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ABSTRACT

Over the past few decades, modern industrial processes have
required higher and higher operating fluid pressures, and use of
these high pressures have necessitated development of the auto-
frettage procedure. Thils procedure consists of subjeceting a
thick-walled tube or vessel to such high internal pressure that
plastic yielding in circumferential tension occurs on the inside
for a significant portion of the wall thickness., When the autos
fretteging pressure is released, residual compressive circumfer—
ential stresses exist inside the wall (and for a significan®
pprtion of the wall thickness). These stresses are of cppostite
sign to those caused by svbjection of the tube or vessel to suto=
sequent working pressures. The inside circumferential stresses
ore then much lower than they would be had the tube or vessel
nevel been autofrettaged. Use of the autofrettage procedure thus
permits the use of higher pressures and insurcs a longer fatigue
life than may be obtained by any other method.

This thesis presents a thorough study of the theory and prac-
tico of the autofrettaging procedure, and also presents 2 compari-
son of the redidual strains obtained with electric resistance.strain
gages during typical routine autofrettaging of high pressure tubes
with the residual strains predicted by use of formulas derived for

autofrettaging procedﬁres.
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Axlal distance

Strain

Radial stress

Tangential (circumferential) stress

Axial (longitudinal) stress
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Variable circuéar angle
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cylinder axis

Unit circular twist



CHAPTER I

INTRODUCTION

The word Mautofrettage™ comes from the French language, and means
"self-hooping." It is a type of cold treatment for pressure vessels
or gun barrels which induces prestress and increases the strength in
such thick-walled cylinders,

The autofrettage procedure involves the use of such high internal
pressure inside a thick-walled cylinder that plastic flow occurs in
circumferential tension in the inner portion of the wall thickness.
After the internal pressure is released, the outer portion (which
remains elastic), tends to resume its original size, The inner
portion, been permanently deformed, resists this action, thus pro-
docing two different kinds of tsngential residusl stresses; a comw-
pressive stress near the bore, and a tensile stress neer the outer
surface, The strength of the cylinder is thus effectively increased.
It makes the cylinder safe when subjected to much greater working
pressures without increasing the wall thickness.

The autofrettaging procedure for manufacturing gun barrels has
the great advantage of economy of time, labor, and material. It
cuts down the cost zbout 25-40 per cent from that of ‘the conventional
wire-wrapping or built-up procedure. The efficiency of the gun
barrel also is increased, as the procedure raises the elastic limit
of the metal and produces a gun barrel which will withstand a higher
pressure than a built-up or a wire-wrapped gun of the same caliber

and weight., (1h)



In addition to being used for making gun barrels, the autofret-
tage procedure is also being used today for making high pressure
vessels and tubes in the industrial field.

Fig. 1-1 shows the distribution of a tangential (circumferen-~
tial) stress in shell of tube before and after autofrettaging.

Ductile Metals (mild steel and low alloys) were originally con-
sidered as the material for thick-walled tubes to be treated by the
autofrettaging process. After autofrettaging, these metals are
apparently stronger, harder, and less ductile than before. (1h)
Today, such steels as those of the L3LO type are routinely auto-
frettapged.

In 1911, Cook found that the bursting pressure of a thick-
walled tube of ductile metsl is far greater thap its elastic break-
down pressure at layers near the bore. (5) (See Fig. 1-2), lLater,
the avtofrettage procedure was used for manufacturing gun barrels,
but a difficully of dimensional instability arose and the procedurs
was developed slowlye. The problem is described as in Fige 1=3. If
we steadily raise the internal pressure in a tube, line OA shows
that the tube still remains elastic. After the pressure increases
above point A, the inmer layers are plastically strained, beginning
at the bore. VWhen the pressure reaches point B, the autofrettage
pressure, we reduce the pressure to zero, and the curve falls dowm
to C. If we leave the tube under zero pressure for a certain time,
it may change its dimensions slightly to ¢' because of "elastic
afterworking." Then if we increase pressure again, the curve starts
at C', nearly straight, as for the first time, up to D, where it

bends over again. The problem is that it is difficult to make EC



= J

Q\O

(a) | (b) | (e)

Fig. 1-1 Stress Distribution in Shells Under Load
1, Fig., (1-12): Stress distribution under internal pressure ¥p"
for a non-autofrettaged shell,

2., Fig. (1-1b): Residual stress distribution in an autofrettagsd

shell under zero pressursa.

3. Fig. (1-1c): Stress distribution under internal pressure "p®

for an ideal autclrettaged shell,
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Fig. 1-2 Difference Between Pressure of Eiastic Breakdown
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Ductile Cylivder
.(See Ref. 21,)
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and C'D straight and coin¢ident, In 1930, Macrae found that a low-
temperature treatment after tube autofrettaging could solve this
problem., (18)

Fig. 1l-li shows an autofreﬁted tube subjected to an appropriate
heat treatment, and the dimensional change at CC' is very small, If
we now repeat the process, a much straighter line appears, and it is
almost coincident with BC. Also, the point D is little higher than
point Bs, The pressure increment represented by BD was called by
Macrae the Yelastic gain.™

A very important point made analytically by Langenberg in 1925
is that cylinders of the same diameter ratio but of different sizes
under the same proportionate overstrain have the same strengthening .
effect, (17). This implies that scale factors are unimportant, and
that design can be based on the "principle of similarity.® |

In addition to the traditional internal-pressure autofrettage
rethod discussed above, there is a new mechanical methed of auto-
nfrettaginglwhich has been developed since 1962, It will be dis-
cussed below:

The conventional autofrettage procedure involves use of internal
hydrostatic pressure of sufficient magnitude to obtain the desired
overstraine Thils type of procedure has been used for several years
in gun tpbe and pressure-vessel constfnction. Currently, pressure
up to 200,000 psi are being used in the aulofrsttage of gun tube and
prassure vessels with yield strength levels of 160,000 to 190,000
and 210,000 to 250,000 psi, respectively.

Autofrettaging by the above technique is for all practical pur-

poses limited to pressures not exceeding 200,0C0 psi. To extend the



Internal Pressure

| Externsl Expansion
(Exaggerated)

Fige 1-3 vChanges of Outside Diameter In
Autofrettaged Cylinder Without
Heat Treating

TInternal Pressure:

External Expansion
(Exaggerated)

Fig. 1-L Changes of Outside Dismeter In
Autofrettaged Cylinder With
Heat Treating
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use of the autofrettage pfccedure to higher pressure applicstions,

and to eliminate the wmany problems encountered in the use of pressuvres
in the range of 150,000 to 200,000 psi on a large-scale basis, a new
autofrettage process has been developed by Davison, Barton, Reiner

and Kendall in 1962. (9)

This new technique ﬁses the mechanical advantage of a wedge to
produce the desired bore enlargament, thus drastically reducing the
pressure requirements to obtain a given amount of overstrain. This
swaging method of autofrettage consists besically of passing an over-
sized swaging tool (mandrel) through the bore of cylirder to produse
the desired permanent enlargoment. Three different methods of forcing
the mandrel were tested, (I) the mandrel was mechanically pushed by
neans of a rem and.hydraulic press,; (II) an overhead crane pulled
the mandrel through a long cylinder, and (III) the mandrel was pushed
by applying hydraulic pressure directly to the end of the mandrei.

