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Biaxial creep study of copper on the basis
of isochronous creep surfaces

Z.L. KOWALEWSKI (WARSZAWA)

A MEMODOLOGY for determination of isochronous creep rupture surfaces is proposed on the
basis of creep investigations carricd out on pure copper under complex stress state at 523 K. This
procedure is also used to determine the curves of the sume time to reach the minimum creep rate
and curves representing the same time to tertiary creep period. Analysis of these curves shows that
for the stress level tuken into account as a reference point in the plane (o4, V3 oy3), the material
damage degree increases proportionally until rupture is achicved. It means practically that such
isochronous curves coincide. Verification of the selected fundamental creep rupture criteria is
carricd out on the basis of the experimental data. It is shown that the Sdobyrev creep rupture
criterion pives the most suitable tool to describe the degradation process of copper subjected to
long-term constant loading conditions at elevated temperature.

1. Introduction

IN STRUCTURAL COMPONENTS subjected to long-term constant loading, which cor-
responds to the creep conditions, the material damage process develops. Two
essential periods of such a process can be distinguished. During the first one,
the damage process develops without microscopically visible cracks due to the
nucleation process and growth of the microvoids. At the end of this stage, the
macroscopically observed crack appears in the form of one or several fissures. In
the second stage of the rupture process, the dominant fissure propagates reduc-
ing, as a consequence, the admissible loading capacity of a construction element
and leading finally to its failure. In most cases the duration of the second stage
of damage process is negligibly short in comparison to the exploitation time of
an element [1]. Experiments concerning the processes of microcrack nucleation
and growth, which are responsible for the failure of materials during creep, show
that failure mechanisms can be divided into the three following types [2-7]:

1. Brittle failure mechanism, in which the microdefects are created and de-
veloped on the grain boundaries perpendicular to the maximum principal tensile
stress.

2. Ductile failure mechanism, in which the microdefects are created at the
grain boundaries, and they are developing due to grain boundary slides.

3. Mixed failure mechanism being a combination of the simultaneously devel-
oping mechanisms mentioned above.

The rupture character and time to rupture depends mainly on the material and
the type and level of loading. Brittle failure mechanism is dominant in the case of
polycrystalline materials tested at low levels of the uni-axial stress states. Material
degradation during this mechanism has an intergranular character. At high stress
levels the rupture takes place mainly due to the ductile failure mechanism, for
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which the damages have a transgranular character and develop due to the slides
passing through the grains. All mechanisms mentioned above may influence the
form of a failure criterion determining time to rupture. In the paper it is one of
the issues discussed in detail.

However, the main goal of the paper is to present a methodology of determi-
nation of the same time-to-rupture surfaces on the basis of creep tests carried out
on pure copper under plane stress state at elevated temperature. It is proposed
to adopt this technique to determine the surface of the same time to obtain the
minimum creep rate (also called the surface of the same duration of primary
creep) and surfaces of the same time to tertiary creep period.

2. Phenomenological creep rupture equations

At stress levels lower than the yield limit of a material subjected to creep,
KacHanov [8] has proposed to ignore the current necking of a specimen and
to assume that the load is carried only by the effective part of the specimen
cross-section, being the difference between the initial cross-section and the dam-
age area, i.e. the area being the sum of all voids or fissures areas. He has intro-
duced a scalar measure of damage in the form of the parameter of cross-section
continuity which is 1 at the beginning of the deformation process and 0 at a
localized failure of the material. It can be expressed by

)] b=, 132920
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where A denotes the effective area of specimen cross-section, and Ay denotes the
initial area of the cross-section.

Instead of this parameter it is more convenient to use a damage measure being
the parameter complementary to that proposed by Kachanov. Such parameter
represents the Rabotnov damage measure [9] and it can be given by
Ag— A

Ag
It can be physically interpreted as the area of all defects referred to the undam-
aged initial cross-sectional area. Using this parameter, RasoTNov [9] proposed
modifications of the constitutive equations suggested by KacHanov [8]. For uniax-
ial tensile stress tests, the strain rate and damage evolution equations are assumed
to have the following simple normalised form:
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where n, m, v, 1, £, wq, 0¢ are material constants.
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At the beginning of the test, when the material is undamaged, the strain rate
equation in set (3) reduces to Norton’s law describing the steady creep rate, given

by

@ ne ()

