analyded approx-
imately by finding the appropriate factor n at the‘juncture and then proc-
ceeding by the use of eqniyalent mismatech factors in a way similsr to the

one outlined in Section 4 for solving problems involving external support loads..

63 Example Problems

The followiny; examples of direct use of *he design graphs are given:

Example No. 1l: Stresses in a cylinder-cylinder juncture with
mismatch

Example No. 2: Stresses in a hemisphere-cylinder Jjuncture with

mismatch

6-10




Cyltinder-Cylina J

Gool Broaple Problom No, L

Two cylindelenl shetl sepments are welded Logothier, with v oismn o

ar Shewn s The rteacture 1 gubjected Lo a prescure of hoo fenle The ooow

monts are made of titaniuwm slloy T1-0A1-4V.

0.70 —+{0.35 | ' ‘ o

'/

Wcl.d Land
Q050 Detail

0.030 | : | N

f 210

Determine

o Maximum stress at p = 400 psi

L
0 Collapse pressure ‘
ot ) p
Solution ]

1. Puramcters rcquirved tor the solulion:

b-11

T
o p gt Mg
A o, .

oy e - Y




[ Cylinder-Cylinder |

R2 = l2_1n.

t = 0.040 in.

t = 0.050 in.

W

L = 2.10 in. :

MR = 0,030 1n.

E = 17X lO6 psi
F,, = 160,000 psi]
in shell
FPL = 120,000 psis
-F,_ = 120,000 psi
tu in veld
FPL = 90,000 psi
v = 0.3
p = LOO psi
2. p = “02 —7 - 1.76 J
(1.2)(17x10 )(94-3
12 ;
3. Applicability of curves
o Long shell
: : L
From Fig. 6-2 S = 1.30
3 R2t

L, = (1.30)(3)1J(12)(o.ou) = 2.70 «< 20

o Thin shell

12
0.05

(1.8) = 27.9 > 10




¢

[cativtimryiin -]
o Steep shell
(1.8 (ein 90 o 0) S s I B4
o Stress-sbealn curve

L 2o, Go
¥ 160,000 T
1

O in shell

1.
Fop, | L0
FooT LG,000 T o Invie
L1

The above results fudicate that desipn curves e applicusie,

Lk, Weld land paramcters

- O'U'J - f)‘l

TS Cooh - beew
* AT . . \
L =2 —/— = = 3,04 (utzu 3.00,

J(12) (0. 0h)

U030
m = === = (60
0.050 ¢

0. Olt 2

= ulopod
il L

CRE (menmbrane ) = (160,000) ——

6. Py (120,000) RN = 57T poi

(Smaller then pm("‘e'“br‘am«'); henee weld land eritical even with ne gt

Yoo
p/pm = -STT-- 0.693

f. & = % (1.+0.3) 20,000 = 0001

(17)(107)

.x n
8. T &= ,Lo:)'), L & 3 . thr,, 6-7
Fram Flg., (<7, witn 1'/}’, = 0,093 and o G603
1]

e/: SR




[Cyll‘j.nd(‘: r-Cylinde 1‘1

9. From Flg. 6=23 with, E/Ey = 1,h2;
5/1?tu = 0,970, o = (0.970)(L20,000) = 116,400 psi

e/ Ey SN

10. From Fig, 6-2h4, with ER/Ey = 045 and m = 0,60;

op/Fy, = 0.175,05 = (0.175)(120,000) :+ 21,000 psi

Step 8 is repeated for collapce pressurc determination. Assume that maximum

elongation for the weld material is 1.2%

8. (Repeat)

i - 0.012
€/ ¢y = 0.00612

1.96
From Fig. 6-T with ;/;y = 1.96 and m = 0.60;

p/pm = 0.760 : | .

p = (0.76)(577) = 438 psi (collapse)

(See also Example Problem No. 2)

6-14
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Solution ' .

Homb e pheve=Cy tieto !

6r.3.0 Example Problen No, -

Qre off the aspherical ends on Lhe pressure verscl of lvoblem No. |
hns o mismateh off 0,000 inch,  The weld land goomebey Ie Lhe same an In

I'roblom No. t,

Doetoermine
o Maxbhmum strece and number of eyeles to failure al. p = Loo si

o Collapge prescwe

1. :Same as Problem No. .'l.,' cxcept AR = 0,040,

2. Same ai Problem No. 1

3. Same as Problem No. 1

£

L., Weld land parameters

. 0.0 "
TE ooy o _ '
* 2.10 :
L = = 3,03 (use 3,0)
J(l{?)(r_).ou)
0. 0k0
S wri 0.80

Y. Membrane ‘pm

0,0 ¢

o Cylinder: p (membrane) = 160,000 —tee = (LY pol
‘ m Le ﬁ? o

O, Ol 0 )

o Sphure: ||m(momhNlﬂ(’:) 100,000 ——— ST et
' 'J T4 1=l




[ Hemisphere =Gyl inder

0.05 0

P = (5Y psl
0 N140,.25-)LY

(Lerger than pm(membrane), hence weld land not critical for no mismatch)

6. p = (120, 000)

L oo -
P/Py = 7o = 0.530
T. e = % (140.3) _122;2%2 = 0,00012
' (17)(107)

8o T = 1025, L = 3 - 1“.].8;0 6"’16

i

From Fig. 6-16, with p/pm 0.530 and m = 0.80:

/e = 1.80
e/ey

9. From Fig. 6-23, with E/Ey': 1.80:
= S/Ftu = 0.990, ¢ = (0.990)(120,000) = 118,800
eg/e, = 0.83
10. Prom Fig. 6-24, with ER/Ey = 0.83 and m = 0.80: .\1

ER/Ftuw G.295, 53 = (0.295)(120,000) = 35,400 psi

Step 8 is repeated for collupse pressure determination. Assume that maximum
elongation for the weld material is 1.2%.

8. (Repeat)

< - = - . (
e/e, = grooo1s = 90
From Fig. 6=16 with E/Ey = 1.96 and m = 0.80:

IVlmlLthbh, p o= (0.80)(TH5) = ho8 pol  (collapse) K

6=16




[Tﬁ;usphoro-Cylinder]

Compare thils collapge pressure with that of Problem No. 1. The critical
point in the pressurc vessel is the hemispherc-cylinder juncture, and the

pressure ve.gel will fail there at a pressure of about h08 psi.

The numbcr of pressurc cycles to cauge failure et 400 psi can be predicted

approximately by using the information in fecetion 5, as follows:
a. (Refer to page 5.9) m(actual) = (0.75)(0.80) = 0.60 i
b. From Flg. 6-16, with 1/p_ = 0.530 and m - 0.60 : E/Ey - 1.30
c. Calculate ratio of applied to ultimate strain. (See also step & Repeat)

1.36/1.96 = 0.663
d. Caiculate equivalent strain for uwse with Mig. 5-5:

5/7.3y (Fig. 5-9) = (2.6)(0.663) = 1.7

e. BEnter Fig. 5-5 with ‘E/Ey = 1.72 and read cycles to failure from the
top dashed curve:
Cycles to Fallure = 50 (at p = LOO psi)

Note: This is a tentative figure based on the results of the particular
test series described in SeétionAS-S.' Large deviations mey be expected

from this figure, and the above procedure is only included here as a

suggestion for possible application of the results of Section 5.
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Section T

EXFERIMENTAL PROGRAM

T.1 Introduction

Six titanium specimens having simulated weld land mismatehos were
pressurlzed for purp ses of comparison with Lhcofetlcally predicted
behavior and to experimentally develop low-cycle fatigue data. 1In each

- case, extensive strain gage data wau taken in the vicinity of the mismatch.
‘Cycling of the pressure.in the plastic range of the materlal was perf{crmed
on all specimens, and strain data on cycles repeated to the same pressure

was obtained. Five of the six specimens were pressurized to failure.