Thls work indicated that 170,000 psi yield strength could be induced
by 60,000 psi pressure of pushing or pulling a mandrel. (See Fig. 1-%)

To detormine the effectiveness of the swaging method of autofret-
tage, Sachs! boring-out technique (27) for determining the distribution
and magnitude of residual stresses was used. Because of the difference
in the nature of the stress condition responsible for the inducement of
the overstrain in the swsging method a3 cémpared to the direct pressure
process, the resultant residual stress distribution will be somewhat
different, Fig., 1-6 shows experimental curves of stress distribution
through the cylinder as well as curves from a theoretica2l solution
(conventional method). It is evident from Fig., 1-6 that a substan-

tial longitudinel residual stress exists in cylinders autofrettzged
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. ‘s . . . . /
by swaging. Tohis stress increases in magnitude with increased amounts
of enlargement and accompanies a proportionate decrease in the tan-

gential residual stress,

Miscellansous Methods of Autofrettaging

There are also other methods for inducing the effacts of the ‘
autofrettaging procedure in a thick-walled cylinder, These are the
compound (built-up) cylinder technique, the wire-wrapped cylinder
technique and the thermal method. The first two are the colder
methods for making gun tubes. The modern autofrettage method pro-
duces a tube which will withstand a hipher pressure than a built-up
or a wire-wrapped tuhe of same size and weight., The thermal msthed
is merely a sugzestion in a Ph,D. thesis; the work has nevsr been
developed. A short discussion of all of these will now be given

as follows:

Compound Cylinder Techniaque

Desirable residual stresses can be obtained by reinforecing the
core tube by shrinking other tubes over it. The procedure is to
heat the outer cylinder to a temperature about 250° F and cool the
inner cylinder in liquid oxygen simultanecusly. Then the inner
cylinder is slipped into the outer cylinder and the two permitted
to shrink together, The advantage of a compound vessel is the re-
duction of wall thickness of esch component cylinder as compared

with the equivalent monobloc cylinder,

Wire-Yrapping Technique:

This technique involves wrapping wire under tension on a central

tube, The wire puts the metal of the tube under compression, gi%ing
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the effect of autofrettaging, and thus the tube can be subjected to‘\
greater internal pressurs., The wire usually is high-tensile strap

or wire of square section,

Thermal Method:

The work of Voorhees on the creep of vessels subjected simul-
taneously to high-temperature and high-pressure service conditions
suggasts the use of creep to prestress thermally a thick-walled
vessel., (32) Voorhees reports that a creep of 1% is sufficient to
produce stress equalization under the operating pressure, If a
vessel has the pressure on it raised to the cperating pressure and
then is heated slowly and uniformly until & 1% strain from creep
has resulted, the stress distribution across the vessel wall should
become nearly uniform, approaching the ideal-prestressed condition
shoun in "c" of Fig. lni. If the pressure is released and the vessel
cooled with sufficient rapidity to prevent additionsl creep, residual
stresses will result in thé shell, Upon placing the vessel in ser-
vice at the same pressure as that used in prestressing, but at a
temperature below that producing creep, the ideal-prestressed con-
dition will be approached for the loaded condition. Although this
method of prestressing appears to be very promising for monobloc

vessels, there is no known report of the use of this method.



CHAPTER II :

PRINCIPLES OF AUTOFRETTAGING

During the past fifty years, the conventional theory for auto-
frettaging predictions has been based on tensile test data. The
advantage of using tensile test data is that it is easier to obtain
such design data, which is generally prepared by steel suppliers,
Tensile test machines are also available in most laboratories. This
is the reason why this theory is the only one used for comparison
with experimental work lster in this thesis. The disadvantage of
using the tensile test data theory is that it is a great desal of
work to obtain a complete solutione.

Since 1945, Manning (19) has developed the theory for autofret-
taging prediction based on torsion-test data. Today mauy high pres-
sure vessels are fabricated of high strength steel which usually
fails by shear, so that sheer data from torsion tests should be used
in_the design of such vessels rather than tensile data, The advan-
tage of using torsion-test data is that it will save quite much
arithmetic, The disadvantage is that torsion test equipment is nbt
- very aVailablé in many laboratories.

Both of these two kinds of theories will be precented as £ole

lows:

Theoretical Predictions Used Tor Tensile Test Data

Theoretical predictions of sutofrettage pressure, stresses,
snd strains presented here are summarized from the derivation devel-
oped by Prager and Hodger (26) and Hoffman and Sachs (15). This
derivation is presented in full in Appendix A,

12
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l. Prediction of the Autofrettage Pressure
The autofrettage pressure is obtained using the following

expression:

£y, rR2 R;
x_ 1o (,_ e _ / (5.3
P*= s (/ Py 2/n % ) \2~1;

where  fy 5, = yield limit in simple tension, psi.

p* = autofrettage pressure; psi.
Ry = inside radius of shell, in.

o = outside radius of shell, in,

o]
[e]
L]

radial distance of elastic~plestic interface, in.

The elasticaplastic interface Ry for optimun prestressing with
the autofrettage procedure recommended by Mauning (20) chall be lo=
cated at the geometric mean radius which m2ans that the weigat of
elastic region is to the weight of plastic region as the overall
diameter is to the bore.

w (RE-RILF _2Ro
T(RE-RE)LP ~ 2R;

/?cz"= Ro /?/:
/?c= /ﬁaﬁ/ or /?C——:ﬁl'[/—(— (2"‘2)

If the sutofrettage pressure is known first, R, can bé

obtained bty solving the following eguation, which is obtained from

Eq. (2-1)
R R, R P o_
T =2 ;_y_ﬁ (2-3)
3

Figure (2-1) shows the left-hand side of Eq. (2-3) versus

Z£ 3 the right-hand side can be evaluated from the dats. Thus,
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' *
the value of Re corresponding to a given value of fﬁ) and
0 1P
—g%- can be read directly from Fig. 2-1. V3
/
The upper and lower limits of the autofrettage pressure are
gained from Eq. (2-1) when
Rc = Ri and when Rc = R, respectively,
P = frp R )
(I_ z) (2-1)
a .
P 2
2o (1n 22 ) (2:5)

where p'! = elastic bresk-down pressure, psi.
p* = bursting pressure, psi.
In the szctual case for ordinary metals, the ultimzte tensile strength
is appreciably higher than the yield strength snd the stress at
bursting will lie between the yield ard ultimeate strength, Faupel

(11) has proposed the modified equation below.

=2he (), Ro)(p-Lr2) (2-6)

fts.

where ft.s. = ultimate strength in tension, psi.

