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The surface of constant rate of energy dissipation under creep
and its experimental determination

Z. KOWALEWSKI (WARSZAWA)

THis PAPER presents the results of creep experiments in which thin-walled tubular test pieces
of MIE pure copper (according to Polish Standards) were loaded by combined tension and
torsion in elastic region at 573K. The theory of creep potential is used to determine the theore-
tical surface of constant rate of energy dissipation. The paper describes the construction of high
temperature bi-axial creep machine and mechanical extensometer which transmits the deforma-
tien of the specimen gauge length outside the furnace. The method of determining the surface

of constant rate of energy dissipation on the basis of experimental results is discussed.

W pracy przedstawiono wyniki préb pelzania dla czystej miedzi elektrolitycznej M1E w tempera-
turze 573 K. Badania prowadzono w plaskim stanie naprezenia realizowanym na cienkos$ciennych
prébkach rurkowych przez rozne kombinacje sily osiowej i momentu skrecajacego w obszarze
sprezystym. Dla zilustrowania techniki pomiarowej zamieszczono opis budowy stosowanej
pelzarki oraz ekstensometru mechanicznego, umozliwiajacego transmisje odksztalcenia czesdci
pomiarowej prébki na zewnatrz pieca. Bazujac na teorii potencjalu pelzania, okre$lono teore-
tyczna powierzchnig stalej predkosci dysypacii energii. Material do$wiadczalny z przeprowadzo-
nych badan postuzyt do opracowania metodyki wyznaczania rzeczywistego ksztattu powierzchni

pelzania.

B paGote mpeacTaBIeHbI PE3YIIbTAThl MCIBITAHWH MON3YUECTH JUIA UMCTOH 3JIeKTPOIMTHYEC-
kot menu M1E B Temneparype 573 K. HccrnemoBanus mpoBOAHIHCh B TUIOCKOM HAaNPAYKEHHOM
COCTOSIHMH, PEaIM3MPOBaHHOM HA TOHKOCTEHHKIX TpyOuWaThIXx oOpaslax MyTeM pasHbIX KoM-
OuHaIMiT 0CCBOM CHUNIBI MU CKPYYMBAIOIIETO MOMEHTa B ympyroit obmacti. Ins mimocTpanuu
MIMEPHTENBHON TEXHUKH IIOMELIEHO ONHCAHUE CTPOCHMA IPHUMEHSEMOH KPHUIT-YCTAHOBKH
H MEXaHHYEeCKOI'0 SKCTEH30METPAa, KOTODBIA HAeT BO3MOM{HOCTh Ilepedauy aedhopManuy Ha-
MEDHTEIbHOM 4acTH o0pasia Hapy)Ky Ieud. Basupysa Ha TeopMIO IOTEHLHANa ITOJIRYYeCTH,
onpejiesieBa TeOPEeTHYECKasa MOBEPXHOCTh MOCTOAHHOII CKOPOCTH JQUCCHITALUK SHCPIAH., DKCIe-
PHMEHTAJIRHBIN MaTepHas, M2 NPOBEJEHHbLIX HMCCIIENOBAHMH, IIOCHY)KMI [JIsI paspaboTKu Me-

TOJMKH ONPENCTIEHHA JEHCTBUTENBHON (POPMBI IIOBEPXHOCTH ION3YYCCTH.

1. Introduction

THE VAST majority of experimental creep results presented in the literature were obtai-
ned under uni-axial states. The actual development of technology necessitates further
investigation of creep phenomena under multiaxial stress conditions. Creep design for
machine parts (for example in steam turbines, reactors) subject to high multiaxial states

of stress and working at high temperature requires such experiments.

Most creep theories are based on the assumption that the material is isotropic which
simplifies the considerations. Possibility of determination of material constants in uni-
-axial tests and formulation of the theory for complex states is an advantage of such an
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approach. In the case of potential theory it leads to the assumption of the creep potential
in the form of the second invariant of the stress tensor. Such potential has a geometrical
representation in the form of an ellipsoid in the stress space.