Four of the specimeis (Tita "A" through "D") simulated mismatches
between two nominally identical cylinders. Tita "E" and "F" each repre-
gsented a mismatch between a cylinder and a éphére, both having nominally

the same diameter.

The'stress gradients in the vicinity of such misﬁatches are very
steep, so that it was clear from the start that exact numerical correla- . )
tilon with theory, at any givén strain gage site and pressure, would be s J
impossible. The ten sLrain gages used on each specimen were therefore
afrangéd aiong‘a meridian so as to show the characteristic peaks and grad-
jents near the mismatch. Even for this to be successful, the geometry
of the mismatch had to be clean and well defined. The mismatch was there-
fore‘obtained by careful mach@hing of a thicker blank, rather than by
actual.welding. ' _ %:‘ . ’ . i ‘
. : | ,

Section T is divided into the following subsections:

7.2 Description of the Specimens and Their Manufacture. e ]
7.3 Instrumentation and Test Details.

7.4 Data Processing and Presentation.

Five photographs of the tested specimens are located in Sectlion 9, at the

end of this report. All strain data tables are presented in Appendix B.
; 7-1 }




7.2 Desertption of the Spectmons und Thelr Manufacture

.l Matbarial

All speceimens were made of OAL=-HV titanium. 'The blanks for both
the cylinder-cylinder speedmens and the ceyllander-hemisphere specimens
were forged by the Vking Forge and Steal Company, Albany; Calitf'ornia,
and recelved wltrasonic Ingpection to a 3/64" standard £lat boltom holc.
The chemical analysis suppliced by Viking Torpe shows Lhe Tollowing chem-

~leal compogitlon:

Aluminum = 6.00 %

Vanadium  3.88

‘Nitrogen  0.009

Oxygen . 0.13

Hydrogeq” 0.0011 - R

Iron 035 | o o
o _ : : Carbon ~  0.021 V

Titan‘.ium to 100% .

In the anngaled, forged énd stress relieved cdndition, Viking reports a
0.2 percent“qffset yield strength of 128.6 ksi, fourteen percent meximum s \
elongation and an ultimate strength ranging fr m 142.% to L70.0 ksi. N

The cylinder-cylinder specimens (Tita "A" thrpwgh "D") were machined
from'forged rings having an 0.D. of 10.25 inches, é-wall thickness 6E~0.5
inches, and a length of 9.75 inches. The extra length was used to provide
matertal for test coup ms (macﬁined from the blank after heat treat).

The cylinder-hemisphere gpecimens were machined from solld forged cyiin-
drical'billets,‘and coupons were taken from the corners of these billets. ;
The solid billets were rough-machined to an outline approximately 0.5 o
inches thick and containing,the finlshed desired cross-section of the

specimen. : : : ' RS l

T.7.2 Solution Treatment and Aglng

The six units (all having an approximate uniform thiciness of 6,0

inches ) were then solution treated and aged. This conclste ol a4 senk at

)
hadd




17(%&? for one hour followed Ly a water guench (solution treatment), then

aping for four hours at 95()01«".

T.2.3 Finlsh Machlining

The {inal machining was done In four ctages on ali specimens. In
stage #1, approximately 0.1 inches of materlal was removed from the lnner
surface of Lhe blank. In stage #2, sbout the seme amount was removed from
the outside surtace. In stage #3, the innide was finished to the final
dimensions (requlring the removal of about 0.1 lnches more of material
thickneps). A cloge-f'itting hard-wood mandiel was then inserted inside the
specimen, and in ctage #4, the outuide surface wap finished to the final
dimensions. Figures 7-1 through 7-6 show the cross-sections of revolution
of the six specimens. The dimenslions given in these figures vere machining
" .goals, and are not necessarily the finished dimEnsions) though the difference
between these two was quite small. Tables T. 1, 7 2 end T.3 list the fesults
of thickness mappings done on Tita "A", Tita "E" end Tita "p", respectively .
As can be seen from these tebles, the circumferpntial variation in thickness
"is usually less than plus/minus 0.001° ‘inches.

The successive removal of meterial first from the inner then outer
~surfaces was intended to minimize ovalizingfind circumferentig;{thickness_
variation which can-occur due to residual stresses. The removal of‘material
from one surface (in stege #1) inevitably causes ovalizing of the unmachined -
surface. But this ovalness is machined away in stege #2. While stage #o is
..in process the once true surface of stage #1 isAbedoming ovalized, but -‘to a '
.much lesser extent. ‘This ovalness 1s eliminated in stage #3 which in turn
may ieave an ovalness of even lesser order to be machined away in stage #4.
Each time & surface is machined, it ends up true at the expense of the other
surface. But the less materiai there is left, the less residual stress there
is %o cause further ovalizing. For once, the Law of Diminishing Returns
" works in our favor. Final “out—of-foundness" was never move then 0.005 inches,
compared'to'figures ten to twelve times larger in a previous similar test
program [1] where the inner-outer technique was not used. 'Circumferential
thickness variations were also far beﬂter then in the previous program, for

obvious reasons.

b -
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7.2.4 Test Coupons

Seven test coupons were taken from the rough-machined blanks after
solution treatment and aging. Those taken from Tita "E" are lebelled S-1, |
5-2 and S§-3. Those taken from Tita "A" are marked "C-1" through "C-L". |
The outline of the test coupons is shown in Fig. 7-T. An accuraﬁely re- o
traced stress-strain curve for specimen 5-2 is shown in Fig. 7-8. This
figure also includes a teble summarizing the principal test results for

8ll the specimens.

Tests on these coupons were run on & screw-driven universal test-
ing machine at a strain rate of approximately .005 percent (strain) per
minute. Strain was measured by means of two back-to-back foll gages in-
stalled at the specimen's minimum cross-section. These gages were .062d ' S

inches square, and were wired to read the average axial strain.

7.2.5 Closure Hemispheres

Three additional solid billets were machined to form clcsure = " ) J
hemispheres. These hemispheres had & varying thickness, being 0.5 inches
thick at the crown and tepering gradually and smoothly to the same thick-
ness as that of the pilece to which it was welded.- After a test, the
hemispheres were sawn off and their open end remachined to the proper
thickness and flatness for rewelding to the next test specimen. A 9/16
inch hole at the crown of these hemispheres served to allow pressuriza-
tion and passage of electrical conductors for use on the two internal :

strain gages.

The welding of the closure to the test specimen was done by meens ‘ '”_ i
of an electron beam welder. For this operation, the closure was mounted S
onto a jig which made it possible to rotate the assembly about its axis
inside the welding chamber. A weld land of et least .150 inch thickness

T-13
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was provided on each specimen, and no difficulties were encountered In the
welding of these thicker portions. The saw cut following the test was made
to fall at the center of the weld.

T.3 Instrumentation and Test Detalls |

7.3.1 Strain Gapes a;id Their Recordingt.

Ten strain gages were installed on each specimen, two of which were

ingstalled on the inside surface.

The numbering system and. relative locatlons of the strain gages is
the same in all tests, and is shown in Figs. 7-9 and T-11. It will be noted
in these figures that thevexact distance from one gage to the next varies
from one test to the other, and this is because the'Vaxiatidns in_geometfy

made these changes advisable.

Thesé figures also‘supply the actual thicknesses measured in the
. vicinity of the strain gage sites, and giVes'the‘widtthof'the simulated
weld lands, weld land trensitions, and weld peads;’as well as the actual .

mismatch or offset in each case.

