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INELASTIC BEHAVIOR OF THICK-WALL CYLINDERS

ABSTRACT Trose Reference Data

Thick-walled cylinders were tested Plascic Deformation
under pressure for various end conditions. Thick-Wall Cylinders
The two materials used were annealed co;:pei ‘ Strain Hardening

and €C1045 stecl in the annealed condition,
Pressurization continuad until the tubuiar
specimens were fully plasticized, i. e,
uncontained plastic flow had occurred.

Tests were conducted with the specimeps in
the open end, closed end and closed end with
av applied axiai load position, Material
propertics were also derived experimentoally
with the use of tensile specimens and thin-
wallad zvi>- _. .. » modulus of elasticirv,
Poisson's ratio and the atrain hardening

factor were found for each material.
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DEFINITION OF SYMROLS
Modulus of elasticity

Poisson's Ratio

g < m

&
=

Strain hardening factor (as computed from uniaxial tests)

9)

Strein hardening factor (as computed from effective stress~

‘effective strain resuits)
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U Yield stress in tension
T Effective stress

€ Effective strain
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INTRODUCTION

An experimental test program for pressurizing thick-walled cylindeés )
under various end conditions has been conducted, The end cconditions con-
sidered were open cnd, closed end, and closed end with an apprlied axial
load. 4 single test fixture was designed and fabricated which accommndate
all three end conditions., This will be described later. A dead weight
tester with a 106000 psi capacity was used to pressurize the specimen and
a Universal Testing Machine was used to support the fixture and supply
the axial lcad, In test, the thick-walled cylinders were pressurized
until they were in a fully plastic condition., Two materials were used,
an annealed copper and an armcaled Cl045 steel. Tensile specimens and
thin-walled tubes were used to determine material properties, The modulus
of elasticity, E, Foisson's ratio, v , and the strain hardening facter, Ci,

defined by(l)’(3) gither

O:0. (i-&) + &EE , R
or
0p= Op (1-00) + xfé&

were determined for each material.
APTARATUS
{a) Tust Fixture
A drawing of the test r.xture is shown in Figure 1, The sectiocn
shows the varicus components of the apparatuns a:d how the different end

conditions are accomplishe’, The spscimen has an outer diameter of 1.5

1.

3.

Chu, Shih-Chi, lnelastic Behavior of Thick-Wall Cylinders Made of Strain
Hardening Materials, Rock Island Arsenal Report RE7110, U, S. Arny
Weapons Command, Rock Island, Illinois. )
Smith, J. O, and Sidebottom, 0. M., Inelastic Beliavior of Load-Carrying
Members, John Wiley and Sons, Inc., New York, 1965.
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inches and an inner diameter of 1.0 inch, Its length is 7.5 inches,
The filler bar is used to take up volume in the interior so that little oil
is used in pressurizing the specimen, Seal plugs butt against the fiile?
bar and also hold the seals, Two leather packings, a rubber 0" ring,
and a square aluminum seal are used on each end. The adapter and adanter
nut lock against the end »f the specimen and their effect depends on the
end condition desired. One of the adapters and seal plugs accommodates
the oi) fitting for pressurization,

n111€2) discussed the various end conditions involved. For a closed
end tube, the longitudinal force 1s equal to the force generated by the
internal pressure acting on the end plugs. This is accomplished in the
fixture by removing the Universal Test Machine (UTM) adapters shown in the
drawing, As internal pressure is increased, the seal plugs move out against
the adapter which transmits the end load to the specimen end resulting in
the required loading for a closed erd specimen, In this case the test fix-
ture sits on its end or the Jower platen of the YTM. Figure 2 is a phoco-
grarh of an erploded view of the apparatus and Figure 4 shows the apparatus
set up in the closed end condition, For the open end configuration, the
iongitudinal forcé in tie specimeﬁ is zero. This is accomplished by replac-
ing the UTM adapters-by straight unthreuded adaprers vhicl rest on the se.d
plugs and extend a little beycnu the ends of the adapter. [(hus the open-
end configuration can be satistied in two ways. The unthreaded adapters
;;e posivioned between the platens of the UTM. The internal pressure,

as it is increased, acts on the seal plugs uas before but i1his time they

are prevented from zontacting the adapter, They transmit the load to the

unthreaded adapters which in turn act on the platens cf the UTM. Here,

2.

