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THE INFLUENCE OF TENSILE STRESS ON CREEP DISTORTION

W, OSIPIUK (BIALYSTOK)

An experiment is presented concerning the process of creep in a plane state of stress
under non-proportional loading by a torque and a tensile force. At a fixed value of the
torque, the influence of a tensile force upon the shear deformation of non-steady creep
process was analyzed. The PA4 aluminium alloys were tested. The plastic resistance
function was used to describe the deformation. The concept of slip lines as proposed by
Baidor{, Budiansky was nsed. The theoretical results derived comply with experimental
data.

1. INTRODUCTION

The problem of creep in a complex state of stress has not yet been solved
in an exhaustive manner. The problem is additionally complicated in the
case of non-proportional loads. Phenomena occuring in the structure of
the material influence in an essential manner the creep process taking place
under constant load. This subject is treated on fairly broad grounds in the
works of W. TRAMPCZYNSKI [1, 2], who points out the considerable variety
of behaviour of the material in the course of a creep process preceded by
plastic predeformation. The influence of predeformation may be considered
to constitute a sum of two effects: a non-oriented (scalar) effect which is
a function of effective strain and an oriented effect, which depends on the
angle between the principal direction of the strain tensor of predeformation
and that of the stress tensor in the course of the creep process.

‘ In [2, 3] it was shown, using as an example the creep process of copper,

that the scalar effect is dominant. The experimental technique used was
that proposed by W. SzczepiNsKI {4]. The classical technique of tests in a
plane state of stress (based on test pieces in the form of thin-walled copper
tubes subjected to tension and torsion) was used in {5}; the influence of the
oriented effect was shown to be essential.

On the basis of alloy steel and aluminjum-copper alloy tests, the au-
thors of [6] and [7] suggest that plastic predeformation results in anisotropic
hardening (oriented effect). According to those authors, preliminary tension
of the test piece by an axial force produces no hardening effect in the case
of, for instance, subsequent torsion.
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The mechanism of plastic strain of metals is complex and is based chiefly
on slips occurring in definite systems of planes and directions. It is assumed
that the material is hardened, above all, in regions of slips. If the load
increases in a proportional manner, the hardening phenomenon occurs in the
same systems in which slips occur during the creep process, after the load
increase has been stopped. The resulting orientation of those systems in a
given slip region remains unchanged during the entire deformation process.
If the loading is not proportional, the orientation of slip systems varies
during the loading process. It is only after the load increase has been stopped
that this orientation is stabilized in the course of creep and becomes, after
a sufficiently long time, independent of the loading path. This phenomenon
was observed in {8]. :

For mathematical description and interpretation of the mechanisms of
plastic strain discussed, the use of the idea of slips in a manner as presented
by BATDORF and BUDIANSKY [9] appears to be justified. The Batdorf-
Budiansky theory was at first considered to be of cognitive importance, and
its development proceeded in various directions. Among other interesting
papers in this domain let us mention those of P. DLuZEWsKI [10].

One of the directions of development of the slip theory is the idea of
making use of the results of investigation of physics of solid bodies, its
object being to formulate a plastic resistance function in such a manner
that instantaneous plastic and creep strain can be described by the same
equations, both strains being treated jointly as a permanent deformation
varying in time [8).

The aim of the present paper is to suggest a method of applying the
Batdorf-Budiansky plastic resistance function for quantitative description
of the influence of the tensile force on the distortion during nonstationary
creep. This influence was recorded during experimental investigations.

2. EXPERIMENTAL INVESTIGATION

The creep phenomenon under non-proportional loading by a torque and
a tensile force was studies by experimental means. The history of the load
applied is represented hy a diagram in Fig.1. Table 1 contains the values
of the shear stresses 7; and the normal stresses &, for which the research
program was carried out. The test pieces used were thin-walled tubular
specimens (gauge length 75 mm, external diameter 17.5 mm, wall thickness
0.75 mm) made of PA4 industrial aluminium alloy. The tests were performed
at room temperature using a creep test stand ensuring a plane state of stress.
The angle of twist of a test piece was measured by means of dial gauges
with minimum graduation of 0.001 mm, in cooperation with using three
test pieces for each state of load marked by a plus sign in Table 1. The total
number of test pieces was 45. The time of creep after the tangential stress
Tz was applied was 50 hours. Next, normal stress ¢, was applied and the
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Table 1. Stresses used in the analysis.