2. Determination of the Autofrettage-pressure Sitresses:

(a) For the plastic zone, where Ry=< R =< R,

Fp=— f”’ e (r- ——-—2/ —) (2-7)

Fp= f”’ (/+ +2/n ——) (2-8)
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fa.—_gp-(,?j + 2/ —% (2-9)

where f,. = autofrettage radial stress, psi

fy = autofrettage tangential stress, psi

fa

autofrettage longitudinal stress, psi

(v) For the elastic zone, where Rg = R = R,

fro. [ RE  RE

fr=75 \""E % (2-10)
= Tre &_ 2 -
=75 ”Z 7T /?2) (2-11)
— frp ( ) : (2-12)

Changes in Streuses as a Result of Unloszding the Autofrettage

Pressure:

(2) Cylinders with unloading stresses within the elastic region:

when _go_ = 2,22 (See Fig. A=3) p'sap < p

or -%)‘_’— > 2,22 ap = 2p'
]

The c¢hanges in stresses in the shell are:

(Ry < R < Ry)

Af}:—-ﬁ;b(/—?g—_ﬁ%?—)(/— ;{) (2-13)

2

) (2-1k)

L, =—ap —“/?, )(/+
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tfym— ot ()  (2a9)

where ap = p* - p,
p* = autofrettage pressure, psi.

Po = pressure after unloading, psi. (normally zero)

(b) Cylinders with unlosding stresses beyond the elastic regien:

when ":" = 2.22 2P < ap <p”
7
st = Zirr 2"“’ (/_ _zm_gL (2-16)
J

where Rj = radial Gistance of elastic-plastic interface

caused in unloading process, in,

Rj can be determined by solving Eq.(2-3) for R, = Ry,
p = Ap and %’_" = j.gy_'"" , Wwith the 2id of Fig. 2-1.
(1) for the plastic zone ¢ Ry = R = Ry
2,:” (/ —2m X - (2-17)
A
A/;.——nyp (/+ +2/n £ (2-18)
Ry
7Y /?J _/)’_) .
sf, 75 7zt 2in T (2-19)
(2) for the elastic zone : Ry = R =R,
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2fvp R ( Ry
—_ e _=Z 2=20
Afy, = 75 Ro / YL ( )
af, _"37% (2-21)
af, = 2f,, ( ) {(2~22)
Determination of Residual Autofrettage Stresses:
£.% = £+ af, (2-23)
vhere £% = residual radial stress, psi.

£, = £, from Eq, (2-7) or Eq. (2-10)
af = afp from Eq. (2-13) or Eq. (2-17) or Eq. (2-20)

£y = fy +afy (2-2L)

where £4* = residual tangential stress, psi.
fy = £y from Eqe (2-8) or Eq. (11)

afy =afy from Eq. (2-1L) or Eq. (2-18) or Eq. (2-21)

f5 = fg4af, (2-25)

3 o » .
vhere f," = residual exial stress, psi.

f, = £, from Eq. (2-9) or Eq. (2-12)

af, =af, from Eq. (2-15) or Eq. (2-19) or Eq. (2-21)

Calcvlations of Unit Radial Strajns:

(2) The unit radial strain in both the elastic and plastic

regions under avtofrettage pressure

frag RE Y -
r=5 (7o) (2-26)
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whexe G = A
E = modulus of elasticity of material, psi.

M = Polsscn's ratio

(b) Changes in unit radisl strsin as s result of unloading

the autofrettage pressure

(1) for -%— < 222 p<ap <P’
49
Ao ,
or — > 222 AP <2p
Rl'
227
((e,, k)k’) ( )
(2) for
Lo s 222 2P =P <P
,e.
_ fye RD
ser=— 15 (o -

(¢) Unit residual strain

6*—'_—' €r -+ 4€)- (2"29)

where €, = €, TFrom Eq. (2-26)

#€r =4€ From Eq., (2-27) or Eq. (2-28)

Theoreticel Prediclicns Used For Torsion-test Data

hccording to Manming, ivo ssswaptions are irnvoived; (I) the cross-
sectional area remains constant under strein, (II) the relation betweon
maximuin shear stress and maxdmum shear strain is the same in 2 c¢ylinder

as in a specimen for torsicn test (19, 20, 21), The first asswsption
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permits the calculation of the shear strain at any point in the wall
of the vessel and the second assumption may permit the calcula-
tion of shear stress from torsion dsta. Equation (A-7) is a state-

ment of the first assumption, or:

_afr
o= R (A=)

The stresses on an infinitesimsl element of the cross-section of
cjlinder are shown in Fig. 2-2 (a). fim and frm are the tangentisl
and radial stresses measured from the m-m plane. These stresses will
be defined as followe:

ft'm = ft cos ¢
£ © Frcos (G —@)=fysind

The components of these stresses on the m-m plane, fgy and fg,,

will bs (See Fig. 2=2 (b).)
foy = £y sin b= fpcosPsing =1;t sin 2¢
fop = oy COS B = Fr 5in ¢ cos ¢ =L 5in 24 ,

and the shear stress alone m-m plane will be:

fs = fsp = fop =—f*2'—’rﬂ (sin 2¢)

When @ = ¢5° the meximum (yielding) shear stress occurs:

£

Fsy =—T?—E. (2-30)
Substituting Eq. (2-30) into Eq. (A~7)

Z;".,_ f";ﬁ =0 we then have

dfo= 252 4o | (2-31)

R
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Fig. 2-2 Forces in an Element Under Tensile Stresses
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In Eq. (2-31), the value of R shovld refer to the strained con-
dition, so that it will be replaced by (R ¢+ u) where u is the radial
displacerment at point R caused by the straining., Now this equation

can be expressed as Tollows:

R+u p
fp = —p*+ 2/ (T?%d(e+a) (2-32)

R +uUj

where u = shift of point at radius R as a result of strain induced
by pressure p*,
uy = shift of point at radius R; as a result of strain induced
by pressure p¥,
p¥ = internal autofrettage pressure,

The shear gtresses, f s in Eq. (2-32) can be known from the

‘Se¥s

following equation given by Nadai (2L):

I (p2T |
f-‘"vm,ﬁ (wdsﬂ +3T) (2-33)
where T = torque

¢ = unit angular twist,

According to the first assumption, the following relation is

trues
TR~ 11‘/?,?= fr(R+£/)z—1r(R;-+a,-)2 or
2Ru + u?=2f;uj +uf . (2-3L)
. fr+ 1
Substituting £ = ——>—"— (See Eq. A-11) into von Mises!

equation of yielding conditions (31)
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(h =L+ (=t 2+ Chy~ £ )2 =2 4,

Bo. (A-27) yields Fo = fr= 7 Fyn.
For &X= ﬂ;ﬁ' , We then have
e -
fs.x—/—éu (2-35)
F R=2R: £ —._i’fﬁ Eqge (2-26
or R e T ge (2-26) becomes

Yy = —fs.y.m (2-36)

In Eq. (2-34), R, By and vy are now known.

u can be evaluated easily. Then, Eq. (2-32) can also be solved,

Substituting the valves of radial stresses, f, , into Eq. (2-30),
the values of tangential stress, fy 5 can also be obbained.