For constant stress level it is easy to integrate the equations in set (3) to obtain the
time variations of strain and damage. By applying the rupture condition w = 1, it
is possible to determine time to rupture t,. Tuking into account these conditions,
the following relations [11] are obtained:
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The creep theory proposed by Kachanov and Rabotnov was an inspiration
to develop many new damage models, and it is considered as the beginning of
the Continuum Damage Mechanics. Since it described only uni-axial creep be-
haviour, LECKIE and HAYHURST [11] have attempted to generalize the simple
Rabotnov -Kachanov equations to multiaxial states of stress. The generalisation
of Egs.(3) to multiaxial stresses has been achieved by making the assumption
that the influence of continuum damage on the deformation rate process is of
a scalar character, and by the introduction of the homogeneous stress function
which reflects the stress state effects on the time to rupture. The form of the
generalisations was also influenced by the experimental results of JOHNSON et al.
[12, 13] according to which the strain rates depend on the effective stress, and
the components of strain rate tensor are proportional to the components of devi-
atoric stress. Leckie and Hayhurst also respected the fact, known from Johnson’s
tests, that when deterioration is taking place in the tertiary region, the ratio of the
strain rate components remains practically constant and equals the value achieved
in the steady state portion. Equations (3) can then be written as:
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where A = A(oij/09) = omax/0g for copper, and A = A(oyj/0g) = 0./0p
for aluminium alloys. Integration of the damage evolution equation (6); for the
following boundary conditions: w = 0, t = 0 and w = 1, 1 = {, yields, after
normalisation, the relation describing time to rupture in the form
@ n =

to A¥
Substitution of 1, = g in (7) gives the equation of isochronous surface.

As mentioned above, the experimental results of JOHNSON er al. [12, 13] had
an important role in developing new constitutive creep models, since they had
carried out wide investigations for several different metals under complex stress
states. They tried to find a correlation between time to rupture and such stress
state parameters as:

1) maximum principal stress oy, Which controls the damage according to the
Galileo hypothesis,

2) effective stress o, which controls the damage according to the Huber - Mises
criterion,

3) first invariant of the stress tensor J;.

They have shown that the dependence of the rupture time upon the nature
of the applied stress system for an aluminium alloy can be described by the
octahedral shear stress criterion, whereas for pure copper — by the maximum
principal stress criterion.

It has been found convenient to present the rupture results in terms of an
isochronous surface which is that curve connecting the stress states with the same
rupture times. For the plane stress conditions the isochronous surfaces obtained
for different rupture criteria are illustrated in Fig. 1. According to JOHNSON [12,
13], the rupture criteria for aluminium alloy and pure copper represent the ex-
tremes of material behaviour, since the isochronous surface for many metals lies
somewhere between these criteria. In spite of the fact that these observations
have been made on the basis of a relatively limited amount of experimental data,
and in certain cases they did not give precise description of rupture, they are still
influencing the process of developing new creep damage models. Typical exam-
ples of such situation are: the rupture criterion applied by DysoN and McCLEAN
[14] in which they assumed that the creep damage of Nimonic 80A tested at
1023 K was governed by the criterion being a product of the effective stress and
maximum principal stress criteria, and the creep rupture criterion proposed by
SpoBYREV [15] in the following form:

(8) !'(:?ddhl = A{fBomax + (1 = B)ac} ™",

where o, represents the effective stress defined by the second invariant of the
stress deviator, oy.c denotes the maximum principal stress, 4 denotes the experi-
mentally determined coefficient reflecting the relation between time to rupture
and o., omax.
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FiG. 1. Graphical representation of the creep rupture criteria (1 — maximum principal stress
criterion, 2 — Huber-Miscs effective stress criterion, 3 — hydrostatic loading criterion).

On the basis of the experimental results obtained from tests made on cruciform
specimens [2] and Johnson’s investigations [12, 13], who used thin-walled tubular
testpieces, HAYHURST [2], in attempts to describe the multi-axial behaviour of
several materials, suggested a general relationship

9) (HYD = 1(Jy, Ja, J3),

where [ is a homogeneous algebraic function of stress invariants. It has been
found that both the relationships given by Egs. (8) and (9) can be used to repre-
sent accurately the behaviour of copper alloys in the tension-compression quad-
rant of the diagram in Fig. 1, but predictions of the rupture time are in error
for bi-axial tensile stresses. The bi-axial tension stress levels predicted by Egs. (8)
and (9) are too high and too low, respectively. On the basis of these remarks,
HAyHURST [2] proposed a criterion which is capable of expressing the different
types of behaviour represented by Egs. (8) and (9) in the form

—
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being a linear combination of the maximum principal tensile stress and the first
and second stress invariants; here /A, v — material constants which are independent
of stress; «, b, ¢ — constants; and .J,, J} represent the first invariant of the stress
tensor and the second invariant of the stress deviator, respectively, which in terms
of principal stresses are given by
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In expression (10) a, b, ¢ are constants with « + b + ¢ = 1, what limits the
influence of particular terms in the criterion (10) on the time to rupture. By
selecting appropriate values of these constants, all the simple rupture criteria
previously discussed can be represented, i.e.