Tsz [MPa]
0 10 | 40 § 70
7. [MPa)
0 + |+ 1+
150 +{+ ]+ +
212 +i+ |+ i+
227 + i+ ]+ +

variation of the distortion 7., was studied for another period of 50 hours.

The average (for three test pieces) experimental values of 4., are repre-

sented, for various states of stress as functions of time, by points in Fig.1.
No influence of o, on <., was observed for 7, = 0.

3. THEORETICAL DESCRIPTION

The Batdorf-Budiansky theory [9] is based on the assumption that micro-
scopic deformation is a result of an infinite number of slips of every possible
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orientation in a slip system. The orientation of a slip system n, / can easily
be determined by means of the three Fulerian angles «, §, w, which are
represented, on a hemisphere of unit radius, in Fig.2. The total deformation

3 Z

|
52\ n {
< 51
//’—‘” § RN
/ 0 B -
- Y
X
Fia. 2.

is
wy
1 .
BY  wi=3 [ [ [l +nt)d0ds  Gi=202).
Q wi

where @ is the region of the hemisphere in which slips occur; dQ2 =
cos 3 da df; wy,w; are the boundaries of the slips in planes tangent to the
hemisphere within the region , ¢ ~ slip density function, 7 - tangential
stress in the n, ! system and n;, I; are the direction cosines of the n and
| axis, respectively, with reference to the coordinates z,y,2z, determined by
the formulae

I, = —sinacosw—cosasinfsinw,
I, = cosacosw —sinasinBsinw,
(3.2) I, = cosfsinw, ne = cosacosf,
ny = sinacosf, n, = sinf;
(3.3) ' T = oilin;, (4,7 = z,y,2) .

The relation (3.1) does not describe creep, nor takes into consideration the
effect of slips in one system on slips in other systems.

The idea presented below will enable us to use the classical Batdorf-
Budiansky theory for describing the creep phenomenon and explaining the
complex character of the mechanism of plastic strain. The plastic resistance
function is assumed to have the form
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(3‘4) S:S(‘-("U’I,‘P,a7ﬁsw) 3

where Sp is the initial plastic resistance (for ¢ = I = 0) and I - a parameter
of concentration of internal stress expressed by the formula

ty
(3.5) I= Bj %Q(t —38)ds,
0

where B is a material constant, Q(¢ — s) — a decreasing function of the time
difference between ¢t and s, and #; — the limit of the time of growth of the
external stress.

If the stress o, is applied at a constant rate &, Q(t—s) = exp[—b(t — s)]
(b — structural constant) is assumed, and the expressions (3.2) for the direc-
tion cosines are taken into account as well as the relation (3.3), the parameter
I is expressed, by virtue of (3.5), by the relation

(3.6) I= %Iz sin2f@sinw ,

where
L2l

I, = Bs, fexp[—b(t — s8)]ds
: 0
is the value of the parameter in the z-direction. If the load is applied at 2
sufficiently high rate, such as for instance the processing rate, the parameter

I, , may be expressed with sufficient accuracy, in the case of tension, by the
equation

(3.7) I, = Bo, exp(—bt),

where o, is the value of the external stress and ¢ — the time measured from
the instant of application of &,.

It is assumed that the condition for the occurrence of slip in the system
n, [ is the equality

(3.8) r=5.

In regions where no slips occur we have
T<S.

The relations {3.1), (3.4), (3.8) are fundamental for the idea to be presented.

Let us now determine the influence of the stress o, on the creep distortion
ez Our task is to construct a plastic resistance function 5 such as to
enable us to obtain, by virtue of the condition (3.8), a slip density function
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¢ which would give, on substituting into (3.1), a correct description of the
deformation process. Let us assume that '

]

(39) S = S(] [1 + 7 f‘p cos(w - WQ) dwo + I ;

wl

where cos{w —uwyp) is a function describing the mutual action of slip occuring
in the same plane but in different directions (that is w and wp) and 71 is a
material constant.