Note also that from Tita "E" to Tita "F’ there is a reversal in the
directitn. of the gage numbering (from left to right).  This was done to
preserveithe relative positions of the gages and because the larger dlae ‘ ;
ﬁ  metered member was of more interest from th: standpoint of strain measure-

ment.

While these diagrams are essentially to scale, a few dimensions were
distorted to avoid the need for a fold-out sheet. All distorted dimensions

are marked by an asterisk.

Where a transverse (circumferential) gage is shown coupled with a
longitudinal gage, & T-rosette was used, with their elements about 0.10

inches apart (in the circunferential direction only).

T=16 ' ): i
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Gages used woere- epoxy-backed constantan foll, having six parts per
million per degree F temperature compensation and 1/16 inch gage length,
whcfhor rosette or single elcment. The uurface of the titanlum wag first
depgreaced with successive acetone swabbings. A quuck wipe with a dilute
etchant (1.9% H¥, 30% HNO,, 68.5% H, ) wvas folli¢eed by swabbing with an | l
ammonlated neutralizer. The ccment used for bonding the gages was WiLJlam

T. Bean's epoxy “RIC Fix-Mix" which requires an ) our's cure at 140°F .

The pages were shunt calibrated, with the usual corrections appliled
for lead registance and for any shunt resistors needed to balance the bridge.
The straln gage signals, along with that of the pressure trarsducer, J
were measured and recorded by a Hewlett Packard 2445 Series Data Acqniqition
System (DAS). The DAS consists of a cross~bar scanner which selects the
gage to be read, an integrsting digital voltmeter (reading to one microvolt
accurecy ), and two recording devices in parallel: One, o printer which puts : L
‘thé data in digital form on a tgpe*for test monitoring purposes, and twq, a

perforated tape punch so that the data can be p.ocessed on a computer.

To cbtain strain data in engineering units, theJﬁC»bridge Voltége is
set at approximately two. The exact voltage is set with a finely adjustable
control to produce the desired number of digltal counts upon application of ' .d
a preeision calibration shunt to.the gage . ‘

The largest source of inaccuracy in the systeﬁ is the manufaéturer's
stated precision of the gage facior (plus/minus halﬁ a percent). The re=
solution and repeatability of the system is one miérostrainf This fact is

" niade amply evident from f.he strain tébles 'wﬁich are discussed further on.

'The external array of gages is visible in Fig. 9-2 which shows Tita 4 K
"B" after test. B ' o |

T-3.2 Pressure Measurement

B

Pressure was measured by two indepéndent devices in parallel with

the pressure line into the specimen. One of these was a Teledyne Model

206-8A strain gage bridge pressure transducer with a range from zero to
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2000 psi, and the other was a Heise precision dlal gage with the same range
and a resolution of 2.5 psi. The Teledyne gage was cornected to the above
mentioned DAS, and the bridge excitation was adjusted to produce one couat
per psi of pressure.

7.3.3 Pressurization Device

Hydraulic pressure was obtained from an electrically driven hydraulic
power supply, and controlled by a Research Inc. “"Servac" unit which in turn
controlled a Moog Series T3 servovalve with a two gpm capacity.

A ramp voltage generator also capable of holding a constant voltage
 at any desired level, was used to supply g‘command voliage to the Servace,
thus assuring smooth pressure increase with no overshoot at the pressure

plateaus.

7.3.4 Test Procedure - Preliminary

Prior to geging, the specimen thickness was systematicélly mapped _
(see Tables T.l through T. 3). The strain gage array (falling entirely on J
one generator) was placed in the thinnest region. '

Thickness mapping was done with a sheet metal micrometer having &
vernier ‘scale reading to .000l inches, but on curved and non-rectilinear
profiles the accw'acy of the measurement is more probably plus/minus .0005
inches because of uncertainty as to the micrameter alignment end placement.

After closure welding, strain gage installation, and connection to
the hydraulig power supply, all air wes bled from the system through a T=
fitting right at the specimen connection, and the specimen was installed
inside & section of thick-walled pipe for personnel prétection.

Pressure was applied in a series of steps, with the pressure in-
crease between the plateaus being smooth and gradual (about 100 psi per
minute) The plateaus (on the pressure vs. time record) were set at nome
inally 100 pei increments (50 psi for Tita "A"). Strain end pressure

readings were tsken et these plateaus while the pressure was being held
T-21
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constant. After reaching the third (ascending) plateau and taking readings
at thie level, the pressure was returned to zero, at which time a full data
scan was again taken. On the next cycle, the first (lowest) plateau was
set at the level of the second plateau of the previous cycle, so that the
highest plateau of each cycle was one pressure increment higher than the
highest preegsure of the previous cycle. Each cycle thus consisted of tak-
ing strain readings at three pressures, followed by a reading at the re-
turn to zero. The pressure increments between each reading (on each cycle)
were nominally equal. The reason forr this loading ydttern was to ldentify
the onset of yielding and will be more apparent afcer reading the section
on Data Processing (Section T.k4).

1
N

\
By

T.3.5 Repeated Cycling

. In this test program (as opposed to the work described in Ref. 1),
the cycling of pressure to a given maximum pressure was repeated, in soﬁé
cases up to 100 times, as a means of investigating low?cycle fétigue
characteristics. The riépeated cycling prgcedure“waé not initiated until .
the several strain gages "on the specimen indicated that significant plastic

behavior had occurred.

Once the repeated éycling was initiéted, strain readings were no
longer taken at every cycle. The general rule fbllowed was to take read-
.ings at three pressure steps (as described above) and upon return to zero
pressure for. the fifst, fifth and tenth cycle of a group of repeated cycles,
all having hominally the same peak pressure. The readings being taken
at three pressure‘steps is an essential part of the‘computer data‘process-
ing, but on cycles where no data was "read" (or taken), the specimen was
broughkt smoothly uﬁ to the‘peak pressure, then returned to zero pressure.
Such a cycle (with no readings) t ook approximately one minute - slightly

less at the lower pressures, slightly more at the higher ones.

The strain data tables (Appendix B) show a left-most column headed
"reading". Tidis word was chosen Lo avold a terminology confusion with
the word "cycle". In thius case, they are in fact synonynous, but the

distinction 1s made because once the repeated cycling procedure is
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initiated, the reading number no longer corresponds to the true cycle number
(experienced by the specimen). This is, of course, because "readings" were

not being taken at every cycle.

To assist the reader in keeping track of true c&cles and their
corresponding reading numbers, and to provide an immediate apergu of the
low-cycle fatigue program for any given specimen, a "Cycling Chronology"
(Tables 7.4 through T.9) is supplied for each test specimen. Since these
relate to procedure they will be discussed here.

7.3.6 Cycling Chronologies -

The first column of these tables (7.4 through T7.9) gives the "reading"
number which appears in the strain gage data tables (Appendix B). The
" computer prints these serially, and 1t would have required elaborate pro-
gramming (for each specimen) to gét it to print the true cycle numbef ‘
(henceforth, Just “"eyele"). '

. The second column supplies the corresponding cyclé number, which is
‘the'numbér of cycles?actually experienced by the specimen. Parentheses
are uséd throughout the table to distinguish cycle number from reading
number. The number in parenthesis is the cycle number in every. case.

The third column supplies the pedk pressure to which the specimen
was repeatedly cycled - for that group of cycles. BEach such group is re-
presented by a single line in the table.

‘ For some groups, additional data readings were taken at some of
the intermediate repetions within the group. The reading numbers and
their corresponding cycle numbers (in parenthesis) are given in the

fourth column for these intermediate readings.

The column at right gives the total number of cycles for that group.
The cumulative subtotal (for any line) of cycles in this column corres-

ponds to the highest cycle nunber cited in the second column (for that
line ) .