I) the maximum principal stress rupture criterion, if « = 1, b = ¢ = 0
its graphical interpretation for the biaxial stress state is represented by the two
straight lines (/), Fig.1;

IT) the Huber-Mises eflective stress criterion, if ¢ = 1, a = b = (, represented
by the ellipse (2) in Fig. 1;

I1T) the maximum hydrostatic stress criterion defined by the first invariant of
the stress tensor; if b = 1, a = ¢ = 0, it is represented by the straight line (3) in
Fig. 1.

3. Programme of investigations
3.1. Material, specimen and testing device

The material investigated was electrolytic copper (MIE) of 99.9% purity. It
was annealed for two hours at 673 K and furnace-cooled to achieve a uniform
grain size, and next it was aged at constant room temperature for five years.
Creep investigations were carried out on thin-walled tubular testpieces shown
in Fig.2 with the use of the biaxial creep testing machine, enabling satisfaction
of the plane stress conditions by simultaneous loading of the testpieces by an
axial force and twisting moment at elevated temperature (523 K). Details of the

L
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I'1G. 2. Engincering drawing of the specimen.
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experimental device are presented in [16, 17], whereas information concerning
the measurement technique applied may be found in [18].

3.2, Experimental procedure

The experimental programme contained the creep tests up to rupture for cop-
per specimens subjected to biaxial stress state, obtained by various combinations
of an axial force and twisting moment leading to three different values of effective
stress (o, = 70.0; 72.5; 75.0 [MPa]) defined by the following relationship:

3 1/2
(12) O = (;SIJSI'J) = (0121 T 30?2)1"!2,

where S;; — stress deviator, oy — axial stress, o3 — shear stress. Diagram of the
experimental programme is shown in Fig.3. Creep tests under tension, torsion
and combination of these loadings were carried out. The complex stress states in

/36,

12

6, =750 MPa

[1G. 3. Programme of crecp tests.

the two-dimensional stress space (ay;, V3012) correspond to the points located
on the rectilinear path of slope @, = 45° with respect to the oy stress axis. The
angle @, was determined from the relation

iog),

an

(13) (@, = arctan (

Prior to creep test, each specimen was heated uniformly at the test temperature
(523 K) for 24 hours. Creep investigations were carried out until rupture of the
testpieces was achieved giving, as a consequence, the whole creep characteristics.

http://rcin.org.pl
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All creep tests were performed at stress levels which were lower than the value
of yield point of the material at 523K (292 = 76 [MPa]). Thus, the total strain
has been expressed as a sum of the elastic and creep strain components in the
form:

(14) Eij = sf;'} + sf? :

where strain components with the superscripts ¢ and ¢ denote elastic and creep
strain, respectively.

4. Creep tests results of copper

The creep curves up to rupture for copper are presented in Figs.4, 5, 6 for
uni-axial tension, combination of tension and torsion, and pure torsion, respect-
ively. The horizontal axes in Figs. 4, 5, 6 correspond to the time, while the vertical
ones correspond to the effective creep strain defined by the relation in the fol-
lowing form:

2 2 @ )" 4 2
(15) (0= (300) " = [+ (3) s
where €;) and ¢, denote axial and shear strain, respectively.
100
pure copper

8, =0°, T=523 K
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FiG. 4. Creep curves for copper tested under uni-axial tension.

The creep characteristics obtained at the same effective stress but under dif-
ferent stress states exhibit drastic differences for all the stress levels considered.
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F1G. 5. Creep curves for copper tested under combination of uni-axial tension and pure torsion,
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F1G. 6. Creep curves for copper tested under pure torsion.