Recently, in view of an increasing number of creep investigations under complex
stress states, a tendency to analyse the creep data under the assumption of existence of
the creep surface is observed [l, 2, 3].

In the paper is proposed a programme of model testing under plane state of stress
which makes it possible to determine the surface of constant rate of energy dissipation.

2. Creep potential theory

Theory of plastic flow of materials is based on the assumption that the plastic potential
exists. In practice, for isotropic material, the plastic potential function is usually identified
with the condition F(J,, J;, J3) = 0 which expresses the yield condition, where J,, J,,
J; denote the stress tensor invariants. In such a case the strain rate tensor &;; is connected
with stresses by relation

1 aF(JI: JZaJ:!)

(1) B = day,

which is called the flow rule associated with the yield condition.

The concept of plastic potential has been transferred to the creep theory in analogous
form. For both the first and second stages of creep the existence of the creep potential
@ is assumed which depends on time and on the parameters describing the state of ma-
terial. Then the creep rate is determined by the expression

(2) Di K -

In the case of steady state of creep, the rate is expressed in the form of generalized
Norton’s equation

€)] Dy; = koiy,

where k, n are material constants which depend on temperature and are determined from

uni-axial tests.
Equation (3) can be presented, for a given material, in a more convenient, dimension-

less form
Dy _ (o)’
@ D, ( Uo) '
In paper [4] generalized forms of Eqgs. (3) and (4) were applied,

aw _ DOGO +1

(5) D“: 30‘;1’ v = n+1 @‘" ?
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where @ is a homogeneous, dimensionless function differentiable in the stress space oy;/0,;
it assumes the value of unity in the case of uni-axial tension at the stress level o¢,. The
full, dimensionless form of the equation is expressed by the relations

D, oD
6 = o
® A N
and
£_ _ GUDU _ +1
i I " aDe T

where L is the rate of energy dissipation.

Surfaces of constant values of function @ in the stress space express the constant rate
of energy dissipation. These surfaces are convex, similar and coaxial and, in the case of
isotropic body under steady creep conditions, they are defined by the relation
®) ® =L _ const.

Oo

Taking into account Eq. (8), relation (6) yields
©) D, _3 (ﬁ.)n_l 8

D, 2\, 0o
Final form of this equation is analogous with Odqvist’s equation for complex stress state
under the assumption that the material is isotropic and incompressible, and that hydro-
-tatic pressure has no influence on the creep rate. The creep potential in the case of isotropic
hardening can then be expressed as a function of the second and third invariants of the

stress deviator ;. In the case of plane state of stress the creep potential may be expressed
by the function

(10 D = [(0}1— 011022 +03,+30%,)[03]"* = const.

Equation (10) corresponds to the ellipsoid in the stress space (Fig. 1) as in the theory
of plasticity [S]. Some characteristic ellipses which correspond to different loading paths
of a specimen can be distinguished on the surface of the ellipsoid. The ellipse passing

Fi1G. 1. Surface of a constant rate of energy dissipation based on the Huber-Mises condition for plane staie
of stress.
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through points 4, B corresponds to the case of a combination of an axial force and a torque.
Ellipse 4AC represents such states of loading which are obtained by a torque and pressure.
The ellipse passing through points B, D, C corresponds to simultaneous loading of tubular
specimens by an axial force and a pressure. In the case of plane specimens it is possible
to obtain such states of stresses which correspond to uni-axial tension in different directions
with respect to the axis ¢,,/0, and are represented by the ellipse BEC.

The ellipsoid presented in Fig. 1 is a theoretical surface of constant rate of energy
dissipation under creep, determined by assuming the potential function in the form of
the second invariant of the stress deviator.