Hill, R., The Mathematical Theory of Flasticity, Oxford at the
Ciarendon Press, 1956,

6
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the load is carried by the UTM, Since this involved motion of the seals
during pressurization, a better method of loading in the open ead case
was to apply an axial compressive load to the unthreaded adapte;s using
the UTM, This applied axial load was approximately the maximum axial
load expected during the test. The load was applied to the column con-
sisting of the unthreaded adapteré; the seal plugs and the filler bar,

. Readings on the strain gages on the specimen during this procedure rarely

exceeded 10 - 15 microinches/inch showing very little seal friction. as

. .
AR R AR SR Uy

the internal pressure was increased, little change was aoted on the UTNM

"

[

dial reading indicating little seal motion during pressurization.

¢

3 0 sl bt s

Figure 3 shows the apparatus in the open end condition,
The final configuration to be tested was the closed ead with applied

tensile load. In this configuration the UTM adapter was threadesd into

.
b d R e e b

ardhs

the ends of the adapter and the fixture loosely held in the upper set of

platens in the UTM, After the required internal pressure was reached, a

85w ofdrr eabd S

tensile lodd was applied to the specimen tirough the UTM adapters. This

is shown in Figure 5. The material used for the fixture is a hardened ¢§
4340 steel, The UTM is a coumercia}ly purchased test machine with a 120000 ‘ H
1bs capacity. Pressurization wasraccompiishcd using a dead weight tester, - -
i. 2. the internal pressure is balanéed against a set of waights acting on

a small piston For readings between weights, which wer. necessary with 7 ) .
the copper, a calibrated ioad cell and a nullmeter vgtegﬁse&. o°

In addition to the above tests, tensile ipecinensvand thin walled
cylinders were also c§§%ed for the purpose of determining the material E

properties. The tensile specimens were .507iinch diameter with threaded

oends and 2 5 gage length and were tested in the UTM. Thin walled



specimens were fabricated from thick walled specimens. The specimen wall
thi;ckness was .020 inches, the inside diameter remaining 1 inch,
{&) Gaging

Fer each thick-walled :ubé, twe axial and two tangential strain
gages were used. The gages used wer;e 120 ot high <longation gages with
& three-eighths gage length. A high elongatiou epoxy, RIC, was used in
bondh{g the gzges. The same type gage was used ini the thin walled specimens.
For the tensile specimeas, smaller high elongation gages available in the
laboratory were used, These had a gage length of one-eighth inch angd in- o
cluded two types, a single general purpose gage as well os a tzc rosezts =~
gage - two grids with one 90° to the other. Gages are individually fed s
into a 10 channel b2® .ice unit and then to & strain inc.cator. Cages are

i.ndiyiéuauy re&d and then averaged if a piot of the ;miats is required.

_{=} Test Procedure

Aftexr instgllation of the gaged specimen ‘Ln the rest fixture and J
the UM, all specimens are usually cycled once or twice at a low load just
to insure proper gage operation, For the tensile test, the specimen is
then pulled in temgion u}t{tqming the stregs within the ‘\erlascin vaage nf
the msterial. This is répeated at least oncec. Tuis will supply information
for computing the elastic constants, To ca‘lcnht;! oL, the strain hardening
factor the output of the m:and the w0 axisl gages ar» applied éo:m X-¥
7plot£¢r and a high eiongstion test i§ zum, A The nloﬁgat;ms vere mostly
sbout 3.5%, however, us@g :ﬁ difgegenf. cu:ing estad for :,:(ee cement,
elongations up to I wer: achieved. It was felt that the ntriin harden-

fng factor could be compred on eloagations which weze as yet ‘uéigém.’ )




i. e., befora nesking,.