- Table T.h

TITA "A"

CYCLING CHRONOLOGY

READING (S ) CORRESPONDING  MAXIMUM STRAIN MEASUREMENTS NUMBER OF
LABELLED TRUE TO CYCLE  PRESS. ALSO MADE AT READ- CYCLES AT
(on strain NUMBER (S ) (OF GROUP) INGS (CYCLES) MAX. PRESS.
data tables) P.S.I1. LABELLED SHOWN AT LEFT
1 thru 12 (1 thru 12) | 950. T 12
13 thru 1T (13 -thru 23) 1000 - 1h(1k), 15(16), 16(18) 11
18 thru 21 (24 thru 34) 1050 19(25), 20(29) 11
22 thru 25 (35 thru 45) 1100 .23(36), 2l (Lo) . TS
26 thru 29 (46 thru 56) 1150 o er(kr), 28(51) - 11
30 thruu33 (57 thra 67} 1200 - 31(58), 32(62) : o ‘
553& thru 37 . (68 thru 78) | N1250 | 35(69); 36(73)\ :  ,11
38 thru L1 (79 thru 89) 1300 39(80), Lko(8k) w 11
; i2 thru bs (%0 toru 100)  1350 k3(91), uu(95)" ' 1
46 thru 49 - (101 thru 112)  1koo “y7(102), 48(106) n !
50 thru 53 (112 thru 122) 1450 51(113), 52(117) - Sl \l
54 ;hrﬁ 57 (123 thru 133) 1500 55(124), 56(128) 11
Yo Data (134 thru 1hk) 1550 (135), (139) 11
oo ‘ (1&5) 1580

*1. In this elastlc range, strain measurements were made at 50 psi increments 1
from 300 to 950 psi, with & return to zero after each set of "Jagtep roadinﬁs".

3

*2, Cycles 134 through LL4Y were performed on the following day. Strain data hed ‘
: drifted badly overnight and no good zero strain datum remained, so no strain
—" 5 - measurements were taken during this set of cycles, hence no reading numbers.

Failure was in longltudinal tension (due to bending). Feilure line followed
center ¢f mismatch all the way around the cpeclmen.
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READING (S )
LABELLED:
(on strain
data tables)

1
2
3, baog
10, 14 & 19
20, 2l & 29
30, 34 & 39
4o, b & 49
50, 54 & 59
60 |

CORRESPONDING
TRUE TO CYCLE
NUMBER(S )

*1

Table T.5

TITA "B"

CYCLING CHRONOLOGY

MAXIMUM
PRESS.
(OF GROUP)
P.S.I.

1300
1400
1500
1600
1700
1800
1900
2000

2000 *k4

STRAIN MEASUREMENTS
ALSO MADE AT READ-
INGS (CYCILES)
LABELLED

*2

*3

NUMBER OF
CYCLES AT
MAX. PRESS.
SHOWN AT LEFT

1
1

T
10
10
10
10

10

*1. Tape punch malfunctioned resulting in no computer processing of data.
Printed tapes are submitted as data instead, with true cycle number
added to data by hand (see text).

%2, Strain measurements made at 100 psi (nominal) increments from 100 to 1200
psi, with no return to zero pressure between measurements.

%3, Strain measurements made at 1200 and 1300 psi with no return to zero between
meqsurements.

*4, 2000 psi pressure was held for 80 minutes end strain measurements were made
at 5 minute intervals.

Specimen was not taken to failure.




Table T.6

TITA "¢"

CYCLING CHRONOLOGY

READING{S) CORRESPONDING AXIMUM STRAIN MEASUREMENTS NUMBER
LABELLED:  TRUE TO CYCLE  PRESS. ALSO MADE AT READ~ CYCLES AT

(on strain NUMBER(S ) (OF GROUP) INGS (CYCLES) MAX. PRESS.
data tebles) P.S.I. LABELLED SHOWN AT LEFT
1, 2 & 3 (L, 2 & 3) *1 ‘ 3

4 thru 6 (4 thru 13) 1500 5(8) ‘ 10

Tthru 9 . (14 thru 23) 1600 8(18) 10

10 thru 12 (24 thru 33) - 1700 11(28) | 10

13 thra 15 (3h thruw 3) . 1800  14(38) o .10

16 thru 18 (44 thru 53) ‘ 1900 17(48) - 10

19 thru 21 v.(51'+4thru 63) 2000  20(58) | _ 10

22 (64) 2100 ¢ |

%¥1. 1200, 1300 and 1400 psi, respectively.

%2, Specimen failed at 2100 psi immediately following the scanning of date at
~ this pressure.

Failure was in circumferentisl tension.
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Table T.7
TITA "D".

CYCLING CHRONOLOGY

READING(S) CORRESPONDING  MAXIMUM STRAIN MEASUREMENTS NUMEER OF ‘
LABELLED: TRUE TO CYCLE PRESS. ALSO MADE AT READ- CYCLES AT 1
(on strain NUMBER(S) (OF GROUP) INGS (CYCLES) MAX ., PRESS. :
data tables) P.S.I. LABELLED SHOWN AT LEFT

1thru5 (1 thru 5) 1600 *1 5

6 thru 8 (6 thru 15) 1790 7(10) 10

9 thru 11 (16 thru 25) 1800 *2 10(20) 10

¥1. 1000 to 1600 in 100 psi increments (return to zero after each increment).

*2, Specimen failed imnediately after the scanning‘of data at this pressure.

Failﬁre was in circumferential tensicn. J
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READING (S )
LABELLED
(on strain
data tables)

1 thru 3
4 thru 6
T thru 9

10 thru 2%

CORRESPONDING
TRUE TO CYCLE
NUMBER (S )

(1 thru 10)
(11 thru 20)
(21 thru 30)

{31 thru 130)

Tuble 7.8

TITA "E 1"

MAXTMUM

PRESS.

(OF GROUP)

P.S.I.
1600
1700
1800

1900

*1

CYCLING CHRONOLOGY

STRAIN MEASUREMENTS
ALSO MADE AT READ-
INGS (CYCLES)
LABELLED

2(b)
5(15)
8(25)

11(35), 12(ko) -
13(45); 14(50)
15(55), 16(60)
17(65), 18(T0)
19(75), 20(80)
21(90), 22(100)
23(110), 24(120)

2s(130)

NUMBER OF
CYCLES AT
MAX, PRESS.
SHOWN AT LEIT

10
10
10

100

#1. Tita "E" failed on true cycle number (131) during which the goal was to

atbain 2000 psi.

obtained on cycle 131.

-Failure was in circumferential tension.

The specimen failed at 1940 psi, and no str

ain data was




READING(S)
LABELLED:
(on strain
data tables)

1

2 thru b4

5 thru 19

20 thru 25

26

*1,

TR T T TR w—w95—" - T

CORRESPONDING
TRUE TO CYCLE
NUMBER (S )

()
(2" thru 10)

(11 thru 210)

(211 thru 310)

311

Failure was in longitudinal tension (due to bendingj.

Table T.9
TITA "F"

CYCLING CHRONOLOGY

MAXIMUM STRAIN MEASUREMENTS NUMBER OF |
PRESS. ALSO MADE AT READ=- CYCLES AT
(oF GROUP) INGS (CYCLES) MAX. PRESS.
P.S.I. LABELLED SHOWN AT LEFT
1200 1
1300 3(5) 9
1400 6(15), T(20), 8(30), 200
9(40), 10(50), 11(60),
12§70), 13(90), 14(100),
15(110), 16(120) 17(1i30),
18(150), 19(210)
1500 21(230), 22(2k0) 100
‘ 23(250), 2&(260)
‘ 25(310)
1600 ** 1

followed center of mismatch all the way sround the specimen.