It was observed in the Introduction that the direction of slip varies in
the course of the creep process under non-proportional load. This can be
proved by means of the relation (3.9). Let us divide the entire creep process
into short periods p, the number of those periods being k. Then, in the k-th
period, S is determined by the relation

¢ (p)
k-1 “2
(3.10} S=5|(1+n Z f AP cos(w — wo) dwo
P=1 ()
1
0
2
+7r / Ap™ cos(w — wp) dwp + I
wi*) :

Making use of Eqs.(3.10),(3.8),(3.6) and (3.3), we obtain

(%)
Wy
(3.11) n f Ap'™® cos(w — wo) dwo = A(lk) sinw + Agk) cosw — 1,
RS
1
where
wiP}
k-1 2
Agk) = g,cosx cos2f — 11 Z f Ago(p) sin wg dwy
P=1 (»)
s 1
. 1 .
(3.12} + ¢ 8in 23 — ) I.sin28,
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The influence of 1z, on the quantity I has not been taken into account in
Fqgs.(3.12), this influence being negligibly small as compared with that of o, .
The equation (3.11) is a Fredholm integral equation of the first kind with
a degenerate kernel and has a sense only for a discrete -value of w.
Its solution is

(3.13) Al = Aplk)g (w - W”‘)) ,

where é is the Dirac function, A(,o,(lk) — a new, unknown function of angles o,
3, and W) — the angle of direction of slip, as yet unknown, in the plane n.

The above solution makes us observe that Ap(*¥) is different from zero
only for w = W) which means that slips in a definite plane may occur, at
any instant of time, only in one direction w%k) = wgk) =w =Wk,

Bearing in mind that S > 7, the value of the angle W} can be obtained
from the condition of tangency of the curves of plastic resistance 5 and
shear stress 7(%) (the functions S{%) and (¥ are differentiable). Thus

a5k grlk)
= - Wik
(3.14) o o (w W ) :

In other directions (w # W(k)) S®} 5 () and, therefore, no slips occur.
From the condition (3.14), the relations (3.10), (3.3) and (3.12) being taken
into account, we cbtain

Agk) cos W) = Agk) sin W%}

and

(k) (k)
A1 cos W) — 43

k)12 012 : K12 7’

VAT + (48] VAT + [
From Eqs.(3.15) and (3.12) it follows that in the case of non-proportional
loading the direction of the slips does not coincide with that of maximum

shear stress in the plane n.
On substituting (3.13) into (3.11) and bearing in mind that w = we =

W) we obtain
(3-16) rdpl® = AD sin w® 1 AP cos W 1,

where

(3.15) sinW® =

k-1
Agk) = gycosacos2f + q1sin28 —ry Z Agl?) sin wF) — %Iz sin 203,
p=1
k—1
Agk) = —gsinacosf — 1 E Acpgf’) cos W)

r=1
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Making use of the relation (3.1) and taking into consideration the properties
of the Dirac function, the increase in creep distortion in the k-th period will
be expressed by the formula

(3.17) 8o = 2 [ [ (0 +180n,) sptilag,
Q%)

where (%) and () are values of the direction cosines according to Eq.(3.2),
for w = W),
The boundary of the region of slips Q) is determined from the equation

(3.18) Ap®) = 0.

The curve (3.18) divides the hemisphere into regions, in which slips occur

in the k-th period (Acpg(f) > 0) and those in which no slips takes place in

that period (Atpq(q,k) < 0).

Rigorous analytical determination of the creep deformation in the case of
non-proportional loading is difficult. This concerns the determination of the
boundaries of the slip regions (3.18) and the solution of (3.17). The problem
can be easily solved by numerical methods. To this aim the hemisphere of
Fig.2 is divided into a great number of sufficiently small regions AQ; =
cos B;Ac; AB;. The integrals in Eq.(3.17) are approximated by sums. The
creep deformation in the k-th period of time depends on the slips in the ¢-th
region Af; and is expressed by the formula

(3.19) (A'ya(v’;})i = % (cos a; sin W’t-(k} cos f; cos2(3;
—% sin a; sin 20; cos WY (A(p,(:“)) Aa;AB; .
1

This computation is performed for all the regions Af; of which the hemi-
spherical region is composed, and the results are summed up, thus yielding
the values of the strain in each particular period of the creep process

(3.20) ;L’? = Z (a9,

=

where 7 is the number of elementary regions AQ; of slip (A(pg‘) > 0) . The

values W) and Acpgc) for consecutive periods of time & = 1,2,3,... are
found from the formulae (3.15) and (3.16), respectively.