The total axial strain will be

E€q = fa—pu (fp+Fr) (2-37)
from Eqe. (A-7)
adf
fe=R g+ ir s (2-38)

substitute Eq, (2-38) in Eq. (2-37)
‘ a7
fa=E€a+2/l7‘;.+/Jﬁ‘7€C' (2_39)

The totzl axial lozd P on ary section is:

P = 21rf:°/?d/?fa . (2-40)
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Substituting for £, from Eq. (2-39) and taking €, as constant
geross the whole cylinder wall, it follows that, for a cylinder under

internal pressure p* (when R = Ry , £y = ~p* ; when R = R, , f,. = 0),
P=2mup*R o mE(RI-RF) € (2-41)
For a cylinder with closed ends

P=T R,'zp* and hence

= (/—2 )P* . ..v.
Eeq= 13240 7y (2-12)

Substituting Eq. (2-2) in Eg. (2-27), then we have

(/-2u)

fh = P# (’eoz/ﬁl'7_/)

i (hth),

for ft = 2 fs.y. + f‘r (see Eq. (2-30).)

g L2 -
fa= ' Chitpr) T 2H Fon ). (2-h3)

Hence axial stress values czn be calculated from Eqe (2-h3).



CHAPTER IIX

DETERMINATION OF RESIDUAL STRESSES

The autofrettage procedure caunses residual stresses and dimen~
sional changes which may be vsed as indications of the effectiveness
of the procedure. The simplest measurement which msy be made is that
of the permanent increase in the diameter of the autofrettaged tubs
or vessel, and a rather accurate method is the boring-out method
developed by Sachs (27) in 1927. In the boring-cut procedure, en
autofrattaged thick-walled cylinder is aligned in a lathe, and con-
centric layers of metal are machined from the bore in successive
stepgs The axial and tangential strains asre recorded for each
successive cut (usually about 0,007 to 0.05 in, measured on the
diameter), Also, after each cut the bore diameter will be measured.
These data on the strains and bore diameters can be substituted into
the following.equations developed by Sachs (for the derivations,

see Appendix B.). Then we can obtzin the residual stresses.

* £ [ da }
fy = (Ap—A)-2E — 4 (3-1)
@ -uE |0 T dA
E  [a,-4 |
= T 5 ]a (3-2)
* £ _ dﬁ_ A0+A .-
=T [(,40 A)=7 oy /3] (3-3)

where Ay ® initiel cross-gection area of cylinder including the bore,

in2

A = cross-section area of the bore following a machire cut,
in®

25
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o = (€5 +wmE ) , in./ in.
B = (€ +HE) s, in./ in,
€, = axial strain, in./ in.

€/ = circumferential strain, in./ in,

m
n

Young's modulus of elasticity, 1b./ in,?

Poissonts ratio

X
]

When an autofrettaged cylinder is bored out in stages, changes in
dimensions of the cylinder will result from the removal of the ovore
strained inner.core. When all the overstrained materisl has been
removed, subsequent machining should produce no further change in
dimensions; since the elastic outer shell will have resumed the
dimension it had prior to the autofrettage treatment, The dimensional
changes Jjust mentioned are accompanied by strain changes on the oute
side of the tube or vessel, and these changes in strain are.easily
measured using electric resistance strain gages. The usual way is
to mount strain gages in the longitudinal and tangential directions
on the surface of cylinder. For greater accuracy,.the strain gage
installations may be duplicated. This procedure is so simple, and
so accurate, that strain gages are often used today instead of the
boring-out procedure. (Both may be used together until the desived
correlation is obtained,) It is well known that the Sschs method of
residual stress measurement is subject to errors becauvse of the dif-

ficulty of measuring dimensional changes with sufficient accuracy,
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and because of modificaticn of the residual stresses by the machining
operstions. Special attention must thus be given to the machining
operations (must be done slowly, cerefully, a2nd with plenty of coolant),
and to the diameter or other measurements taken during the ﬁrocedure.
The specimen must always be permittéd to cool to the same temperature

each tire before taking any measurements of dimensions.



CHAPTER IV

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESIDUAL STRAINS

One original objective of the work of this thesis was to build
auvbtofrettaging equipment, and to use thié equiprent in obtaining
experimental values of strains which could be compared with corre-
sponding theoretical values, Such equipment was actually developed,
and a special cylinder made and instrumented with electric resistance
strain gages, and a typical autofrettaging procedure followed., Release
of the "autofrettaging" pressure revealed a very discouraging situation-e
there was no evidence, either in the strain gage readings nor the di-
ameter meaSuremgnts of any residual stress (strain) in the cylinder--
proof that no autofrettsging occurred during the test, After consid-
erable checking of the theoretical computzticns, it was conzluded that
the test cylinder, which was thought to be mild steel was an alloy
steel of considersbly higher stremgth than assumed. A3 the pressure
pump, pipe, and connections would have been overciressed by the use
of higher pressures, the test work was discontinued,

As autofrettaging is a rather common procedure today, it was
easy to obtsin the results of successful work such as that described
above, and values of strains obtained during a {ypicel autofrettaging
procedure were used to permit comparison of theoretical ond experi-
mental values of residual strain, Figs. L-l and L-2 show the compar-
ison between the theoretical and experimental stresses for two dif-
ferent assumptions (110,000 psi, and 107,000 psi) for the yield
strength of the material, The exact value could not be oblained

from the available records, thus the two sssumptions were used

28
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to show the effect of using these different values. (The computa-
%“ions necessary to obtain the values for plotting Figs. l~1 and L2
are presented as Appendix C.)

From Fige -1 it is seen that the experimental and theoretical
value of the stresses at the autofrettaging pressure is almost the
same assuming the yield strength ‘o be 107,300 psi, wherezs the
- theoretical value is considerably different from the experimental
value when aun assumed value of 110,000 psi is used. The opposite
phenomenon holds for the residual stresses upon release of the
autofrettaging pressure, These comnents point up the necessity of
knpwing accurately the properties of any materials intended to be
used for auntofrettaging work.