In all cases the shortest lifetimes and, moreover, the lowest ductility have been
achieved for tensioned testpieces. The opposite effect was observed for testpieces
subjected to pure torsion. It has to be emphasized that differences in creep curves
due to different loading types applied are considerable, and they are reflected by
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variations of the basic creep parameters. All of them have been discussed in detail
elsewhere [19]. In this paper they are only synthetically summarized in Table 1.

Table 1. Creep lests resulls for copper.

. = 70.0 [MPa] o. = 72.5 [MPa] o. = 75.0 [MPa)
O0=0°|0,=45°|0,=90°|0,=0°|0,=45°|0,=90°|@,=0°|0,=45°|@,=90°

e9%10°1/n)| 184 | 85 | 80 | 510 | 166 | 102 | 1050 412 | 13.0
Enx10"5[1/h] | 184 | 6.1 ~ | 510 | 127 - | 1050 310 ~
261,x107° [1/h)| - 10.2 | 139 - 185 | 177 | - 470 | 225
t, [h] 254 | 700 | 1560 | 101 | 391 | 1187 | 47 | 175 | 799
t [b] 50 90 260 | 25 65 200 | 15 45 160
tu [h] 170 | 480 | 1000 | 70 | 255 | 760 | 35 | 125 | 450
4 (%) 68 | 86 | 175 | 73 | 93 181 | 67 | 106 | 19.0

- - o (c ) . . L] . . -
Notations in the Table 1: ¢ g) — minimum effective creep strain rate, 4, — minimum axial creep
strain rate, £,z — minimum shear creep strain rate, t,, — time to rupture, #; — duration of primary
creep period, {y - time to tertiary creep, £ — effective creep strain at rupture.

5. Experimental data analysis

All the creep parameters, given in Table 1, which characterise macroscopically
the creep behaviour prove that the process is stress-state-sensitive, in spite of
the initial isotropy of the material in the sense of such parameters as Young’s
modulus, yield limit or ultimate tensile stress. Such material behaviour can be
interpreted, on the one hand, as the material deformation due to different defor-
mation mechanisms, activation of which is connected with the stress state type;
on the other hand, however, it is known [2, 3, 14] that the majority of microcracks
appearing at the grain boundaries are observed at those grain boundaries which
are perpendicular to the maximum principal stress. It seems that for copper, the
last conclusion can be confirmed by the shapes of the specimen cross-section in
places where rupture has occurred. In case of creep tension tests the failure line
was perpendicular to the main specimen axis, in case of complex stress states this
line was inclined at angles equal typically to 15 — 20°, measured with respect to
the line perpendicular to the main specimen axis, whereas for testpieces subjected
to pure torsion these angles were approximately equal to 30 — 45°, Fig.7. Thus,
it can be concluded that for copper, the basic deformation mechanism seems to
be the same for all stress state types considered, while the resulting variations in
lifetimes for the same effective stress follow from the differences in the value of
the maximum principal stress.

http://rcin.org.pl
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Fi1G. 7. Variations of the specimen failure line during creep at different types of stress states.
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Clear presentation and comparison of the experimental data obtained from
tests performed at complex stress states produce many difficulties, particularly
for stress states being a combination of tension and torsion. In these cases, a
comparison of results is usually carried out for the eflective strains defined in the
form of a function of the second invariant of the strain tensor, since the effects of
the first as well as the third invariants are relatively small and they can be often
neglected. Although creep curves in diagrams representing effective strains versus
time can be compared, it is difficult to evaluate precisely all differences in material
response due to the action of different stress state types. To overcome this defi-
ciency, creep rupture results are commonly presented in the form of isochronous
surfaces [1, 2, 11, 20-24], which in the stress space correspond to the same time
to rupture. Experimental determination of the isochronous surface requires many
creep tests at various stress states and at several stress levels. In the case of ma-
terial anisotropy, there is practically no possibility to determine experimentally
such a surface with sufficient accuracy. However, it can be done with a relatively
good approximation on the basis of the relationship log(a.) = f[log(¢,)], Fig.8.
In this figure results for the three types of stress states are presented. Data points
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Fic. 8. Logarithmic diagram of the relation between effective stress and time to creep rupture
for all stress states considered.

