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1. Introduction

Life time prediction of components is usually performed on
the basis of stress/strain calculations and material data.
In case of components acting at elevated temperatures: vield
stress, stress rupture, creep, low cycle fatigue and fractu-
re toughness are the important material properties. In al-
most all cases those data are gathered under well defined
and uniaxial loading conditions whereas the component itself
is subjected to rather complex and mainly multiaxial loading
conditions (figure 1). Besides the state of stress elastic
plastic material behaviour is important especially at stress
concentrators such as notches. For practical life time eva-
luation of rotors the loads are usually determined by two
dimensional elastic finite element calculations. Start-up,
steady state and shut-down modes of the maschine are normal-
ly considered. A typical stress distribution in a rotor is
shown in figure 2.

Elastic-plastic considerations for notches are performed
Wwith the NEUBER-rule or With similar approaches. Creep fati-
gue interactions are handled with the linear - damage rule
whereby lower bound values of the scatterbands of the re-
spective material data are used. Correlation of uniaxial da-
ta with the multiaxial loading conditions occuring 1in the
component are done by applying some equivalent stress cri-
teria. It is obvious that for such a procedure only a limi-
ted accuracy for the calculated 1life can be achieved.

One point of uncertaincy concerns the application of labora-
tory data to the multiaxial loading condition in the compo-
nent. This will be elaborated here more in detail.
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2. Egquivalent Stress Concepts
2.1. Creep

In this section we confine ourselves only to the treatment
of elastic loading below the yield strength and no occurance
of notch effects. Such problems will be touched upon in the
next sections. It is well accepted today that the v.-MISES
stress can be satisfactorily used for the description of se-
condary creep [1]. A few stress rupture results on a typical
CrMoV-steel shown in figure 3 indicate that at least for
relatively short testing times the v.-MISES criterion can
also be used to handle stress rupture.

For long term creep the first principal stress is sometimes
treated as the responsible rupture stress. Other congepts
with combinations of the v.-MISES, first principal stress
and hydrostatic stress also exist [2]. From the technical
point of view the pure v.-MISES apprcach provides an accep-
table solution. Uncertancies are however to be covered by
taking some safety factor into consideration, especially for
notches as being described later.

2.2. TLow-Cycle-Fatigue {L.CF)

In the .case of LCF the situation is much more contradictory.

Many proposals for equivalent quantities exist as listed
e.g. in {3; 4].

From a technical point of view the

] v.-MISES stress criterion
X modified v.-MISES stress criterion
x TRESCA criterion

] First Principal Stress criterion {RANKINE)
] Gamma-plane approach

can be considered to be of relevance.

Experimental evidence exists that the v.-MISES stress c¢an

correlate LCF data [4]. For life consideration the v.-MISES
stress:

2

Ov.-w. = == {0, - 9:)% + (9, - 33)% + (g, - o,}?] {1)
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(g,, 0., o, = principal stresses} has often to be converted

inte an equivalent strain:

€ea = — L [(e, - &,)% + (&, - ;)% + (e, - €,)%] (2)
J2(1 + )

For ductile materials the TRESCA-criterion {crit. max. shear
stress): '

Taax = 0.5 (Ol - 03) (3}

indicates results which are comparable to the v.,-MISES con-
cept, but the v.-MISES criterion written as g, € or € is mo-
re appealing form a continuum, calculational and experimen-
tal point of view.

However for brittle materials the yield theories are unsa-
tisfactory and attention was turned to other approaches of
strength, for instance RANKINE's theory of the principal
stress

g, = constant. (4)

Equation {(4) was found to be more suitable for cast-mate-
rials. Due to the nature of this.criterion it is occasiocnal-
ly applied to blade design. Besides that the first principal
stress 1is the predominant driving force for cracks and has
therefore to be emploved to fracture mechanical considera-
tions.

Another theory of relevance is the '-plane approach intro-
duced by MILLER et.al. [6;7]. Originated from the MOHR's
circle of strain, the coordinates of the highest point of
the largest MOHR circle represent two strains, which may be
derived in terms of principal strains (see figure 4).

Finally it should be stressed, that one major assumption for
the validity of the above mentioned approaches is the occur-
ance of in—phase loading which is fairly well fullfilled for
rotors (figure 2}.
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3. Life Time Evaluation {The v.-MISES Approach)

In this section we briefly introduce the method of life-time
evaluation currently employed. The start-up and shut-down
modes are responsible for the exhaustion of fatigue-life

while +the steady-state load corresponds with the creep de-
formation.

Fatigue at notches is most interessting and will theraefore
be considered here in detail. The main problem is to convert
elastic stresses into a situation where cyclic plasticity
occurs and where cyclic strain ranges have to be determined.

For the evaluation of plastic strain the NEUBER-rule or si-
milar approaches are used. The cyclic relaxation of the mean
stress as well as the occurance of residual stresses have to
be taken into consideration. All different methods assume
the validity of the MASING-rule as cyclic material behaviour
This means that the stabilized hysteresis loop can be deri-

ved from the cyclic stress/strain curve by scaling the lat- ~

ter with a factor of two. To account for mean stress a pro-
cedure as Proposed in [5] can be used (figure 5x.}. Since ax-
pPerimental evidence exists that the hysteresis loop turnes
out to be symmetric with respect to the zero mean stress af-

ter a few cycles we prefer a construction of the stresses
and Strains as shown in figure sh .