Tests on the thin walled tubes for materia) properties were coaducted
i the ciosed end condition, Results were recorded and no attempt was
made to get elastic properties as these were well established by the tensile
tests, All gages were vecorded individualily.
Thick wall cylinder tests were dome by imstalling the specimen in the
. A apparatus under the desired end conditions. Gages were read individually
on a strain indicator. Pressure was appiied using the dead weight tester

2) svpplied an

until one could no longer keep up with the readings. Hill
equation to be used in an autdfrettage process whick gives the tangential
strain on the ocutside dianeter for a fully plastic tube., Whenever this

vas calculated, the racorded strzin exceeded the calculated one indicaring

Tl that the tube had been fully plasticized.

*. RESULTS ARD DISTUSSICN
~ {a) Tensile Test
~ Several tensile specimens were tested to deteraine the elastic

consiaﬁéi £ -the materials used. Two tangential gzages and twe axial gages,
&1l high eigé;;ﬁi&;, #eze applied to the specimen. Ywo stcai'and tua zopper

specizens were 2ach tested in $ue following mannur.

A specimen is pulled in tension at load levels which do not exceed

the ‘q;.iu:ic limit of the material. Ali gages are recorded individuaiiy
‘using A £toain indizator. This gives sufficient information for com-

puting iﬁe modulus of elasticity, E, and Poisson's ratio, . To

find the«mé;d;; wE zl&at#ci.ty, the axial gsge output is averzged and tiwe

best straigat iive is drawe rough the puints using the method of least

squares. The -technique is suggested by ztandard test ASTM Designazioa:

2. Hili, R,, Tie Mathematical Theory of Plasticity, Oxford at the
Clarendon Precs, 14956, -

Y
&
1




A

TR

i

E111l-51, To find Poisson's ratio, the tangential strain srd axial strain
are each plotted agsinat load, di4in using the method of leastrsquares 433
find the best straight line fit for eack curve., VJYoisson's ratio iy then
found from the ratio of the slopes of the curves. This sachaique is sug-
gested by ASTH Designation: g£132-61.

In testing fovr the strain hardenirng factor, (X , the data must be
recogrded continuously due to the plsstic deformation oscurring. #ence the
twe axial gages weré used in a'bridgé'circait which fed the X asis of an
¥-Y Flotrez. 3 linear putenticmeter was connected to tie beiléws of
the dizl of tﬁe Universal Test Machine and its output recorded as the ¥
ax;§i Fxoﬁ this arrangement, a diré?t ieéd-s:iaic Surve of ach teasile
specimen was obtained, At légs; 3 1/2% strain xas p}otted bafere way of
the gages would give way. The siope curve after the matevial is
fully yielded is found and set equal f;'e xE and sthus & is caleulated.
It =ust be kept in miaé';hat‘ & . as ;éﬁnd in this manrer, is the strain
hardening facTor in a teasile test, i. e., the strass~Straio curve in that

region woulgd be

@}

~?
L

Py i
Ty =

’-9./'7" 0(553

If the effective stress-strain expressions are used, then frox Referenca

(1) and (3), the same equation {Z) is writien

—

T =0pl1-&) +&EE (3

™

Chss, Shih-Chi, Inelastic Behavior of Thick<Wall Cyiinders Hade of Strain
Herdening Materials, Rock Island Arsenal Report RE7110, U, S, Aray

" Weapoens Command, Rock Island, Illinois.

Saith, J. 0. and Sidebottom, 0, M., Inelastic Behavior cf Load-Carrying
Mesbers, John wWiley and Sons, Inc,, New York, 1965,
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where

.-sn- { FN -2 - 4z i
= e o P2 . H ! - Y { 32 -
o w7 VLG Ge} +(0a-0p) «{a o) (4)
- - -
- rl ," 5 A 5]
_ » Vi o -~ Fd \} & \‘l
£ g V{6 -Zal +(te-Eaj +{€z &0} ©

-

The ™ calewiated from Eq. (3) is the same as Eg, €2} if incoapressipility

-

1% asswsnl, L. 2., Y = 172,
Elastis constuats and strain-hardenivg factor for the tensile tests
ave shown in Table i,

Maring tae first tensile test run, load-strals readings were taken

‘manaally as far as possible into tin plastic range, the spesimen unicaded

ard the test repeated with the oebput beivy recsrded on zhe ®-¥Y plotter.