Assumption of the existence of a potential makes it possible to formulate the creep
theories for materials with hardening by introducing to the function one or several par-
ameters which depend on the creep deformation, temperature and time. In paper [7] was
discussed the constitutive model of creep based on the concept of kinematic hardening
in which creep potential for plane state of stresses, induced by a combined action of
tension and torsion, is expressed by formula

__ M _ 2 _ 211/2 \n+1
(11) o= | {[(o11—0t10)* + 3(oy5 — oy ) P2 "1,

where o, ,, o, ,—parameters defining the position of creep surface.

This model was used for description of creep under cyclic loading. The form of the
creep potential corresponds to the ellipsoid in the stress space. Similar form of the po-
tential was also assumed in [6] and [8], where the creep potential theory was used to
describe the influence of the direction and value of the initial plastic deformation on the
steady creep rate of plane and tubular specimens.

3. Description of specimens and testing machine

The thin-walled tubular specimens with dimension shown in Fig. 2 were used in the
test. Specimens were machined from a drawn rod made of commercially pure electrolytic
copper denoted by MIE (according to Polish Standards). The material was cut out
and then annealed at 673 K for two hours and furnace cooled. The aim of the thermal
treatment was to obtain a homogeneous structure of the material tested. Experiments
were performed on the creep device shown in Fig. 3. The device makes it possible to inves-
tigate the creep phenomena in thin-walled tubular specimens loaded by a combination
of tension and torsion at elevated temperatures. The complex state of stress was introduced
by two independent loading systems applying torsion and tension. The tension system is
of dead weight-lever type while the torsion system is of dead weight-pulley type. A portion
of the kinematic chain of the loading system is shown in Fig. 4. Specimen (1) (Fig. 3)
is pinned to two vertical rods, the lower one (3) is connected with a threaded mandrel
used for horizontal adjustment of the position of the lever, while the upper rod (2) is
connected, through a load cell (6) and an air bearing (7), with the horizontal lever (9).
An air bearing is used to enable the loading systems to work independently. The device
enables us to produce an air cushion which ensures transmission of the axial load and elimi-
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F1G. 3. Creep machine: I—specimen, 2—upper rod of loading system, 3—Ilower rod of loading system,

4, 5—universal joints, 6—load cell, 7—air bearing, 8—torque disc, 9—horizontal lever, 10, 11, 12—knife:
edges, 13, 14—dead weights, I5—pulleys, /6—frame, /7—furnace.
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Fi1G. 4. Mounting of specimen: /—universal joint, 2—lower loading rod, 3—specimen, 4—upper loading
rod, 5—load cell, 6—torque disc shaft.

F1G. 5. Air bearing: I—torque disc, 2, 7—air inlets, 3—ball bearing, 4—roller bearing, 5—torque disc
shaft, 6, 8—air nozzles.

[450]
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FiG. 6. Extensometer: /—specimen, 2—upper loading rod, 3—lower loading rod, 4—clamping ring,
5—upper leg of extensometer, 6—lower leg of extensometer, 7—bearing, 8—bush, 9—mandrel,
10, 1]1—transducers.

nates friction from the torsional loading system. The air is supplied at the pressure of
0.8 MPa from the compressor. The device is also equiped with ball (3—Fig. 5) and roller
bearings (4) which serve to prevent the interaction of loading systems when failure of the
air supply occurs. The testing creep machine is suitable for tests with cyclic loadings owing
to two separate pulley-wire systems transmitting equal and opposite moments of forces.
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F1G, 7. Diagram of testing stand: /—specimen, 2—platinum temperature sensor, 3—temperature control-
ler, 4—resistance controller, 5—furnace, 6—thermostat, 7, 8—bridge MT10, 9—bridge TT-6B, /0—lock
and switch of channels unit, //—switch of printer unit, /2—printer control unit, /3—printer.

For investigations at elevated temperatures up to 873 K, a furnace with three heating
coil sections was used. Control system used for temperature control allowed for main-
taining a constant value of temperature to within the accuracy of +1 K in the whole
range of the furnace operation. Temperature at the specimen surface was measured by two
thermocouples.