Specimen failed 1mmediately upon completion of taking data on true cycle
number 311. Pressure was already decreasing preparatory to taking a
"preturn to zero" reading when failure occurred.

Failure line




For Tita "B", the tapcepunch malfunctioned, and it was not posslble
to process the data by computer. The printed tapes were edlted and pasted
onto the data sheets to prcovide the reader with the raow data (which is
yuite close - numerically - the normally computer processed data ), Since
the blocks of data had to be labelled, the correct cycle was marked on
cach group of recadings, and so the "reading ve. cycle' dlstinetlon needed

in the other tests 1s superfluous.

7.4 Data Processing and Presentation

T.4.1 General Gouls and the Approach

The baslc purpose of the loading sequence and data.processing wag to
recognize and emphasize the onset of yielding, and to make it possible to
differentiate between nonlinear elastic tehavior and nonlinearity due to
plastic stress. The key to this lies in beingfable to measure strain at
exactly the same pressures on successive loading cyclés, where each cycle
progressés to some pressure level higher than the preceding cycle. The
problem was to take measurements at exactly the same pressure, for purioses

of .comparing strain. The sblution was to take'strain readings at several
A'pressures'on each cyqle, and to set these pressures so that their values
overlapped and gradually increased from one cycle to the next. If the in-
érement of pressure'between‘successive strain measurements (on the same
cyrle) were not too 15rge, if would then be possible £o interpolate to some
"exact" pressure value for each dycle. Because of the overlapping of act-
ual pressures in the data taking on successive cycles, there could be over-
lapping, or more correctly,‘coincidence, of the intérpolated "exact'

pressure values from one cycle to the next.

7:+4.2 The Data Interpolation Technique

Although this data processing is called the "Data Interpolaticn

Pechnique", it should be pointed out that in some cases the data is in
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fact, extrapolated. The caleculatlon process 18 handled by & Tymahare

computer. The punched tape from the data acquisition system is "read-in"

at the Tymshare consolc, which then prints out the strain tables presentcd
in Aypendlix B, after addltional test parameter information lhas been supplied.

The difference between lnterpolation or extrapolation is merely one of slgn,

which ls handled automatically by the computer program. So that the reader oo
18 not foreed to rofer Lo the perhups less sccesslble appendix, a sample ;
J

set of data ic included herc for eapy refercnce (Table T.10).

T.4.3 The Strain Data Tables

The f'irst strain column in these tubles (for cach strain gagc) is
headed by a- "zero", which of course refers to pressure. Values listed in
this column are the fesidpal strains accumulated from previous cycling.
 Attention is drawn to the fact that a zero pressure value listed for the A ‘ .
reading numbered "n" was a value cbtained upon return to zero (pressure) '
. immediately following the set of readings (at pressure) labclled "n - 1".
This is of some significance where extra éycles (with no strain readings)
are added between the readings labelled "n - 1" and "n". For the rveader
who 'skips, the above reference to extra cycles (with no strain readings) { !

will be clearer if Sections 7.3.5 and 7.3.6 are reviewed more caretully. d

The first reading in this zero pressure column is alwa,s zero,
which is the initial zero strain datum. Other zero values in this column
(1f they occur) do in fact mean that the strain returned to its initial

zero value. As at other pressures, it was necessary to ektrapolate to
zero pressure. The system never completely dumps all pressure, and
"return-to-zero" pressure réadings'are inevitably taken at some pressure

- yalue slightly sbove zero. In this case, the extrapolation is based on
the siope of the pressure-strain line to the loﬁest pressure at which

strain readingé were taken. ” S _ : o ]

The cingle zeros in all columns except the first column signify
that no data was taken at that pressure and on‘that cycle. With the

acute hindsight so commonly found ur'ter all the work is done, it is
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Table 7,10 SAMPLE: STRAIN GAGE 1 READINGS FOR TITA A
READING INTERNAL PiTS5 Ik POT
a 300 350 2,010 ns0 590 550
MICRNSTRAIY : .
1 0 =1163 -1377 -1513 0 0 0
2 -32 0 -1339 -15812 -1572 n n
3’ -28 0 n ~1514 -15H2 - 1849 n
4 -14 ] 0 ] ~1A5 ~1850 2010
5 =18 0 0 0 0 ~1850 -201%
6 -16 ] 0 0 0 R 2015
7 -16 0 0 0 0 0 0
8 -20 0 0 0 0 0 n i
9 -11 0 0 0 0 0 n i
10 ~74 0 ] 0 0 0 c |
1t -15 0 0 0 9 0 0
12 -14 0 0 0 0 0 9
13 -3 0 0 0 0 0 0
14 -24 0 - 0 .0 0 0 0
15 -37 0 0 ) 0 0 0
16 -40 0 0 0 v} 0 ]
17 . =43 0 0 0 3] 0 a
18 -9 0 0 0 .0 0 0
19 =90 0 0 0 Q 0 0
20 0 0 0 0 0 0
: 21 . =83 c 0 0 0 0 0
a2 -100 0 0 o. - 0 0 ) <
23" -117 0 ) 1) n 0 -0
24 -125 0 0 0 0 0 0
25 -153 ) o 0 o Q 0
25 -173 0 0 o 0 0 )
27 L -199% 6 "0 0 0 o 0 !
28 -22% . 0 0 0 0 0 0
29 -257 0 0 0 0 ) 0 :
an -26% 0 0 .0 0 0 0
31 =334 0 0 0 G 9 5
3% -347 -0 0 0 0 0 -
33" 424 0 0 0o . 0 2 0
34 -504 0 .0 0 e 0 n
35 . =612 0 0 ) Q 0 0
h 36 ‘ 0 0 4] 0 0 0
7 -725 0 0 C ) 0 9
38 -793 0 ) 0 0 0 0
39 ~848 0 0 0 0 g o
40 042 N 0 0 0 0 {1
41 0 0 c Q- 0 J .
4 -1159. n o 0 0 ) ]
L A3 -1285 0 n 0 0 0 noo.
‘ 4n . =1349 i 0 0 0 0 o
4% -1547 n 0 0 0 0 0 l
aa -1702 e 0 ] 0 0 n
uH7 -1884 0 0 0 Q . i
as ~1944 0 0 ) 0 0 0
e ~217%4 ¥ ] 0 0 ) o
50 ~23M1 n 0 0 0 0 0
51 384N Q O 0 0 0 ]
% TN ¢ y) 0 0 0 i
L : 53 -25173 0 0 0 n 0 0
‘ 54 -3175 0 0 0 0 0 N
55 KR i} 0 c 0 0 o |
54 RS 0 1 0 0 n 0
- 7 EREEE o o 0 0 0 ool




realized that getting the computer to print a star (or other symbol) in
place of these "no-measurement zeros' would have been an improvement over

the present arrangement.

The non-zero values listed in the tables are strain in units of
microstrain (one microstrain is one micro-inch per inch of strain), and

positive values are for tensile strzin.

It will be noted that when the pressure increment was 100 (or 50)
psi, the first pressure listed in any table is not 100 (or 50) psi, but
some multiple of this value higher. Readings were not -teken at very low
IR pressures because they would not have added useful data to an already

voluminous listing. The reason is then strictly economic.

For Tita "A" for which the data is a matrix of ST rows by 26 columns,
some of the printed pages have been omitted. This was done wherever the

S entire page consisted of "no-measurement zeros".

A very thorough discussion of the data interpolation technique
(which was at that time called "Data Normalization") is found in Section
6.4 of Reference 1.