Fig. -2 presents curves similar in pattern to those of Fig, h-l,
although the check between theoretical and experimental values is nct
as close as for Fig. L-1,

Fige U-3 was obtained from data from the same test producing the
data for Figs. L-1 and Li~2, using an assumed yield strength of
110,000 psi. The curves show the distribution of the theoretical
residual stresses upon release of the autofrettaging pressure,

The values were obtained from formulas presented herein, and the
curves are presented merely to show their shape; so neither the

computations nor a tabulation of the curve values are presented

herein,

The results given in Figs. h«l, Lh=2, and L-3 cannot be used in
a quantitative manner, becsuse the exact properties of the high

pressure tubes from which the strain data were obtained were not



available., In actual practice, procedures have been worked out to
obtain very close correlstion between desired and actual values

of residual sitrein in autofrettaging procedures. As the primary
objective of this thesis was to present end discuss the thecreti-

cal aspecis of the autofrettaging procedure, further experimental

work was not done.
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CHAPTER V
CONCLUSIONS

The primary objective of this thesis was to obtain all the availe
eble references pertinent to the autofrettaging procedure, and to study,
evaluate, and correlate the theoretical and practical aspects of this
process. This has been done, and certain conclusions may be drawn.

Of the séveral methods of autofrettéging, only the conventional
method involving the use of internal pressures appears to ba of prace
tical value todzy.

There are actually only two different methods for predicting the
stresses and strains resulting from the autofretteging procedure. Thess
ére based on tension-test and torsion-test data, and give predicted
values which agree vefy closely.

The most practical way of checking on the effectiveness of an auvto-
frettaging procedvre is to use electric resistance strezin gages on the
outcide of the tube or veasel, and to measurs the residual straine upoa
renoval of the autofrettaging pressure. Diemeter measurements may also
be used in a similar manner, but the actual change in diameter is often
very small, and great care must be taken in making such measurements.

The conventional method of autofrettaging produces a remarksble im-
provement in working stress conditions and in the fatigue life of high
pressure tubes and vessels, and the procedure is very widely used today.
Relatively few engineers are acquainted with the method, however, and
mach of the work is done at the present time is considered to be of a
proprietary nafure. The benefits of econoryy and safety derived from the
procedure are very great, and its use will no doubt increase greatly in

the future.
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APPENDIX A

Derivations of Equations of Antofrettage Pressure, Stresses and Strains

In the problem which is to be discussed here, the ends of the
thick-walled cylinder are restrained from motion in the axial direc-
tion and the axial sitrain €4 vanishes throughout the tube and at all
times; moreover, all stresses and strains are independent of tangen~
tial and axial directilons.

In order to simplify the mathematical treatment of our problem,

we assune the material of cylinder is incompressible in both the

elastic and the plastic ranges, thus

Since €,=0, therefore €¢+ €Ep =0 (A-1)

Fig. A-1 shows an arbitrary point in the cross-gsection of a

cylinder, Its dimensions are dRxR46 After a radially directed dise

placement u, we then have €, =.§_§ s and
u
E, =——
tTR
from Eq.(A-1)we have

which can be integrated by separating the variables and yields the

solution

(4=3)

o
1
|0

L1
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when R = Ry

(A-3a)

Uj=— or C=u F;

Using Eq. (A~3) and Eq. (A-3a), the three components of strain

may be expressed as:

du YA |
€'r__a-l—k—= —-—-,ﬁzl (A"h)
b=t = ”;f" (4-5)
€q =0 (A=5)

From Fig. A-2, Differential Equation of Equilibrium can be obtained:

CFrt _gik’c ARV R+ IR)AEda—1, RdOda — £, dR dadéd =0

dfy , f-f -
Sr r- 7 A~
At o (4-17)

The elastic sitress-strain relation, combined with the incompres-
8ibility condltion (éz=0, €,+€;= 0), is expressed as follows:
The relationships between the instantanecus states of stress

and strain at a point of a solid body within the elastic range are

expressed by the Ygeneralized Hook!s law.," (23) This law can be

simply written as follows:

Sr=26er St = 26Gey Sg= 26Ge, (2~8)

Where Sf-—_- f}—S St = ff-~$ Sa = fa"'s

€)= 6,-"‘6 ef= Gt"v.
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Fig., A=l Displacement of a Volume Element
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where S =g(f+fp+1y) e=é{6+q+@)
3 3
2ft'“fa—f;‘ Zét—éa—fr
— 3 "¢ 3

2fa=fh=fy _ ,. 2€a=6= &

3 3

for €;=0 €.=—€,, these relationships become
2f—f —1ff = 66&

272‘4-—75.,‘—!@ = O

From Eq. (A-10c) fo,:f—’ziﬁi

substituting into Eqs. (A=10a) and (A-10b) yields

fr"‘fz' = 46€I”°

From Eqe (4-L)

ui Ry
k 2

Fr—f =—4G6
substituting Eq. (A-12) into Eq. (A=7), it yields

dtr 464k

=0 -
ar R3

Integrating Eq. (A-13),we have

(4-9)

(A=10a)
(A~10b)

(£=10c)

(4-11)

(4-12)

(A-13)

(A-1l)
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when R = Ry
2Gu;
fr==p=C- g-a/ s and (A-15)
/
when R = R,
fr= 0= -200R, (-28)
Ko

Solving Eqe. (A-15) and Eq. (A-18) simultaneously, we can get

R/ R
C/ == p ’7;"1;/7/7‘;?— s and (A"l?)
v =L R, (4-18)"

T26 /- RR:
Substituting Eqe (A-17) and Eq. (A-18) into Egs. (A-ll), (A=12)
and (A-11), yields the following equations respectively:
R') RS — KL/ R®

fr = P 7 — e,z/koz (A"19)

RE/RE + R/ R?

e = /- RE/RE (A~20)
Fr = P__'ifz_/_@_g___ (4=21)
T -RK

The von Mises condition of yielding for plane strain will be

as follows: (31)
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Chy=F: )2t (Fi= )%+ (F= £ = 2 £ (a-22)

By substituting f,, fy, f; from Egs. (A-19), (A<20) and (4-21),
this relationship becomes

 RERE fyp
PI=rERE ~ 73

When R = Rj, the inner surface begins ylelding at a value of the

internal pressure

P = fyp(/ ﬁ,‘

2
(Y24

(A~23)

Substituting p' for p and R, for Ry in Egs. (A-19), (A-20) and

(A-21), we obtain equations of stresses in elastic zone as follows:

z .
f,- ‘/-—- (&z"— /e(z) (A-‘Qh)
2 z
ff=g'—”' ';Zz + ';‘z ) (4~25)
R,
£ : A=2
fa= /’3‘ /?0) (A-26)

By substituting Eq. (A-ll) into Eq. (4-22), the von Mises yield

condition becones

2 fyp.
/3 (A=27)

Substituting Eq. (4-27) into Eqe {A=7), then we have

fe—tr=
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dfr _ 2¥n,

=0 and

dR 3 R !

integrating it, we may have
2
f,:-g” InR + Cz , (2-28)
when R = Ry

2 fyp.

Idpep,= 5 ke + Cz .