Mechanical extensometer (Fig. 6) and electronical measurement system (Fig. 7) was
designed to measure and record the strains of the specimen. The extensometer consisted
of two coaxial tubes connected with the specimen by special grips. The extensometer
allows for independent measurement of angle of rotation and elongation of the speci-
men by separating two strain measurement systems; to that end, a system of teflon be-
arings and guide cores is used. Two transducers for measuring the axial strains and the
angle of relative rotation are connected with the lower ends of the tubes traced out of the
furnace. Strain measurement is based on recording the linear motion of the cores of the
transducers. The induced electric signal, after amplification and convertion to a digital
form, is recorded on a paper tape by a printer. The testing device is equipped with a quartz
clock for data recording at suitable time intervals.

4, Determination of the surface of constant rate of energy dissipation at steady creep

The programme of tests comprised creep experiments under plane state of stress which
were obtained by means of various combinations of tension and torsion at the temperature
of 573 K for annealed electrolytic M1E copper. Specimens were maintained at the tempera-
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ture of 573 K for 24 hours before the creep test in order to obtain thermal balance at

the gauge part of the specimen. Surfaces of constant rate of energy dissipation satisfy
the relation

(12) L = o;+- D; = const,

3 1/2 ) ) 1/2 . )
where o; = (—2— a,-jo',-,) —equivalent stress, D; = §D,»,~D,~,- —equivalent strain rate

at steady stage of creep.
The surfaces were determined from the creep tests performed according to the pro-

gramme shown in Fig. 8. Tests were carried out at three values of equivalent stress o;
equal

G,
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Fi1G. 8. Programme used for determining the surface of constant rate of energy dissipation under creep.

to 31, 41 and 45 MPa which are lower than the yield point of the considered material at
the temperature of 573 K (0,,, = 50 MPa). Thus the total strain is expressed by the rela-

tion
(13) El'j = E?}‘l" Efj,

where components with a superscript e and ¢ denote the elastic and creep strains, respec-
tively. For each stress level the tests were performed for points lying in the two-dimensio-
nal space of stresses (o,,,1/30,,), at the rectilinear trajectories defined by angle 6; = (0°,
30°, 60°, 90°).

The duration of tests, 150 hours, enabled us to determine the steady creep rate.

The creep curves for the stress level of 41 MPa are presented in Fig. 9, while data for
the whole experimental programme are summarized in Table 1.

The experimentally obtained steady creep rates can be approximated by using a modi-
fied Norton’s formula in which the material constants are replaced by functions depending
on the direction of loading trajectory. Thus the material parameters must be determined
separately for each direction considered.

The values of constants oy, D, are found from the creep results obtained at o; = 31
MPa.

In order to determine the value of the exponent #, diagrams of the dimensionless steady
creep rate D;/D, as functions of the dimensionless stress (g;/0,) are drawn in logarithmic
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Fi1G. 9. Creep curves for MIE copper at temperature of 573 K under 6; = 41 MPa.
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Table 1.

o; = 31 MPa o, =41 MPa g, = 45 MPa

O11 O12 l Dy, D,, D; 011 G12 Dy, Dy, D, 11 CG12 Dy, Dy, D,

0, < = < = < = = < =

T I I T I IO I I I T IR I O

E & | g S s | &£ = S s | £ | & | 2 = S

E- E X X X E,, E. X X X E E X X X

0 31 — 5 — 5 41 — 22.1 — 22.1 45 13 } 38 — 38

30 26,8 8.9 3.2 1.2 35 355 | 11.8 14.5 6.2 16 39 19.2 7.3 21
60 15.5 155 1.8 2.2 3.1 20.5 | 20.5 75 9.8 13.5 22.5 | 225 10.5 13.2 18.5

90 — 17.9 — 2 23 — 23.7 — 7.8 9 — 26 — 113 13

0,1 —tensile stress, 6;,—shear stress, Dy;—axial component of steady creep rate, D;,—shear component of steady creep rate, D;—equivalent of steady creep rate.
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Fig. 11. Diagrams of steady creep state as a function of stress in logarithmic scale used for determining
value of n.