7.4.4 Special Data Handling - Tita "B"

As mentioned above, the tape punch malfunctioned during the test
on Tita "B", so that the data interpolation procedure (by computer ) could
not be pefformed. The data was not lost, however, since it was available

in its "raw" form on the printed tapes.

These printed tapes are the on.y data supplied for Tita "B", but a
careful study of these tapes will show that straih readings were taken
at pressure values so close to the nominal 100 psi increments that the - _ l
interpolation correction required sould have been quite small in most

sets.

Each "scan" consists of eleven pleces of data, the first of which

(labelled "p") is the pressure. The next ten values, proceeding upward

T=-33 i)




from the "p" value are the ten strain gages in their proper numerlical order.
The value of "p" is in actual psi, but each of the ten strain readings must
be multiplied by five to give the answer In units of microstrain. The cycle
number (for cach scan) hac been written in by hand Just ebove the pressure
value for that scan. As already explained, no distinction 1s necessary

between "reading" and "cycle" number for Tita "B" data.

Because 1t made the finished pages easler to read, all the zero
pressure readings (labelled "RTZ" for 'return to zerd) are found on the
‘ *
first two pages, with the exception of the RTZ's for cycles 1, 59 and 60,

The reasons for these exceptions will be immediately evident.

The records of cycle #1 show that pressure was raised in 100 psi
increments up to 1300, and readings were taken at each increment. The "RTZ"
for cycle #1 is the center block of data of the fourth (Tita "B") page
- of data, and it shows that 290”microstrain (tensile) strain still reﬂains

on gage #3 (58 x 5 = 290). | » |

Cycle #2, on the same page, went to 1400 psi with readings at
1200, 1300 and 1400, followed by an RIZ (at the lower right-hand corner).
The RTZ for cycle #2 was taken at 30 psi vs. 48 psi for eycle #1, and the
reading for gage #3 st1ll (coincidentally) shows a reading of 290 micro-
strain. Reference to the gage #3 reading at 1400 psi shows 1300 counis
or 6500 microstrain. The slope to 1400 psi of the strain vs. pressure
cuve (éssuming;linearity) is then U4.65 microstrain per psi. To obtain
the true permanent strain (if any), this slope (or extrapolation factor)
must be applied to the "RTZ" pressures of cycles #1 and #2. For cycle #l,
this produces 67 microstrain (290-223) and cycle #2, 150 mlcrostrain
(290-140). These two values are then the true permanent set following
cycles #1 and #2, respectively. ’ '

The systematic pattern of repetitive cycles starts on page ) (of
the Tita "B" data). The three stepped pressure readings for each cycle

*RTZ = Return to Zero
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dppear side by side (ncross the page)‘ani each page has this data {or three
eyeles, the first, fifth and tenth cycle of cach group of repeated cycles,

vherc each cycle of' cach group is identlical. in pressure levels and readings.

This continucs to cycle #59 (with a peak pressurc of 2000 ;sl) on
the tenth page of the Tita "B" data.

On cycle #60, the data for which starts on the eleventh page, with
the RTZ strain vaiues f'or cycle #59, the pressure wua raised to 2000 psi
and held there for 80 minutes, and readings were taken at five minute in-
tervalé to monitor the creep (change in strain with time, while under
load). The reading at 40 minutes was inadvertently not taken. The RIZ
for cycle #60 is shown beside the RTZ for cycle #59 for easier comparlson

(1. e., Just before the'0 minutes at pressure” reading).

7 4,5 Other Irrqgularities in the Strain Tables

For Tita "E" and Tita "F) the printed raw data tapeu have been.
pasted together for the first cycle only, in order to provide a view of
the pressure-strain relationship in the elastle range. For Tita "E",
stréin meagurements for cycle #l were taken at 100 psil lncrements up to
1300 psi, and for Tita "F" in the same Increments up to 900, Thereafter, -
measurements were taken in the usual pattern for the rest of the first
cycle, i.e., at 1400, 1900 and 1600 psi for Tita "E", and 1000, 1100 and
1200 psi for Tita "F". The duta for these memsurements appear in the
regular form and are labeclled "Reuding #1". '

Occasionally, throughout the data, an lrregularity appears in a
strain valu:. Thic takes the form of a number that does not fall into
the general puttern. Thin ha}méns when 2lectriceal nolpe lu present in
the phonc‘lines of the Tymshare computer. If 1t‘happehs‘more than twice
in a printed page, the usuul procedurc was Lo have the computer re=do that,
pare, but sinee 1L happenc at least once a pnge most of the time, the roe-
dofng ot papes would have gotten out of hand 1t total perfoection was
esgential.  Gince these occurences are usually obvious and since fo much
of the data overlaps ftoelf, 1t wos Lelt that these oceaslonal erreoprs

sbhonld e overlooked.,




74,6 Ouset of Yielding

There arc two ways to recognlze the onsct of ylelding from the strain
tables, The flrst ls non-repeatability of strain at any glven pressurc.
The writer feels that plus/mlnus five microstrain non-repeatabllity 1s a
sultable criterion because it 1us distinetly greater than the resolution of
the instrumentation system and the subsequent procescing procedure. If
most gages willl repeat to within & total span of four microstrain at three
different pressurizatlons, it 1s reasonable tc claim a resclution of plus/
minus twc microstrain. This cleim can, of coursc, ouly be made with the
knowledge that the system is Inherently very stable and the test set-up
basicaliy frce from typical disturbances such as fluctuating "ambient"
temperature, large sources of electrical noise, etc. In addition, the
'integraiing voltmeter is a very stable device, eléctrical shielding was
used on all leads and a "guard system" iéﬁincorporated in the scanner.

The absoiute strain readingc may not be accurate to plus/minus two micro-
strain, but certainly the rel&tive measurements (on any one gage)'have
this accuracy on repéatabilip&. This accuracy (of the strain gage) be-
gins to deteriorate after‘vef& lazge strailn excurslons (over 2500 micro-
strain or 0.25 percent strain), but the resolution allowance is multiplied
by 2}5 for the criterion, and the criterion is usually applied before 2500

microstrain is attained.

The second sign of plastic strailn is the bulld-up of residuel strain
up«n return to zero pressure (efter each cycle). Here, the writer feels
the discrepancy or resolution allowance Bhould be inercased to plus/minus
ten mlcrostrain. The reason for the larger allowance is two-fold: First,
the extrapolatlon to zero operation uses a less relimable "ecorrection slope"

than those used at the higher pressure lnecrements. Secondly, strains upon
return to zero pressure have been found (on other ﬁustlng programs ) Lo be
less repemtable than strains at some well defined load. This may be be- |
cause the stresses that induce a glven strein ut the higher leads are .
large enough to overcome certain friction mechanisms that play a role In
the strain magnitude, whereas at zero load/pressure lavels the stroas
drops below a threshhold level, and frictlon prevents the last det'orms -
tlons Lo from being "eleanly terminated”., The gravity usupports of the

speclmen ltself may be slgnifieart In this respeet. At high pregsurcs,
T-36
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Lhe Loree of the specimen's own weight at Its support points Ls nepliglblo
canpared Lo e forec zustalned by any compurable cross-sccetion aren wder

Lenion due Lo the pressure.,

1l should nlso be emphasized (Lor the lenet'it of the rouder who may
fool he fnoonly coneerned with the experdmental aspeels of this report),
that o nondineane preassure-ptrain relation at any pguge is not necessarily
nn indication of plastic stress. The structure 1s inherently nonlinear
in the clugtic ranpe. This 1 disevssed more fully in the analytical

portion of this report.