for the chosen type of stress state (with a relatively high accuracy) are located on
the straight lines which have different mutual positions. These lines have been ob-
tained by means of the least squares technique. Taking, as a reference point, the
line representing pure torsion results, the remaining straight lines are shifted and
rotated. Analysis of the mutual position of these lines indicates that the material
subjected to creep process under uni-axial tension is significantly more sensitive
to the stress variations, in comparison to the same material tested either at pure
torsion or a combination of tension and torsion. On the basis of the diagrams
shown in Fig.8, drawing straight lines which are parallel to the stress axis and
intersect the approximation lines representing the experimental data, it is easy to
determine the points connecting the same times to rupture. The points for the
rupture time taken into account provide the values of effective stresses necessary
to achieve the rupture at the particular type of stress state considered. These
values can be approximated on the stress plane (o, V301,) giving, as a conse-
quence, the isochronous curves. Surfaces of the same lifetime determined in this
way are shown in Fig.9 for the rupture times equal to 200; 400, and 1000 [h].
It can be seen that the isochronous locus corresponding to the rupture time of
200 [h] is obtained for stress levels which are greater than those applied in experi-
ments. Thus, a question arises in what range the relationship log(a.) = f[log(t)]
can be approximated by the straight lines for all stress types considered in the
experimental programme. From the preliminary uniaxial tension creep tests made
on copper it was known that in a logarithmic scale, the stress level was a linear
function of lifetime in the limits considered, i.e. 60 — 90 [MPa]. Since the same
behaviour has been also observed for this material by other researchers, e.g. ABO
EL ATa and FINNIE [5], HAYHURST [3], in much wider stress limits and, moreover,
taking into account the linearity of the relationship log(a.) = f[log(t,)] observed

http://rcin.org.pl
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F1G. 9. Comparison of the isochronous creep rupture surfaces, ¢, = 200; 400; 1000 [h],
determined on the basis of experimental results (continuous lines) with the theoretical
surfaces calculated for the Huber-Mises effective stress rupture criterion (dashed lines).

for the remaining loading cases (@, = 45°, @, = 90°) at stress levels within the
range of 70 — 75 [MPa], it seems to be reasonable to extrapolate linearly this
relationship for these loading combinations within the wider range representing
+20% of the average stress level applied in biaxial creep experiments.

The surface corresponding to the rupture time equal 400 [h] has been selected
for further comparative studies on the isochronous surfaces predicted by the com-
monly used creep rupture criteria. Results of these considerations are presented
in Sec. 6.

6. Verification of the fundamental creep rupture hypotheses

Applicability of the creep rupture criteria most frequently used is studied for
the experimentally examined pure cooper. The curves of the same time to rupture,
determined on the basis of the experimental programme realized, are compared
with theoretical predictions of the following creep rupture hypotheses:

o the maximum principal stress rupture criterion, which is defined in the stress
coordinate system (e, o12) corresponding to the experimental programme by the
following relationship

1 5
(16) Op = Omax = ‘é (‘TH R \V Jfl * 4(’?3) !
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e the Huber - Mises effective stress rupture criterion which, for the combina-
tions of stresses used in experiments, takes the form

17 Op =0, = 130121 + 30122 )

¢ the Sdobyrev creep rupture criterion (8), which will be used in further con-
siderations in the form

(18) 0p = Pomax + (1 - B)o..

The isochronous surfaces resulting from these rupture criteria are compared
with the surface determined on the basis of experimental results in Fig. 10. All
curves presented in the normalized coordinate system are referred to the rupture

i 1 i |

0 02 04 06 08 10 6y

6

R 00/

F16. 10. Comparison of the isochronous creep rupture surfaces determined on the basis
of experimental results (/) for tx = 400 [h] with surfaces calculated according to: — the
maximum principal stress rupture criterion (2), - the Huber-Misces effective stress rupture
criterion (3), and - the Sdobyrev creep rupture criterion (4). Normalization of the coordinate
system has been carried out with the use of the reference tension stress which gives the value
of time to rupture 400 [h].

time equal to 400 [h]. Tensile stress corresponding to the lifetime of 400 [h] has
been selected as the normalization value (o, ., )- As it is clearly seen, the best
description of the experimental data has been achieved for the Sdobyrev creep
rupture criterion taken with the coefficient § = 0.9, calculated on the basis of
creep tests carried out. The value of 3 indicates that the damage mechanism gov-
erned by the maximum principal stress played a considerable role in the creep
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rupture of the copper tested. Thus, this result can be treated as a confirmation
of the earlier observed creep behaviour of copper having similar chemical com-
position [2, 3, 12, 13].

