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Abstract

Design of tube sheets and other perforated parts of pressure vessels is
based on the concept of an equivalent material. Properties of such amsterisls
in elsstic rsnge are quite well understood and described. In view of the
fact that the engineering structures are more often designed employing the
theory of plasticity it is necessary to study the plasbtic properties of per-
forsted materials. Due to the repular distribution of the holes a perforuted
material in the macroscsle is snisotropic sand o yield coadition for such amo-
terials is a function of stresses and the angle defining the orienbabicon of
the stresses applied with respect to the principol sxes of the perforation
pattern. This work presents an experimental study of plasticity in the bi-
axial stregs state for perforsted wsoterisls wibh s square nenetinbion nobs~
tern., Tests were carried out on tube gpecimens of wild steel 8638 and sub-
jected bo axial load, internsl pressure and borsion. Plastic flow suiiaces
for perforated waterials were found for three orientations of the princinial
stresses with respect to the syumebtry axis of the perforution (0°, 22.50,
and 45°) o The influence of the ligament efficiency on btlie shape and size
of the yield surface was sbudied experimentolly. The tests were lone for bthe
ligament efficiencies equal to 1.0 (unperforated nwterial) s 07 , 0.3, ond
0.3 +» The experimoent shows thot materials with a smsll ligoment efficiency
are of a hirher snisotropy. The anisotropy observed for the lirmament effi~
ciency M= 0.7 is negligible thus it can be assumed thst the perforated .is=-
terial is practically isotropic for u>0.7 . Some churacteristic feajures of
plastic flow of perforsted materials were also studied. The sim was to fur—
nish some indications regarding formulation of the constitutive equabion.
The vectors of plastic strain increments were found experimenbally for each
loading path. The normslity of these vectors to the yield surface indicatbes
thet the associate flow law casn likely be used to deseribe the plasbtic flow
of the perforated material. The other problem studied was the plastic volune
change. It was assumed in this work that the plostic deformation in Gthe

thickness direction is equal to zero. The plastic volume change was bigzer
for the materiels with small ligament efficiency and was the function of the
orientation of the strasses.



1. Introduction

Analysis and design of the perforated structures utilize the notion of
an equivalent uniform materisl of the overall behavior the same as that for
the perforated materisl. Such a homogenization was widely used in the ela-
stic range and both theoretical and experimental studies are available re-
earding effective elastic constanbs for the perforsted materials.

It oppesred useful, due to spplications of the theory of plasticity in
structural design, to study the plsstic behavior of perforated materials.
There sre followine three groups of problems when carrying the homogeniza-
tion of the perforated material in the plastic range :

a) the formulstion of a constitutive equation for the equivalent material
tskine inbo account the specific symmetries due to the perforation pattern,
b) emperimental evaluation of the plastic oversll behavior, including the
vield condition ot the maberisl, and c) the theoretical studies employing
the ;ethods of plestic onalysis in deriving characteristics of a homomenized
mobterial. the third mroup mostly waes the subject of studies. Porowski and
G’Donnell in references [1,2,5] using the theorems of limit analysis deri-
ved bounds to the yield surfaces for perforated waterisls with square and
trisncular penetration patterns. The original unperforated material was as-
csumed to he isobtropic, ripgid plastic and to obey the Tresca yield condition.
Tinnicki, Fwiecinski and Kleiber in [4] attempted to derive numerically the
vield curfaces fTor serforsted mabterial with triangular penetration pattern
euplovins the finite elements method and prescribing the deformation mode of
o typical semient of perforated moterisl. They assumed that the unperforated
moterial is elastic-perfectly plostic and obeys the Huber-iises yield candi~
tion.

An attenpt to describe yielding of perforated materials both regarding
the flow law and the yield condition using the tensor function represents-
tions and based on preliminary experiments specificelly derived for the pur—
pose ig made in [5] . The soproach em loyed follows the line suitsble for
anisotronic plastic material, [6] s [7] .