Another caution which should be mentioned is that a strain gage
can glve the indication of piastic strain (as definod_above) aven though
plastic ctress has nol occurred at the site of the gage itself. if plﬂvtic
strain has occurred In-the vicinity of a gage (but not at the gagc), it
will cause stress redistributions which break thce normal pressure-strain
patiern for the gage (and thus have the appearance of plastic strain).
Furthermorc, the plastically strained reglon will not return to its zero
strain datum (upon return to zero prcsuure), 80 thut adjncent reglons must,
"walance" out the resulting geometrical anomaly. Any gage ln Lhe zone
where the ancmaly i1s "pelng bulanced" will then show n residual stroin.
This explains why some "plagtic strain oceurrcnce™ is cvident at reln-
tively low straln luvuis In gsome pupes. The extenl Lo whiceh Lhis oceurs
Al a pnge I8 of course a lfunction of how near L ts to a reglon under

plastic struin and how severe the plactic strain lo In that region.
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Sectlion 8

COMPARISON BETWEEN THEORY AND TEST

A seriles of analyses using the computer program EPSOR [#] was currled
cul, for each one of the slx test specimens used in the experimental program,
These analyses were made using the nominul data for the test specimens,

In all cases, except for Tita'F; the measured geometry of the test specimens
wag 8o close* to the nomilnal dimensicns that it wus not consldered warranted

to re-analyze the specimens using the exact thickness.

The objective of the tests was to check, for a variety of geometrical
configurdtions, some of the details of the analytical predictions, and to
“explore low-cycle fatigue, which is not within the state of the art of
current analytical methods.

8.1 S8tatic Failure:

No tests on static failure, i.e., a one=load cycle to fallura,ﬁas _
made. All test specimens were cycled between'zero éndvhigh presaures into
the plastic region betore fallure occurrcd. This cycling appears Lo have
had the effect of a "shake-down": the effective mlgmateh scems to become
less than the nominel mismatch after cycling. This aspect 1s discussed in
Section 5.l. '

The following conclusiong as to the statle fallure prediction can be
made from the tests:

o‘ The predicted‘mode of fuilure (meridional or hoop) was realized
1in the tests. Thus, the effect of mismatch in combination with
the various weld land geometrles 1o accurately predlcted by'the

design graphs in Section 6.

Within cne or two percent In the discontinulty reglon. Goe Section T for
detalls of the test specilmens. N :
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o Shake~down erfects caused by cycling pressure loads Into the hlgh
plastic replon causes predicted fallurce pressures to be progrea-
sively conscrvative as the mismatch lo inereased., The shake«
dewn effects do, however, require material straln capabllitles
of the order 2.5% or hipher. Actual welded material may have
much lower ultimnte straln which would tend to cancel out the

benet'delal ef'fects of cyeling.

8.2 Low=Cycle Fatigpue

The cycling to which the test specimenc were subjected did not con-
stitute o low-cycle faligue test in the classical sense. In classical
low~-cycle fatigue a mechanical hysteresis hoop develdps due to the accum=-
ulation of plastlc straln at both the low and the high end of the load

cycle —In the present case, however, no plastic strains were developed

.x.
at the low (i.e., Zero pressure) point of the load cycle. ) The ¢ycling-
was characterlzed by a first loading into the plastic range, followed by

a number of elagtic reldadings to the same precsure level, as shown below.

p
)

\—FmsT LOAD

ELASTIC CYCLING

. -
FI:*REEP | . |

* ' " ..
A)Appondlx A shows that to develgy plastic straln at the low end would
requlire a mismateh factor of L.7. .
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During the elnstie cyellng a cortaln amount of crcep took place, as shown
in the fipurecs for the individual test specimens In Scetion 8,3, The
creep, which seems to be Independeut of the eyellng, Is part of a com=
plicated interaction of materlal properticg and geometric chanpges which
tnkes place In the hlgh plastic region. This inleraction which In benes
fieial in that it "smoothes out" the peometry, and dotrimental in that It
"wies up" strain, ls beyond the cnpabilitlcs of present avalylleal methods,
Howaver, an cffort to Interpret the test data has been made In Bection L.,
The dula presented in Fig. Y=) should be quite conservatlive 'or the Lype
of materinl investigated here (Ti GAL-hV STA), but caution Lor application

to other materials, such as the actual weld matcriél, is warranted.

Fractographic examination of the tailed specimens suggests a rather
tough material behavior where failure occurred by local large plastic
flow. In the specimens that failed meridionally (i.e., in the mismatch)
large rotétiqns'pf the shell on each side of Lhe mismatch werc observed.
This pléstic defbrmation moet likely preceded the completion of the primary

fracture, and occurred in a manner consistenc with analytlical predictions.

A further insight into the actual failure mechanism could, in all
. probabllity, be gained from a SEM (Scanning Electron Microscope ) anulysls
of the failled specimens. 'Such an anulysié wag not budgetednin the pre-

sent investigation and could therefore not bu.perfbrmod.

8.3 Strain Distributio g

The‘most'direct,”PJd most critical, way of comparing the theorctical
to the oxberipantal deta 18 to compure the strain dlgtribution. In the
present caue&&pis kindhofvéomparison presents some degree of uncertainty
due t(%the naihre of the problem, but the mass of data and the repeat-
ubllit& ~f - sreement tend to diminish this uncertalnty. However, the
followlng points should be made:

o The straln gages could not be positioned at the point of

maximun strain, t.e., at the mismateh,
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o In the urca of intercest the stralns are varylng very rapldly
(sonetimes doublimg in 0.1 Inch of surfuce length) making i
the neccurate deteormination of the position of the slraln papo

relatlve to the mismdtch erlitical. '

o The analynls used pd]utu (ﬂtntﬂonm) apaced about .09 Inch ’ |
in the discontinmalty arca, Thus, In pgeneral no exact corres-
pondence between annlysic stationg and straln pape statlons : J
eximt. Rather than interpolate between analysls stations, !

snalysis stations on elther slde of the strailn page statlions

have been plotted in the comparlson fipures.

As 1s cevident from the flgures of this sectlon, there exists a high
degree of correlation between the tests and the analysis. Thic correla-
tion is both qualitative and quantitative and includes both the elaslic
and the plastic reglons. Canparlson between residual strains was not. ‘
done due to the presence of créep in the tested articles. Howevér; the
- very close agreement of test and analytical date of total strains, as
shown.in. the accompanying graphs, would indicate a similarly cloée agrec-
ment for one-load residual straigé.

It is thought that a study of the accompanying fignres will be more J
fruitful than a lengthy dlscussion. Therefore, only a fow.comments will

be made on these flgures.

TITA A (Flpgures 8-1 through 8-3)

Fig. 8=~1 ghows strain distributions along a muridiqnnl generatrix,

The agreement between the theoretical (curves) and tested (polnts) data

A

in very good, Note that a displacemert of only 0.05 inches, or less,
would be required to cause an exact agreement. The ctrain unlts used % ]

‘ *
In this, and followlng, graphs ls microstrain.

*
L0, 000 microstealng = 1L percent styraln
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Fle. 8-2 shows slraln vorsus pressure plets for three straln gape

Tocat inslde and outgide surface close to Lhe discontinuity, and
oulside Ance some distanea away ). Agidn, the agreement 1 very good,

Az cyeling Jonds progress into the | astle replon ercop take: place as

indleated by the double polnts,

Pilg. H=9 shows struin page dala for the one hour poak at. LH0O pet,
which wnus done Copr this specimen.  here Is a tendeney for the material-
geanetry confipuration to stabllize al s constant strain al Lhe ond of

the time perlod,  Unloadlng af'ter e couk tokes place elostlieally.