+ And this value must equal, with negative sign, the pressure at the
inner surface of the elastic portion of the tube as expressed by

Eq. (A-23) (Ri = Rg)

2fy.p. pf, RE
_\/_g_)’_f_/” Re + Cp =— %_p_ /“‘E:;z‘)
7('
Cp=— 2= yp (/ l?o— + 2/n ﬁc) (A—29)

Entering Co into Egs. (A=-28), (A-27), and (4-11), we have the

equations for stresses in plastic zone as follows:

f,=—%ﬁ (/ ~2/o——) (4-30)

fy = _L&(,+_.c_,,_2/,,_) (a-31)
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_fi+fr _ fyp. R R -
fa=~13"0 = (A,E+2/n ) (4-32)

We can get the autofrettage pressure from Eq. (4=30), when R = Ry,

fr = = p¥ thus
.* fyp R/ -
(/ —2/n -——&) (A-33)

When R, = Ry and Rg = Ry in Eq. (A-33), we can debermine

bro alo-down pressure and bursting pressure respectively.

pr=ie ()X £ ) (A-3L)
p".—_%_&& (/,, _2‘1) (4-35)

The method of cemputing the charges in stresses resulting from
unloading the autofrettage pressure will depend upon whether or not
the unloading stresses exceed the compressive yield strength of the
material in Fig. (A-3). Vessels will have unloading stresses within

the elastic region if

k=L < 2, (4~36)

p=ap<p” (A=37)
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Fig. A-3 Limiting Pressures
(See Ref. 26.)
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Fig. A=3 shows p* and p" vs. the scale used for p! being

Ro
R ?
" twice that used for p"« The abscissa of the point of intersaection

( = 2422 ) fer which the

]

equality sign holds in next eguation

pﬂg?p?
or if
K= -;;—‘_’ > 222 (A-38)
4p < 2p’ (4-39)
where AP=/D¥_ 2, (py=0)
for ~  p =—ap from Eqs. (A=19), (A=20), (A-21)

we have stress equations for the whole wall of cylinder:

(A-40)

Aff:_d/b (Fo (

afy =— ap (R,, )(/+ /?2) | (A-h1)

RE
= e —_—
47“& A/D (koﬂ__'eia?) (A"h2)
Vessels will have loading stresses beyond the compressive yield

strength if

K= ’_?‘1 > 222 (A=h3)

50
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2p" < ap < p” _ (A-lLk)

The elastic fange Tor unloading from a plastic state and esubsequent
loading in the opposite sense equals twice the elastic range for the
original loading.

In accordance with the doubling of the elﬁstic range for the
unloading process, fyop. must now be replaced by 2 fy.p° For a
g_iven ap > 2p’ we rust therefore de’oerrﬁine Rj by solving

2

R/ R Ko ap )
A -/ L Ay Ry Jy P A (A-15)
Rs R "R g U5 )

with the aid of Fig. (2-1) (See chapter 2.)
We then have the changes in autofrettage-pressure stresses due
to unloading:

It R =R=R;

for 24, = Frp s Rj = Fe s

from Eqs. (A=30), (A-31) and (A=32), the changes of stresses in plastic

zone will be

2%p G ok -
afp=Zl0 (/_;i; 2/ Af/) (A-L6)
4fy= "i:?” (/4— g; +2/n—/’%) (A-L7)

_=2F.p. RS R
afam =22 (f-:ﬁ 2/ k:,-) (A-18)
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and from Eqs. (A=-2l) , (A-25) and (4-26) the changes of stresses in elastic

/
zone will be

af, . 2 = ( % z ) (A-L9)
afy =— Llre “'2 ;) (4-50)
t = /? 02 -f- 2 P
= Zlre. __’51'2_ A=51
Afa f__ ( 02 ( )-.)

The unit radial strain in both the elastic and plastic regions

under autofrettage pressure will be derived as follow:

Substituting p = p! and Ry = Re into the Eq. (A-18), the dis-

placement of the point of the plastic front is cobtained as

L S | -3

From Eqe (A=23)

’ 7‘;’-}’.( k/‘? - - J ()
pl= 22125, for R, = R, substitute into Eg, (A4=52)
NE; R i ¢
v fre, Re
€T /3 26

From Eq. (A=), then we have

Ue Re fy.e _'?sz__)
g2 /3 \ 2G6R?
(A-53)



}‘!
where £

T2 (0
Upon unloading of the autofrettage pressure a change in unit
radial strain s¢, will occur.
If the conditions are same as Eqs. (4=36), (4-37), (4-38) and
(2~39), for p = ~AD, Eq. (4-18) will be

2
a a/- = AP < )

T 26 | TTRERE

from Eq. (A""h),

Aa, /?/ -
“Er = = ((/ 7@2)/@’ )
= 2P KRS |
G (m;— &) R? ) (4-51)

If the conditions are same as Egs. (AehB)“and (A=Lk),
for pP=—dp or fxp.=—2/y‘p. $ ﬁc’:'?j’
from Eg. (A=53),

4€r=- me (26,? - f” (6/? ) (8-55)

53



APPENDIX B

Dardvation of the Sachs Boring=-cut Mathod

Consider a tube (see Fig. B-l) with an inside diameter 2Ri and an
outside diameter 2Ro. The longitudinal, tangential, and radial resid-
ual stresses at an arbitrary point at a distance R from thé axis are
fa*, ft*, aﬁd fr*, respectively. The original cross sectional area cor-
responding to the outside diameter of the tube is Ay or R02. After
boriné out the hole to a radius R! (coiresponding to a cross section
A= R’z), the surface strains at the outside surface are measured os ea’
(axial strain) and et' (tangential strain). The stresses:fa*, ft*’ and
ff* originally present in the cylinder at radius R may bte considersd as
béing the sum of the reméining stresses after boring out to a radivs R
and the stress that was removed in the boring-cut process. Denote the
remaining stresses by fa", ft"s and fr“ and the stresses removed by the

boring a3 f,'y fy s &nd £ o Then

£E = £g + £ (B1)
£f = £y + £y (8-2)
fp = £y + £ (B=3)

(1) Calculation of the stresses Remaining after Boring

Since the radial etress at outside surface is zero
_fp=o0 (B-h)
and Eq. (B-3) becames
t
fy = £y (B-5)
For the purpose of simplicity in relating the measured surface
strains to the unimown stressss within the metal, fictitious surface
stresses Fg and Fg will be introduced. These are related to the meas=-

ured surface strains, according to the theory of elasticity, by the

relation

Sk
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Fig. B=1 The Cross-»seétibn of Tube Under a Boring-out Process
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E€y=F, -nFy ' (B-6)

E€y=Fy-pF, (B=7)

where E is the modulus of elasticity and np is Poisson's ratio,

Solving for the surface stresses yields the equations

E I4 ’.