At present practically uno experimentsl dats are available to verify
the theorebical results known till .now as well as to furnish some inforua-
tion Lo be talen into asccount when deriving the constitutive equation of an
equivalent maberial. This paper presents results of experimental studies re~
~arding plastic properties of the perforsted materials with square penetra-
sion mabbern. The bests concern biaxial stress stotes. The perforated wmate-
rial Gested constibutes in foet an oriented medium that is why its proper—
ties are dependent on the respective positions of the principal siress di~
rections and the priviledged directions. In particulsr it concerns the
yield condition which for such a material is a function of stresses and an-~
@le « defining the inclination of the principsl stresses directiouns with
respect Lo the sywaetry sxes of the penetrstion pattern, Fig. 1. This spe-
cific problem is analysed in the present paper and some further information
re~srding the Flow law of the equivalent material sre given. The results of
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preliminary tests of the plsstic flow done for uniaxisl tension of perfors~-
ted materials with square and triasngular penetration patterns are presented
in [9] .
2. ixperiments

The Gegbz were carried out on verforasted tubes of mild steel St3S sub-
jected to oaxionl load, internsl pressure snd torsion, The specimen used is
shown in Tis., 2, The lirszacnt efficiency was equal to H = 0.3, 0.5, 0.7
and 1.0 , ond the an~le of inclinavion of the principal stress directions
with reepect to the symwaebry axes of the perforation pattern was o= Oo,
22,5° ana 45° respectively. The wall thickness of the msin part of the spe-
ciaecng was either C,7 ' or 1.C mm. The thickness was 2,0 mm for the sveci-
neng subjecsed to coupression load or torsion. The holes in perforated part

£ She specliens mere drilled ny means of precise cylindrical patterns aade

oF g steel. Jue to ~eomebirical reasons the pitch of the perforabtion was
uot the coune for Lhe specinens with different sngles o« . When the symmetry
axis Ii, Fir. 1, coincides with the longitudinal axis of the specimen that
aeong for « = G° bLhe pitech P waos equal to 10,10 um. The other values were
pg follows : for « = 22.5° P = 10.87 wm and for o= 45° P = 10.00 um.

“he nerforated tubulsr speciiens subjected to internsl pressure had to
be wrepsred so os o assure the tightness for pressures up to 12 AJ/h « The
procedure nppliced in this cests fulfilled that condition and assured free
deforaation of the speciiien in radisl, circumferentisl snd loangitudinsl di-

rections and asssured a uniform distribution of the thrust for all the cells
of The =reclicn,.
3a Yield surfsces

“he speciuens were tesbted in the btesting machine with independent and
ziwlonneous conbrol of soxisl load, inbernal pressurs and btorsions It cnab-

T e L

led ¢o seeb Ghe ccinens for selected loonding paths 1 %o 7 shown in Fig. 1.

the lLonwibtudinsl an? circumferentisl defomasztions of the specinens were ine~

aeans of tuechsnicsl cbrain rauces and the shear deforastion was
vieacured with an ovtical gtrain -

ure. The defoimation measured were used to
»lodé the curves of the relation hetween bthe equivalent stress o; and the
cruivalent sbrain gy “hen colculating the equivalent sbtrain the value of
vhic'negs deformabtion was required. This defomuation cannot be measured ex—
periuaensally due to technical ressons. Furthermore this deformation is not
uniforr, beins very hish in limited aress where yielding occured and relati-
vely sasll in other parts of the unit cells of the structure. Due to the dif-
ficulties bo intiroduce the precise definition of such deforumstion it was asg-
suaed that fhere is no plastic deformation of the perforsted wsterial in the
thickness directilon. The equivalent stress o; corresponding the yield 1i-
111t Tor Ghe various loading path were found for the pemmanent equivalent
straine g? = (1 per cent. The curves of intersection of the yield surface
for snsles « = OO, 22.50, and 45° in the coordinste systoem o, s O are
shown for various ligament efficicncies in Fig. 3 where 6% and 0y are lon-
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gitudinal and circunferential stresses, respectively. The directions and ra-
tios of the stresses were kept unchanged for all bthe loading paths excepst
the torsion that mesns for loadiang path 6 in Fir. 1. The angle o« was chan-
@ed by rotation of the syumetry axes of the perforation wibth regpect to lon~
gitudinal axis of the specimen. That approach was essential becsuse of the
initial anisotropy of the specimens used. The Huber-iises ellinse is shown
in Fig. 3 to indicate the observed anisotropy of tube specimens of mild
steel St3S. The pr1n01pal stregs directions for the specimens under torsion
were rotated 45 with respect to the longitudinal sxis of the Sube,