7. Method of determination of surfaces representing the same duration
of primary creep and the same time to tertiary creep period

Typical creep process can be divided into three stages. In the first period the
strain rate gradually decreases until minimum creep rate is achieved, the value
of which is further maintained at the whole secondary creep stage. An increase
of strain rate characterises the tertiary period of creep process, at the end of
which rupture of the specimen tested occurs at time ¢,. Such development of the
phenomenon is connected with the increase of structure degradation velocity of
a material which is manifested by the growth of voids and microcracks existing
mainly at the grain boundaries. The material continuum is disturbed due to the
microcracks propagation and due to development of other structural defects, what
in consequence leads to the reduction of stiffness, and finally to rupture.

In the previous section it has been shown how to present clearly the experi-
mental creep rupture results. Since the creep damage process already appears
at the primary creep [25], it seems to be reasonable to adopt the isochronous
surface concept at other characteristic points of the creep curve, such as the end
of the primary or of secondary creep periods. Obviously, it is possible only if
the conditions of the process and the material tested ensure the typical creep
curve, i.e. a curve having all creep stages. In practice, the loading conditions and
materials of structural components satisfy these conditions.

7.1, Isochronous curves of the end of primary creep period

Determination procedure of the curves representing the same duration of
primary creep is analogous to that used to obtain surfaces of the same time
to rupture. Thus, in the first step, the diagrams log(e.) = [[log(/1)] have been
prepared for all stress states types considered in the plane (o1, V3a13). Similarly
to the rupture times considerations, data points for the chosen type of stress
state, with relatively high accuracy, are located on the straight lines which have
different mutual positions, Fig.11. These lines have been obtained by the least
squares method. Taking as a reference point the line representing pure torsion
results, the remaining straight lines are shifted and rotated. Analysis of the mutual
location of these lines indicate that the material subjected to creep process under
uni-axial tension is significantly more sensitive to the stress variations than the
same material tested either at pure torsion or at a combination of tension and
torsion. On the basis of diagrams shown in Fig. 11, it is easy to determine points
connecting the same times to achieve stabilization of the creep strain rate. The
points, for a chosen duration of primary creep period, provide values of effective
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FiG. 11. Logarithmic diagram of the relation between cffective stress and duration of primary
creep for all stress states considered.

stresses necessary to achieve the end of primary creep at a particular type of the
stress state considered. These values can be approximated on the stress plane
(011, V/3012) giving, as a consequence, the isochronous curves which describe the
stress states corresponding to the end of primary creep. In Fig. 12 the surfaces of
the same duration of primary creep period are shown for the time t; equal to 50;
100, and 200 [h].

It can be seen that the shape and dimensions of the isochronous surfaces
representing the same time to rupture (Fig.9) and the same duration of primary
creep period (Fig. 12) are similar. However, in order to compare them accurately
it is necessary to provide clearly defined reference point. In order to assess mu-
tual correlation of both types of isochronous surfaces, the tension stress equal
68.5 [MPa] has been selected as a reference point, which corresponds to the life-
time of 400 [h]. The cross-section of the isochronous surface for this rupture time
is represented in Fig. 9 by the curve 2 and in Fig. 10 by the curve /. Taking into ac-
count the reference tension stress level and using diagrams log(o.) = f[log(t1)],
shown in Fig.11, it is easy to find the time to creep strain rate stabilization
(i1 = 68 [h]). Knowing this value, all stress levels for the considered stress states
which correspond to the same duration of primary creep can be determined,
Fig. 11, giving the data necessary to obtain the isochronous surface. Comparison
of the surfaces representing the same lifetime and the same duration of primary
creep period is presented in Fig.13. It is easy to see a great similarity of these
surfaces. Thus, it can be stated for the tested copper that, on the basis of the
degree of creep process development at the end of primary creep, represented
by the surface of the same duration of primary creep, we can deduce the shape
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FiG. 12. Isochronous surfaces representing the same duration of primary creep period,
iy = 50; 100; 200 [h], determined on the basis of experimental results.
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F16. 13. Comparison of the experimentally determined surfaces representing the same time to
rupture (7), the same duration of primary creep period (2), and the same time to tertiary creep
period (3). The stress level at uni-axial tension which corresponds to: the time to rupture 400 [h],
duration of primary creep 68 [h], and time to tertiary creep 257 [h] is used as a normalization
factor.
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of isochronous surface describing the same time to rupture. In other words, the
degree of damage evolution in copper for each loading type in the experimental
programme maintained a constant value.

In order to confirm this suggestion, the other characteristic point of the creep
curve, i.e. time to tertiary creep, will be discussed in the next section.