This construction contains the conversion of the calculated
equivalent elastic stress range into the equivalent plastic
strain range (figure 5}, Assuming proporticnal loading the
elastic cyeclic stress range is calculated on a cycle basis

(figure 2 ). The range Ao; ‘*'’ of each stress component is
given by the respective extreme values:

Ag, =1 4 O; .. (max) - T;, ¢z (min) (5)

index i

H

1,2,3 {principal stresses)

1

AGQ;_x_—“—J{(ACJie]"AGgel)z'i'(&O'g‘Et" &OQEl)z'{”(AOg‘el— AU‘E!}:]

{2
(6)

This o,, is used for the determination of the local stress/
strain ranges Ay and A€ with the NEUBER-rule.

Other methods dealing with the construction of the local
Strain ranges are available in literature e.g. [8:38]. They
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often however need actual strains to be calculated which is
not possible with a pure elastic calculation method. As a
lack of constitutive equations for the cvyclic deformation
behaviour of the materials, elastic plastic calculations are
currently not expected to provide a real advantage.

Our experience has shown a good correlation between the
start-up and shut-down stresses, with the effect, +that the
shut~-down mode not always has to be determined. In such ca-—
ses it is only necessary to multiply the start-up stresses
with a factor > 1 in order to calculate the respective elas-
tic stress range.

It is important that the steady state stresses at the notch
roots are adjusted according to the cyclic stresses. Since’
the whole procedure contains many uncertancies an extra sa-
fety factor has to be build in.

Until now we were mainly concerned with pure creep and LCF
effects. Life time evaluation however means combination of
both of them. Although several sophisticated models for
creep fatigue exsist for technical applications the linear
damage rule is mainly used. The reason for that is that the
transfer of those models to actual components behaviour is
even more complex and uncertain than a simple linear damage
rule:

N, o

e + = = D ) {1}
i N, k &,t%
N, : actual number of cycles under cyclic load type i
N,‘'' : Number of cycles to crack initiation under cyclic

load type i

ty : actual creep time under k'" stress level
t,‘*’ : stress rupture life under k'™ stress level
b : Number indicating failure under creep and fatigue

The pure creep part i=s given by the effective steady state
operating hours and the fatigue part 1is described by the
start-up and shut-down-modes as already mentioned. Since the
start-up and shut-down cycles might take a relativly long
time compared to typical fatigue test frequencies, a creep
part can be added to the transient part. We shall not di-
scuss this matter furthermore in this paper.

One advantage of the above outlined v.-MISES .approach is
that the same equivalent stress is used for calculating the
fatigue part as well as the creep part. Uncertaincies still
remain as for instance the concept itself or the treatment
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of the creep influence when cyclic stress relaxation occurs.
Another point of further investigation is the damage term D.
Quite good correlations Wwere obtained under uniaxial labora-
tory conditions for CrMoV rotor steels with D = 0.75 {1071.
Unfortunatly there are currently no data available to proof
this for multiaxial leoading conditions.

4. Other Concepts

Until now we confined our considerations mainly to the v.-
MISES criterion. A similar procedure could be perfornmed
using e.g. the octahedral shear strains for fatigue and the
v.-MISES stress for the creep part. Basically one would ax—
pect rather similar results but the combination of these two
methods does not lead to a single equivalent stress for a
consistent treatment of creep and fatigue.

The I'-plane approach is a relatively new concept which rat-
her starts from a fatigue damage point of view than from a
yielding criterion. Figure 4 shows the I-plane with lines of
constant life for different equivalent stresses and strains.
It can be sesen that the deviation of the wvarious approaches
variies within the scatterband of the uniaxial data (with
the exception of RANKINE's principal stress criterion). App-
lying the I'-plane approach into practice needs similar ways
of converting +the calculated elastic Stresses into equiva-
lent strains and combining creep and fatigue for the V.-
MISES concept. In addition to that there is a lack of data
to validate the isolife-lines in the ~plane. Combining all
these facts it turnes out that a multiaxial method such as
the I'-plane approach is currently not satisfying technical
life time caleulations of gas turbine components such as a
rotor. It shall however not be excluded that such approaches
do have potential for future applicatition.

5. Conclus=sions

A technical method for the calculation of life-times of tur-
bine rotors is presented. It shows that the v.-MISES stress
provides a good basis for both: creep and fatigue loading.
Elastic calculations have to be adjusted to handle plastici-
ty which might occur in a notch-root. A NEUBER-type then le-
ads to a satisfactory result. Creep fatigue interactions are
treated with the linear damage rule. More sophisticated met-
hods e.g. the Ffplane7apgroac@ngesg;ihigg“mg;tiaxial cyclic
loading, are in principle attractive, there is however still
WOrk nescessary in order to apply this method to practical




problems.
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Fig. 2: Typical Loading of a GT-Rotor
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Figure 3: Correlation of multiaxial stress rupture data with the

v, Mises stress.
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Figure 5a:
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Determination of the equivalent strain range with the Neuber-rule

taking mean stress effects into consideration.
loop is obtained by doubling the cyclic stress

The hystereris
~strain curve,
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Figure 5b: Determination of equivalent strain ranges with the Neuber-rule assuming
a symmetric hysteveris loop being present after a few hundred cycles.
The hystereris loop is obtained by doubling the cyclic stress-strain
curve. {after [5]).