To confront the results of the theory with those of experiment, numeri-
cal analysis was performed by dividing this hemispherical region into 1296
subregions (Aa; = Af; = 5°). The period for which the creep process was
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studies was divided into 10 non-equal periods ¢ = 0.01, 0.09, 0.2, 0.7, 1, 3,
5,15, 25 and 50 [h], which were then used with Eq.(3.7). For r, = 9.3-103%,
B =88-107% [MPaJ~l, b = 0.33 [h]71, So = 10 [MPa] and for the pre-
scribed external stresses 7, and ¢, which are given in Table 1, theoretical
values of creep distortion 7, were obtained. They are represented in Fig.1
by a solid line.

4. CONCLUSIONS

The results of test of the isotropic material PA4, which is an annealed
aluminium alloy, show that if 7, > 0, there is a distinct influence of the
normal stress ¢, on the distortion +,,. No such influence was observed for
72z = 0. The test results can be described correctly by the theory discussed
in the present paper. The method consisting in the plastic resistance func-
tion (3.9) being used with the Bratdorf-Budiansky theory of slip enables
us to describe not only immediate plastic sirain but also complex rheolog-
ical processes under non-proportional load. Under simultaneous action of
normal and shear stress there occur common regions of slip in the stressed
material. The size of those regions may be determined from Eqs.(3.16) and
(3.18) and it depends on the values and the ratio of the stresses o, and 7o,
which were applied. The slips in the common regions cause an increase in the
corresponding components of plastic strain Ag, and A7,,. The distortion
Yez, Which is studies, is determined by the relation {3.20) which depends on
o, through the medium of Egs. (3.12), (3.16) and (3.19).
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STRESZCZENIE

WPLYW NAPREZENIA ROZCIAGAJACEGO NA ODKSZTALCENIE
POSTACIOWE PELZANIA

W pracy przedstawiono eksperyment dotyczacy pelzania w p}a.sklm stanie naprq,zema
prZY meproporqonalnym obciazeniu momentem skreca_]a,cym i sﬂa, rozciagajaca. Przy
ustalonym momencie skrecajacynt zbadano wplyw sﬂy rozciagajacej na odksztalcenie po-
staciowe pelza,ma. nieustalonego. Badania przeprowadzono na stopie aluminium PA4. Do
teoretycznego opisu odksztalcenia zaproponowano wykorzystanie funkcji oporu plastycz-
nego. Posluzono sie koncepcja, podlizgéw w wersji przedstawionej przez Batdorfa i Bu-
diansky’ege. Wyniki uzyskane teoretycznie wykazaly zgodnoéé z doswiadczeniem.

PESWOME

BAUAHHUE PACTATHBAIONIET O HAITPSYKEHUSA HA TEQOPMALIMIO CABUTA
TMON3YYECTH

B paboTe mpencTARNEH SKCHEPHMEHT, KACAIOMIMNCH HON3YYECTH B NNOCKOM HANDA-
JKEeHHOM COCTOAHHH, NIPX HENPONOPIUOHATENOM HAPPYKEHUH CKPYHMBAIOIINM MOMEH-
TOM M pacTArEBaoniei cuaoit. Ipu yeTaHORMBRMMMCS CKPYYHBAIOLIKM MOMEHTE HCCJie-
HOBaHO BAKAHME pacTATHBAIOIEH CHABI Ha HedOPMAIHIO COABHIA HEYCTAHOBMAMIEHcH
noasydecr. McecaenopaHud npoBefebl Ha cnaabe aqwoMHHHS PA4. Jna Teoperuye-
CKOro onMcanus NedopMAIHHE TpefAoKeHO HCNOAL30BAHHEe GYHKI AN NAACTHYECKOro
colporHBAeRNA. [locnyxHaAncs KoHRennMeHd CKONLKEHNH, B BePCUR DpeACTARICHHOH
Bargopdom u Bynsucxum. PeayasFarTer, nosyuenable TeopeTHYECKH, TOKA3AMU CORNA-
[eHMe ¢ BRCIEPRMEHTOM,

TECHNICAL UNIVERSITY OF BIALYSTOK.
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