7.2. Isochronous curves of the end of secondary creep period

The curves representing the same time to tertiary creep are determined by the
same method as that used to obtain surfaces of the same time to rupture and the
same duration of primary creep. First of all, the diagrams log(o.) = f[log(tu)]
have been prepared for all stress states types considered in the plane (o3, V3a12).
Similarly to the rupture times considerations, data points for the chosen type of
stress state are again located, with relatively high accuracy, on the straight lines
which have different mutual positions, Fig. 14. As previously, these lines have been
obtained by means of the least squares technique. On the basis of the diagrams

log(q)
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il 05=90°
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|
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[toc 1or 102 10  10* log(t,)
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F1G. 14. Logarithmic diagram of the relation between effective stress and time to tertiary creep
for all stress states considered.

shown in Fig. 14, the points connecting the points of the same times to tertiary
creep can be determined. For the chosen time to tertiary creep period, these
points provide the values of effective stresses necessary to achieve the end of
secondary creep at a particular type of the stress state considered. These values
can be approximated on the (o11,v30y,) stress plane, giving the isochronous
curves which describe the stress states corresponding to the initiation of tertiary
creep. In Fig. 15 the surfaces of the same time to tertiary creep period are shown
for the time g equal to 100; 200, and 400 [h].

The shape and dimensions of the isochronous surfaces representing the same
time to tertiary creep (Fig. 15), the same duration of primary creep period (Fig. 12),
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F1c. 15. Isochronous surfaces representing the same time to tertiary creep period, fy = 100; 200;
400 [h], determined on the basis of experimental results.

and the same time to rupture are similar. However, in order to compare them,
it is necessary to provide clearly defined reference point, selected in the same
manner as in the previous section. Tiking into account the tension stress level
(68.5 [MPa]) as the reference point and using diagrams log(o.) = f[log(tu)]
shown in Fig. 14, it is easy to find the time to tertiary creep period (f;; = 257 [h]).
Knowing this value, all stress levels corresponding to the same time to tertiary
creep can be determined for the types of stress states considered, Fig. 14. Tt gives
the data necessary to obtain the isochronous surface which reflects the same time
to tertiary creep in the two-dimensional stress space (011, V3012). Comparison of
the surfaces representing: (i) the same lifetimes; (i) the same time to stabilization
of the creep rate, and (iii) the same time to tertiary creep period, is presented in
Fig. 13. It is easy to note that these surfaces are almost coincident. Such mutual
location of the surfaces confirms the previously suggested thesis about the same
degree of damage development in copper, measured as the ratio of the effec-
tive stress to the selected reference tension stress for the chosen direction in the
(o11, V3012) plane.

The knowledge of such material behaviour during creep makes it possible
to simplify the procedure of determination of the isochronous creep rupture
surfaces, since in such a case it is sufficient to carry out the creep tests with
duration limited to the secondary creep period. Only one of them should be
continued until rupture is achieved. On the basis of the isochronous surface
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representing the same time to stabilization of a creep rate, and knowing the time
to rupture for an arbitrary direction chosen in the (o, V3a1,) plane, it is easy
to determine the isochronous creep rupture surface at the entire stress range
considered.

8. Conclusions

The results of creep experiments made on pure copper under complex stress
state at elevated temperature have been presented.

For the tested material such creep parameters analyzed as: duration of pri-
mary creep period, minimum creep rate, time to rupture and ductility were the
functions of the type of stress state.

The procedure of determination of the isochronous creep rupture surfaces is
proposed. In spite of the fact that this method can be applied to a limited range
of stresses, i.e. stress levels close to those used in experiments, it gives a promising
tool in multiaxial data analysis.

The procedure used to determine the isochronous creep rupture surfaces can
be also applied to obtain both surfaces representing the same time to stabilized
creep rate and surfaces of the same time to attain tertiary creep period. Analysis of
all types of the isochronous surfaces for copper proved that the damage evolution
develops proportionally until the creep rupture is achieved for different stress
types taken into account in the (o1, ﬁau) stress space.

The brittle failure was observed for copper under the considered testing con-
ditions. Verification of the fundamental creep rupture criteria has shown that the
Sdobyrev creep rupture criterion gives a promising tool to describe the damage
process of the material subjected to the long-term constant loading conditions
at elevated temperature. However, it was shown that the mechanisms depending
on the maximum principal stress essentially influence creep rupture of the tested
copper, what is in agreement with earlier observations.
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