The results from zhe X-¥ Plotter are shown in Figare &. Readings are taken

from the curve ax”;t! the slore aad heoce . calculaced {ses Table i). Portion
of the cuyrve uszed is Lfwc part af¢er yieiding is completed. As sentioned
before, thig X i- caleularzd fxon 2 tensile test expression (Eg. 2) and
the OC wsuld be the <ame as thal frem Bg. 3 if the material is considered
inconpressibie.

Data and rewles from the fuirsk twc copper teasile specimens and the

first twoe steel teesilp specimens are giwen ix Figures & - %,

Sicze asmeaind c'x-z:;éx: wis theught to have soee straie hardening Jacror, it
was felt that the copper being usnd was sol snnealed but already hardencd.
Cree of the copper tensiie specimens {C3) waws 2hen re-annealed in the jadora-

tery at H00° ¥ fyr 1/2 bour and water quenched. The annealing temperaturs

+as thosen low o keep any diztsriian of the already machined specimen

e




either negligidle or to a sinimum, Figure 10 shows the resuits from the
X-Y Plotter during the iarge deformation test, Differencez between these
results ang the others are negligible as far as the Strain-hardening fac~
tor is cencermed, Elsugation in this case, however, was higher,

The %-Y Flotter put a iimit on the number of gages that could be
recorded, hence, the above resuits ara found by using axial force versus
axial strain, Thus the (& is cslculated for a uniaxial test rather than
a melitiaxial test. The two conditions give & different < as described
in Beference 3 if compressidility is assumed and for the multiaxial test
the effectiw stress-effective strain relation must be used in the computae
tion, 7

Two tenzile tests, one with 2 copper and ons witﬁ a steel specimen,
vere repeated using a rcecorder to individually secord the str&in gages.

This géve a record o;‘ the axial load and the axial and the tangential
strain, allowing direct computation of & from the effeciive stress-
effective strain expression, Tie results of the steel specimen are shown

in Figure 1l and the results from the Iopper specimen are shown in Figure 12,

Results for the strain hardening factor are given in Tadle 1. The -

- strain hardening factor & is found from the uniaxial scress and strain datz :
and & érom the computation of effective stress-eifective strain. piffer-
ances between the two factors were smalle.

(t) Thin Wall Tests : . -

- Two thin wall tubes were tested in the closed end condition.

These were tv provide additional resuits for the determination of the

material properties. The cutput of the gages was recorded imiivi.&uhﬁ.

The results of these tests are given in Figures 13 and 14, Tests vere

3. Smith, J. O. and Sidsbottem, G. M., Inelastic Behavior of Load-
Carrying Nembers, John Wiley and Sens, inc., Now York, 1365,

12




Uit

TR M ik
L B i

continued until the thin wall tubes burst, A strain hardeaing factor
is given in Table 1, but the tubes burst before any large plastic flow
occurred. )

{c) Thick Hall Tubes

Results for th=z thick wailled tubes are showm in Figures 15

through 18, Steel tubes #1 and #6 were tested in the open ond coafigura-
tion as were copper tubes #1 and £4. Steel tubes #2 a~d #3 and copper
tubes $2 and #3 were tested in the civsed end conditions. Steel tubes
#5 and #6 and Cﬂope; tukes #5 and #6 were tested as close ended with an
appiied axigl load. Readings were taken as pressure was iacreased until
it became impossible to keep up with the motion of the materiai. Simple
calculations from 3111(2), gave the inaication with regard to tzigential
strain that the tubes were fully plasticized. 1In tubes tested in closed
end configuracion witli an applied axial load, the pressure was brought up

to iniiiélly yvield the bore of the tube, Aan axizl load was then apslied

using the UTH while the pressure was maintained constant, In Figures i7

and 18, the axial stress shown on the ordinate axis is solely due to the

appiied axial lcad and does not include axial stresses due to presssre in

the clogsed end configuration,

2. Hill,-R,, The Mathenmatical Theory of Plasticity, Oxford at the
CIarendon Press, 1956,

13
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