Fa=;—/;;_,— (€4 +u &) (B=~8)
& ‘ ’

Ft=/-———-//2 (€. + HEg) - (B=9)

To determine the remaining axial stress, f ", in the surface of
the'bore after boriug oul a cross section A, assume that axiai stress.
introduced into the remaining cylinder by boring out en additional
cross section dA ie wniformly distributed over the remaining cylinder .
of the cross section. Then the change in the average axial stress in
the remaining cylinder will be the same as the change in the outside

surface stress dFa. Then by equilibrium of axial forces

fo dA = dFy CAy=A) (B-10)

The small change dF, in the surface stress corresponds to small
changes in the measured strains, which are determined from Eqs. (B-8)
and (B=9) as follows

3

(dEL +ud€))
aTAEE (B-11)

dFt=, = (d€; +pudéy) | (B~12)
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Substituting Eqe (B-11) into Eqe (B-10) and solve for £," yields

the desired relétion

£ dés + 1 dE;

fa =~z (Ao A) 7 (B-13)

The value of f£i" as a function of the measured strains may be
determined in a similar manner by finding the effect on the surface
stresses of boring out an additional thin shell of cross section dA
from the inner surface that results from boring out to a cross ssc-
tion A, Such a thin shell before removal by boring was subject to
a tangential stress fi" , and internal pressure of zero, and an cxe
terna). pressure which is the same as the radizl stress at its outside

surface (before bering out). By the formula for a thin-walled tube:

a,f,_’,: 7(2”_%?_ (B-lh)

The effect on the measured strains of boring out the thin shell
is due to the removal of the radial stress 4f" at a radivs R + dR
and consequently may be ccnsidered as due to an internal pressure
of £,*. By the theory of elasticity the tangential stress in the

outside surface of a cylinder subjected to an internal pressure p

2Rf

=kigz P

f
? : (B-15)

for £y, = dFy, Ry = R and p = df"

2
dFg =-€ﬁ—‘“— dﬁ'

R~ R? (B-16)
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Combining Eq«(B-16) with Eqs(B-1L) aund Eq.(B-12) and solving for f£i"

é— . 0/6;-/- AL déc; (B.l'?)
—-u? - '

fo =(Ao—4) p

Thus Eqs. (B-13) and (B-17) determine the desired remaining sur-

face stresses after boring out,

(2) Caleulation of the Chanzes in Stress due to Boring

In order to determine the changes in stress fr{, fi's and £,' at
a radius R due to boring out the hole from a radivs Ry to a radiuvs R,
consider the effect at radins R caused by boring out a layer dR' at a
redins R' (some arbitrary point betwzen Ry and R), see Fig. B-1. Then
any‘changes caused by boring out from Ry to R will be the summation by
integration of the changes caused by boring out theilayer dr'.

Assuming, as previously, that any change in longitudinal stfess

caused by boring out is uniformly distributed over the remaining cross

section:

df, =—dFa (B-18)

for an element dR' bored out, and likewise:

fa=— Fq , ’ (B-19)
for the entire quantity A bored out,

Substituting Fq. (B-8) in Eq. (B-19) yields:

fa =—7— _,i? (€5 +p €l (B-20)

The negative sign in Eq. (B-18) is due to the fact that F, is a

stress that causes changes in messured strains, while fa' is a stress
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the removal of which causes the same measured strains. Thus £ ' and
Fa mst be of opposite signs.

To determine f4!, consider the effect at radius R of boring out
a shell dR'. This has the effect of imposing an inlerral pressure
- equal to the radisl stress at R! +. dR! upon the cylinder extending
from radius R' + dR! to radius Rge. The changes in the tangential
stress 4! at R is desired., The stress within the wall of a tube

is given by the theory of elasticity as:

_(R*+ RE) R? ,
g7 (R7— K2 " (B-21)

4%

" Applying to the situation at hand

fe=df s R =(R'+dR) and p=dfisy e,

o (R%+ REICR'+ dR'IZ ¥ ’
U= KT ki= (Rrar F] “Trersar? (5-22)

vhere 7% esqeoias the radial stress at R' + dR before boring out the
shell dR's The same boring out process produces a corresponding change
in the surface stress Fys This can be found by applying Eq. (B-21)

to the point where R = Rg:

-

2r?
Fe=pz_gi P (B-23)

For the cylinder of I.De =2 (R' + dR') and 0.D. = 2R, becomes:

2 (R4+IR)? e
RE—(R + dRV? r(R*4R) (a-2k)
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Eliminating o7 oy 4, between Eq. (B-22) and Eq. (B-2L),
replacing Fy by Eq.(B-12), solving for dfy®, integrating, and changing
the éign:

£ = — £ .%+A
z [~ pt2 24

(€ +u€L) :
ereoa (B-25)

The change in sign is made for the same reason as in Eq. (B-18).

The radial stress fy! is determined in the same way as fi', i.e.,
by considering the effect at radius R of boring out a shell dR'. For
this purpose, the radial stress in the wall of a tube is required., This

is given By the theory of elasticity ac:

_RP-RP) R »
T RP(RF-RD) - (A=26)

f,

in which the notation is the same as in Eq. (Ba21). Applying to the
c¢ylinder of inside radius RY + dR! and outside radius Ry, the change

in radial stress at R is found to be:

g (B RENR b aR)® o
Ir 22 [Eoz_(k'_i_ dk')?] r(k'-f’dof") (B"27)

considering that the removal of the layer dR! is equivalent to epplying
an internal pressure to the remaining cylinder egquivalent to the radial
stress at R! + dR'. Eliminating d&f,! between Eqs. (B-2L) and (B~27),

replacing dFy by Eq. (B-12), sclving for dfy¥.es4e) , integrating, and

changing sign as before:

S . .
V% 24

(€ + u€z) (B-28)
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Combining Egs. (B-13), (B-17), (B-20), (B-25) and (B-28) according

to Egs. (B=1l), (B-2), and (B-5),

* £

. A€+ p €]
q= 7—u?

a4

[(Ao— A) — (€ +pu 6{)} (B~29)

] ; [(40"'/9) d€t'././1 d€a _ AtA

7 VYT 7] 54 (6,;+,uéa')] (B=30)

x £ [AO—A

f,-_l__/lz 24 (é;’/‘/( 6‘;)]

(B~31)

which are the desired relations. These may also be written as:

£ T dx
o= A= A) S = :]

4B _ Apt+4 '/J,]

)f'__ E A’o“/)
ey [

where:

of = €, + pu €,

B =6+ pHEq



APPENDIX C

This section of the thesis is devoted to computations necessary
to obtain valves for plotting Figs. Ll and L-2, Most of the work is
concerned with computation of the predicted stresses on the outside of
the tube fof various pressures during the auntofrettaging procedurs, and
the last portion of the section contains a table of the stresses ob-
tained from elecctric resistance strain gage measurements. ihm-elemeht
rosettes were used, and an ordinary nomograph used to compute the cor-

regponding stresses corresponding to the measured strains,

Calculationg of Predicting Stresses on the Outside Wall of Cylindox
During the Avtorlrettase Process

1. Given datas
0.D, = 2 5/8" R, = 1.3125"
I, D, = 1" Ry = 0.5"
Wall thickness = Q,8125"

Ko
]