The results of the experiment shown in Fig. 3 indicate thalb Lhe plactic
anisotropy of the perforated msterisls is a function of the li~wsment effi-
ciency. The plastic anlsotropy for the value p# = 0.7 is nev -limible 2ecouse
the curves for o= O°, 22, , and 45° nearly coincide. It con thus be os=
sumed that for > 0.7 the nerforated material with square penobrauion pabt-
tern is practically isotropic. It is seen from Fig, 3 thot the shape of the
vield surfsce depends also on the ligement efficlency.

4, Tlow law

The vectors of the plastic strain increaents calculated from the re-
gults of the exveriment ore shown in Fig. 4 and 5. The diractions of the
vectors were found using the method described by .llastkowski and Qzczop i~
ski in [9] . This mebhod employs the plots of circunferential and lon~i
nal strain versus the equivalent stress Gy and bthe slope of the btsn enl

%o each curve in the point corresponding to the yield limit mives the 7alue

twil-

of circumferential and longitudinal plastic strain inciements, respectively.
The normality of the plastic strain increment vectors to Gthe yield suxface
indicates that the associate flow law can likely be used to describe the pls-
stic flow of the perforated material.

The pemianent strains P ond 5§ experimentally measured for tine
perforated msterisl together with the assuaption bthat the permancnt deforuio-
tion of the thickness is equal to zero served to the calculniion of vhe per-
ranent volume chan-e. The approximste curves of intersection of the yicold
surface by the p%ane TEEE’EEE ’ 04 and the sbrain increuent vectors axe
shown for oc¢= 0 in Fig. 6 where Sij are the stress devialor couponenis
and (Sii is 2 sum of the dismonal components of the stress Uencgor. The ex-
perimentsl points in Fig. 6 are wmuch more scatered then in Fig. 3 but this
is not s result of experimental errors. The points in Fig. 6 are Ffound for
loading paths 1 to 7 shown in Fig. 1 and correspond to the different infer-
sections of the yield surface by the planes VEEE‘EEE y Gy ¢ Such aethod
mives the exact shape of the curves in the coordinate sysben V§Z§‘§I§ , ]
if the yield surface shows the rotationsl syumetry with respect to the axidt
Gii but this condition is not fulfilled in the case discussed.

Tt is seen from Fig. 6 that the yield condition for perforated .isteriols
should include the first invariant of the stress tensor because the yielding
may occur for finite vslue of SFPD
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S Coupsarison with the lower bound solution
The theoretical values of the ueneral cut-out factor defined by Porow-

szi gnd 0'Dounell in Uﬂ as 9= G;k%TL where OF is the minimal value
of uniaxiasl yield stress for perforated inaterial weasured for various ansgles

L and G, is the uniasxisl yield stress for unperforsted waterial, are compas
red with experimentsl results in Fig. 7. This comparison includes the re-
sults of bhe tests described here for mild steel St3S and those for alumi~
nium alloy T4/t presenbed in reference [5] . Sxperiuental values of cut-out
factor osre hivher than those theoreticel since the theoretical analysis ba~
sed on sbatically oduissible fields of stresses gives a lower—bound estimste
of the yield stress of a perforated material.

6o Conclusions

The perforsted materials with square penetration pattern show very dis~
tinct plastic asnisotropy for ligament efficiencies less then 0.7 . The shape
ond the gize of the yicld surface of the material tested is a funcbtion of
the lirauent efficiency. The experiments suggest thal the associated flow
low con be uzed to describe the plastic flow of the equivalent material.
ne nccessity bo include to The yield condition the first invariant of

stress vensor was aleo indicated.
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