TITA B (Fipures 8«h and 8-%)

mmﬂB}msLm:hm@thmMLMndoquprspmhwmu Agreement

between test and theory 1is excellent, both in the elastic and the plastic

repion. Note again (Fig. 8-Y) the presence of ereep during cyeling.
Note ulsé thut the slope of the curve with creep is the.samu as the
theoretical, no-creep, curve. This specimen expgriohced an 80 minutes
soak at 2000 psi. As in the case of Tita A thé speninwn;scemed to sto-

bilize at a constant strain of thé end of this period.
TITA C (Figures 8-6 and 8-T)

This test specimen has a predicted failure in the hoop mode, at
1960 psi. It failed at 2100 psi, in the hoop mode, as predicted. This
*

is a medium long weld land with L = 3,

TITA D (Figures 8-8 and 8-10)

'This test specimen is similar to Tita C, but has cnly halt as much
weld land thlckness inercase. This is the only specimen that failed at
a Lower load then predicted:

Aclual fallure: 1800 pot
Prodicted hoop fallure in membrane: 1920 psal
rodicted morldlonal failure In discontinulty: 1960 pai




F 2

It is not clear why ihls spceimen should fall at this comparably low load.

The measured strain dlstrlbutliou agrecs almost cxactly with predietions,

but at 1500 psl there ig a very sudden increase in hocp'atrains. (Possibly

the heat treat of this specimen g faulty.}
TITA B (Flguree 8-11 and 8-12)

This opeeimen, which tests a hemlophere-cylindar juncture, hasg the
shortest of all weld lands, and therefore the worst onc from 9n analyslg
poinu of view. However, as con be geen from she flgures, the apreement
between teast and theory is excellent, Note the predicted nonlinesgrity

al statlon 8=0.15%, which is‘vury nlcely reproduced by strain gage 9.
TITA F (Figures 8-13 and 8-lk)

The analysis for this cpnfiéuration‘(a hemisphere-cylinder Joint)
was performed on a model with 0.05 ineh membrane thickness, and 0‘0625<.
inch weld land thickness, rather than the test Séecimén average figures
of 0.042 and 0.050, respectively. To compensa%e for this the pressures
in the anéiysis‘were multiplled by the factor 0.85,‘which is the ratioc

of membrane thickness. The values arriﬁeduat in this way—should-be almoct

exact. The énalytical figures show .very. good agréement with the test.
The usual creep is also present..’ o : : :

it
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Scetlon 9
TEST SPECIMEN I'HOTOGRADIS
Photographs of specimens "BY through "F" are included in this section.
No photograph of Tita "A" 15 supplicd because 1t failed in the same manner
as Tita "F", thet Lls Lo say, duc to a lougltudlnal tension (due to bending).
In such cases, the line of fallurce runs right along the mismatch.
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Tita "C" Af'ter Test
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Fig . 9"h

Tita "B" After Test
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Fig. 95 Tita "F" After Test
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APPENDIX A

COLLAFGE DUE TO DISCONTINUITY IN CYLINDRICAL PRESSURE VESERL

For a thin eylinder, shown in Fig. Al, with a discontinuity AR 1in
the nominal radius R, with interval presgsure  p, away from the digcon-

Linuity the gtresces are

@ 2t o © % ' - | (A1)

XRANNTH NIRRT

AANRNL NNNDROONNRRRRR RN

Fig. Al
Due to the asymmetry, at the discontinuity’ ¢here is an additional
bending moment
(a2) I
whiie the axial stress resultant remains the same

noe B ;. (43)

and the circumferentlal dlsplacement, which glves the circumferentisi

strain, remains the same




PR

(3] o L-—- 2-

o~ (FET)(E~v)

Slnee the additional strece decreaccs wilth the diglance frem the digc=

continuity, Lhe collapse wil) . oceur when the prersur~ exceeds the

value givliog the maximam M and N that the chell wall can custein.
?

@
Slnee M - and N and the hoop strain are known (Eqs. AZ-Ak) the col.
0 P .
lapge pressure can be delermined without colving the detalled cquatdonn

for the behavior away frem the discontinuity.

Before ylelding occurs, the stresses across the shell wall at the

discontinuity are

. PR [, ., (22. 3R
o, = B8

6
so for large magnitudes of the discoﬁﬁinuity ;£5'> T%; the first

yielling is in exial tension at the pressure

PR b

=

"t 1 + 3AR/t

if the Tresca yield surface in Fig. A2 is assumed.

A-2

(Al)

(45)

(a6)




After yielding occurs, in the portion of the wall cross-section. that .

is still elastic we have

oe = Eee,+ vo
R ;. .
= gg (2-p) + vcrcp

which gives the line BC in Fig. AEE Thus the stres across the Cross

(ERC R

section has the dlstrlbution shown in Fig. A3a. The stress at pnint B

(A’( )
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Fig. AS'T Axial Stress after Yielding

i

) is obtained from the intersection of the two known lines in Fig.A2 and is

Y

(Sm) . L L-A(eey) (a8)

c 1~y
B

where

. : Y
The distribution ;f stress betweeh‘points-A and B depends on the‘flowA
léw. For a simple solution, which should give a lower bound on the’
collapse pressure, we ta¥e the stress between A end B to be equal to

the stress at B. The collapse pressure is reached when the elastic

portion of the cross-section B-C shrinks to zero; then the cross-sectlon

can sustain no further increase in pressure.




If the points B and C apprcach a point a distance ta from the mide-

surface at collapse, then the condition (3) glves
- 1 1 1 - (2-p)n
B (3+a) - (5 - a) gl
which glves

v
- = B (49)

' The conditions on the resultant moment (A2) gives

lay

P G e

i

Solving for n gives the result

- 1
0T l+$°5(2-v) | . . | ' (A?lO)
" The previousljldiscussed (see Séﬁtion 3:1) simblér (uniaxial)

yiela surface, which gives for yiéld in compression ow = -0y , gave

the result |
- »
= LL—Z)_E3 u : ‘» (A1)

where
- 3

which should give an upper bound since the material is actually much

weaker.




The computer program, using a von Mises yield condition, as shown
in Fig. 3-6 fails to converge at a pressure only slightly higher than
that given by Eq. (A10). Thus this very simple formula accurately gives

the collapse pressure.

Thus at the collapse pressure, the axial stress is

- 1 -ta < z < t/2
. -
-0 =/ _ T
c . . -
Y - L1=n(2-p) o % <z < -ta

To find the residual stress when the shell is mloaded, add'the.lineaf

solution
L
" R - | atz =&
, - (1+y) R N v‘at z =3
K ’ a C(e-p)? + +
' 2. v MR 7 &t z = -at
o 2=y t .
i oy Y _ (2-v)° - 3w(l-v) AR - -
. ) Y - (l-v)(e-v) - 3 n at z = ~at
‘—H:ﬁ? &3 - at z = -t/2

where 1 is given by (A10). The expresslon for the stress at (D) is -
approximate. A similar cemputation gives the circumferential reciduyal

stress.

P
%
piut

6
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The residusl hoop stress at (A) cannot be’ determined’ by this type

fof an analysis, but would require a plastlc flow analysis.‘

If the yiéld surface 1s the same in tension and»cbmpression ;5 in
Fig. A2, then the feéidual stresses do not viclate the yield condition,
except for a very severe dlscontinuity. This additioﬁal yielding as the
pressure is decreased begins at point C, but only when the disc: ntinuity

is

2=y
g2
= 5.7 forip = 043

Thus any type of reversed yielding, -which would be extremely serious for

cycl;c loading, does not generally occur.




APPENDIX B °

v ~_ STRAIN GAGE DATA

" NOTE: The date of Appendix B are bound in a separate volume
with limited distri’nition o