scale (Figs. 10, 11). Experimental points, shown at these diagrams, are distributed along
a straight line, tangent of its slope angle being equal to the exponent »,

log(D,/D,)

log(o,/a0)

Values of that constant for the direction of the trajectory considered are shown in Figs.
10, 11,

In order to obtain constants for an arbitrary direction of the equivalent stress vector,
in the range of 0° < 6, < 90°, experimental values were approximated by a function
written in a general form,

15) Sfx) = ax*+bx+c,

and then

(14) tg(p =n =

nx =0, =6.94-10"°x2—14.4- 1073x+5.49,
Do(x = 6,) = 1.94- 107°x2—4.58 - 10~ 7x+4.925- 105,

Graphical representation of values n and D, as functions of the slope angle of the
equivalent stress vector is shown in Fig. 12. Solid lines correspond to the approximate
function, while points represent the experimental data.

The surfaces of constant rate of energy dissipation were determined on the basis of the
function n = f(6,), Dy = f(6,) found before and by assuming the equation of the steady
creep state in the form D;/D, = (0;/0,)". Hence, a given value of the dissipation power

which satisfies the condition L = const is represented, in the stress space (01,13 012),
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by points of positions defined by the direction 8, and by the length of the equivalent stress
vector determined from the relation

1
L 0’6(9") n(,)+1

(16) 0,(8,) = [W

Examples of the creep surfaces obtained in the manner described above are presented
in Fig. 13 for two values of the dissipation power: L = 155- 10~ MPa/h (which corre-
sponds to the dissipation power in the creep test for ¢; = 31 MPa and 0, = 0°) and
L = 906.1- 103 MPa/h (which corresponds to the dissipation power in the creep test
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F1G. 12. Values of material constants n, D, for M1E copper.

for o; = 41 MPa and 0, = 0°). The surfaces calculated according to the potential theory,
the creep potential being assumed in form of the second invariant of the stress deviator,
are shown by dashed lines.

The experimental results which were used to determine the surfaces of constant rate
of energy dissipation show that the annealed material with isotropic mechanical proper-
ties in the sense of its yield point and tensile strength under monotonically increasing
loading exhibits anisotropy under creep conditions. The maximum difference of creep
rates at a steady creep, for a given stress level, lies between the tensile (6, = 0°) and torsio-
nal (6, = 90°) directions for the experimental programme performed. As it is shown
in Fig. 13, the anisotropy defined as the ratio of the stress levels for those directions at
a given L exceedes 12%. This is more than twice the value of the rate at tension as compared
with that at torsion, Therefore, surfaces of constant rate of energy dissipation can not
be determined from the theory assuming the creep potential to be expressed in the same
manner as the Huber-Mises condition.

3 Arch. Mech. Stos. 5/87
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F1G. 13. Surfaces of a constant rate of dissipation energy under steady creep of M1E copper at temperature
of 573 K.

5. Conclusions

It has been shown that special methods of description of experimental data are neces-
sary to analyze the creep testing under complex state of stress. The concept based on de-
termination of the creep surface is now considered as one of the most effective methods of
description of material deformation in time-dependent processes. From the engineering
point of view such an approach seems to be most suitable because it yields information
on the material behaviour at different states of stresses in a very concise form.

A series of experiments on copper under plane state of stress has been presented in
the paper. Results of the tests were used to determine the surfaces of constant rate of
energy dissipation.

The material tested possessing isotropic properties at monotonic loading exhibits
anisotropy under creep what is manifested by the fact that the creep curves at a given
stress level but different paths of proportional loading do not coincide. Therefore the
experimental results could not be described by surfaces resulting from the potential theory
due to which the creep potential has the form of the second invariant of the stress deviator.

In order to determine the surface of constant power of dissipation, material anisotropy
under creep being taken into account, the procedure is proposed based on the assumption
that the material constants are actually functions depending on the direction of the equi-
valent stress vector.
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