21l ratio X = = 2,625

Material: ATST 4335 Alloy Steel

Yield strength in tension f& Pe ° 110,000 psi

Ultimate strength in tension fy,g, = 125,000 psi
2. Ahssume autofrettage pressure p™ = 114,500 psi.
3. Elestic-plastic interfece, R,, can be obtained from

* _JZL 2./n ﬁ%‘) D
(/ o (2.}

62
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oxr from
2 *
kc—?/n-—@i——/: 2/n.£9__.;f__ (2"3)
R Fp/l3

RZ Ko
Re

with the aid of Fige. 2=1 to find out -
0
/14,500 _ 0128

2 .
R¢ Re
,?62 ?/l?'zo— - = 2 /I7 2625 770. 000
/.732
gc ”
Z = 0759 ; Re= 0758 (1.3125)= 0.996
o

L3
e

L. Elastie break-down pressure

o000 o. 2 .
)m//o, [_( 5 ]=5¢1300p51

’ f)’p (/__ giz
- /.732 /.3/2%5

R

5. Bursting pressure:

”_ 2fyp Ro| _ 2x/110,090 . .
p = 73 [/n '?,'] = (/n 2.625)= /22,500 ps/

Stresses prediction during loading process:

6o
(a) When internal pressure p < p', stresses according to

will be:

2 2 2
7 f‘”‘[efﬁ? ’ /?2(;03?)]
o 7 4 /

lémets theory (L)

“when p = 20,000 pzis fe=106,780 ps/ ; fa=3390 psr
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when p = 40,000 psi:
fp = 13,560 psi fo= 6,780 psri

(b) When internal pressure p > p', stresses will be

fy.pe P/‘)cz 62-1 (2_,11)
fy = + J 1
tTVE LRETR?
o Lo [ £ (2-12)
VE N W 7
when R = Ry
2fp | Aﬁ?]
fp=—pL&
t J3 L oz
__2x110,000 rRE 2
ft=""7752 Y TrzizeE . 19110k

when p = 60,000 psi, R, = 0.533":

fi = 21,000 psi 3 fy = 10,500 psi

when p = 70,000 psi; Rg = 0,587":

fy = 25,400 psi 3 £, = 12,700 psi

‘vhen p = 75,000 psi, R, = 0,613"

(Y

£y, = 27,700 psi 3 T, = 13,850 psi

when p = 80,000 psi, R, = 0.6L2"

fy = 30,500 psl 3 £, ® 15,250 psi



when p = 85,000 pei , R, = 0.676"

fi = 33,750 psi £, = 16,875 psi

“s

when p = 90,000 psi , R, = C,717"

-ty
#

37,800 psi 3 £, = 16,900 psi

when p = 100,000 psi, R, = 0.80L"

fi, = L7,700 psi 3 £, = 23,850 psi
when p = 110,000 psi , Rg = 0.923"
£y = 62,750 psi 3 £, = 31,375 psi

when p = p* = 114,500 psi, R = 0,996

£y = 73,100 psi 3 f5 = 36,550 psi-

7. Changes of stresses due to vnloading processt

K = 2,625 > 2,22

pressure unloaded : -

ap=p* =P, for Py=0, sp=p*=11,50 psi

Zp’ =T Lp <= p

65

the elastic~plastic interface caused during unloading process Rj can

be obtained from

2fya [, RS Ry
AP-—- —"/-,73_—' [/ - ’iog Z/ﬂ /(;

or from

(2-16)



with the aid of Fig. 2-1 to find out g_\l

66

(o]

Vi R . _ /14,500
?;:““2/”7:—/ = 2(n 2.625)- PG 000 = 1.028
7.732
,;j =0.392 R =0392 x/.3125"= 0.5/5"
o .
4 ;[y. . V- R? .
afy= TElre [:27,_/5. (2-21)
-2 fyp [ RS |
ata= jé_fp [/?:2] - (2<22)
vhen R = Rg
af, = —4 Yrp. [@/ZJ
t ‘/3— ﬁ02
4
afy = .__2_72
2
- _—gx/ig 000 [ 05157 )
aty /.732 [/.3/25__"“ 39,100 psi
afpg=—19,550 psi

8.

Residusl Stresses ¢

fi=# (p=pro + At =73,100=39,/00 = 34,000 psi

* .
fa ':fQCp:/p

%) + dfy=36550-19,550=17,000 psr



INTERNAL PRESSURE

(1000 psi)

Ttem Description
o 20 40 60 70 75 80 85 g0 100 | 110 | 1145 o
A Read('ing—f‘f‘a)ge 1 11,000(11,065|1], 13011/, 205\1/,245 | 11,270 {11,295 |1, 325 | 11,350 | 11,430\ 11,550 //,630 11,175
SXILaL
B Reading-Gage 2 11,000\ 11,225 1/, 4601/, 705\ 1/, 855 |14,920112,030\/2,145 |12, 265|12,550|/3 055 /3,350 |/, 820
(tangential) .
¢ Readi nguige 3 11, 000\11,065\14,130 |14 205|1/,250|1/,270| /,290|1,320 | //,345 | /{415 1/,510 | 11,570 //,/25
a a
D Reading-Gage b 11,000| 11,220 | /1,445 1//,680)| /1,620 //,900| //,280|12,085 | 12,195 12,500 /Z,9/5 | /3,155 |/, 685
(ta ngpnta.al) , |
E Axial Strain-Gage 1| o 65 | 130 | 205 | 2¢5 | 270 | 295| 325 | 350 | @30 | 550 | 630 | /75
(microin./in.) .
F Tan. Strain-Gage 2 | o | 225 | ¢c0 | 705 | 855 | 940 |1030 | a5 |/265 | /590 | 2055 | 2350 | 8§20
(micyoin./in.)
G Axial Strain-Gage 3 0 65 | 130 | 205 | 250 | 270 | 290 | 320 | 345 | @/5 | 510 | 570 | 125
(microin./ine) .
H Tan. Strain-Gage b O | 220 | ge5 | 680 820 | 900 | 980 | /085 | 1195 | /500 | /1915 | 2155 | 685
(micrain./in.)
E+G
I==5= | Ave. Axigl Strain 2 65 | 130 | 205 | 257.5| Z70 | 2925| 322.5| 3475| 4225 530 | 600 | /50
(microin./in,)
&
J=§'§'Ii Ave, Axial Strain 0 |2225| 2525| 6025 8375 920 |tco5 (1115 (1230 1645 | /005 | 7250 | 7525
(microin./in.)
Kt ”1?1 St §€‘SS o 435 87711260\ 1660 18.00 | 12.60| Z21.65 | 23.60|292037.10 | 42.03| 12.32
})Sl .
1% Tange?tial Stress o B0/ | 1620 24.90| 30./0 | 33,00 | 36./0 | £0.00 | 4<.00 | 55.20| 70.80 | 80./ | 26.22
.ns*
% = 39)(/0
K= (03 ~ (I+03J)
w5 220000 (re031) . ‘
Tabl of Strain Gages and Caleulations of Experimental Stresses

es C=1 Readings
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