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ABSTRACT A study was undertaken to develop an understanding of the fatigue life on IN
738 LC under simple, and simulated in-service operating thermomechanical cycling (TMF) in
air. The experiments were conducted in the temperature ranges 450-950°C, 450-760°C and
600—850°C. Results indicate that the lives differ with strain-temperature phasing. Diamond
cycles gave the longest lives. Simple nonproportional strain paths with a 90° phase angle gave
the shortest lives. Life prediction models can be derived by simple thermomechanical low-cycle
fatigue tests. Significant parameters governing cycles to failure were found to be the mechanical
inelastic strain range, the maximum stress range, the total strain range and the energy criteria
A, AT, and A Ad,,,,. TMF life can be approximated by isothermal life at maximum and

‘min ‘et max”

minimum temperature since the saturated response of IN 738 LC is the same for both tests
methods. However, the TMF response cannot be predicted completely using only isothermal
parameters. The J,-theory can also be used to describe the TMF behaviour at highest and
lowest temperature.

1 Introduction

High-temperature components such as turbine blades experience, during service,
triaxial thermomechanical stress-strain fields. Predictions of blade behaviour
or life using only isothermal behaviour or simple thermomechanical tests based
on sequences of linear ramps may not be appropriate for many conditions due
to complex microstructural dependence on deformation and temperature
history. Generally, inelastic behaviour of a metal is due to its past history of
deformation and temperature. Under repeated strain-temperature cycles a
material may harden/soften or remain the same, depending on the initial state.
Non-symmetric stress cycles in the plastic range may cause progressive strain
ratchetting; and non-symmetric strain cycles in the plastic range will cause a
progressive mean stress relaxation.

In low cycle TMF fatigue the sequencing of loading and temperature
variations can influence the fatigue life. Both shearing and normal strains/stresses
under multiaxial loading are important in distinguishing the type of fracture.

The majority of TMF tests have been carried out using simple thermal
mechanical cycles; linear and diamond sequences (1, 2), Fig. 1. Accurate life
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assessment, however, requires properties of the blade material to be tested under
actual service conditions. The complex thermal and mechanical history during
a typical cycle of operation, consisting of start-up, steady-state operation and
shut-down is shown in Fig, 2 for a first-stage blade. As shown in this figure,
the maximum tensile strain occurs during shut-down of the machine at low
temperature. During steady-state operation, the surface of the leading edge of
the blade is in tangential compressive strain &m, due to tangential thermal stress
a, from the internal air cooling. The compressive strains &m, at the surface relax
during service due to surface bulk temperature difference, and thereby increase
the maximum tensile strain during shut-down.

To understand the differences between simple and complex TMF cycles and
to improve life prediction capabilities, biaxial tension—torsion thermomechanical
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Fig 2 Start-up and shut-down axial and shear strain-temperature profile of a blade leading edge.

testing of actual blade cycles, with and without hold times, has been carried
out. This paper will focus primarily on the development of a multiaxial life
prediction method based on observed phenomena. The thermomechanical
response of IN 738 LC is also investigated using the classical plasticity theory.

2 Material and Experimental Procedure
21 Material

The material studied was the cast Ni-base alloy IN 738 LC typically used for
turbine blades. The chemical composition of IN 738 LC in weight percent is
0.105 C: 159997 Cr; 8.7 Co; 1.77 Mo; 1.9 Ta; 3.45 Ti: 3.4 Al; 2.71 W; 0.09 Si;
0.03 Mn; 0.82 Nb; 0.3 Fe; 0.037 Zn and balance Ni. The material was solution
treated at 1120°C for two hours, air cooled and then aged at 850°C for 24 h.
The microstructure consisted mostly of cuboidal " in a y-matrix. The volume
fraction of ¥ was approximately 43 percent.

Thin-walled tubular specimens, 200 mm in totaf length, 50 mm gauge length,
26.5 mm outside diameter and 1.5 mm thickness in the gauge section were used.
The specimens were supplied as cast-to-size tubes, Fig. 3.

2.2 Experimental set-up

The thermomechanical tests were conducted on an MTS tension-torsion-
internal pressure closed-loop servohydraulic test machine under computer
control. This system is equipped with an induction heating unit and a
temperature monitoring device. The specimens can be subjected to controtled



86 MULTIAXIAL FATIGUE AND DESIGN

o
o

e
|
<a
~
o

N
N
N
N
N
N
M
N
\\
N
N
™
L

x|

Y
230 .00

A4 VAT~ ,1' 77 77
(63,45) _] 50 r

Fig 3 Thin-walled tubular specimen.

axial and shear strain ,. . .
‘ “ displacement under a defined temperature—time history.

The normal test procedure consists of three control loops, that is to say one
each for axial and torsional strain and for temperature. Total specimen strain
& Was calculated by adding thermal e, and mechanical strains &_. A nonlinear
function of temperature was used to estimate the thermal coefficient of expansion,
= Ao+ A T + A, T? + AT with Ay = —2.261 x 1072, A, = 1.652 x
1073, A, = —1.103 x 1075, A, = 1.235 x 10~°.

2.3 Non-isothermal straining paths

Initial tests using simple TMF cycles, such as those shown in Table 1 and Fig.
I with different combined axial and shear strain and temperature cycling, were
completed to provide reference data on which to build the predictive method-
ology. More complex blade cycles with mechanical axial strain or mechanical
axial and shear strain defined by analysis were also investigated, Fig. 2.
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Fig 4  Stress-mechanical strain behaviour and stress response versus cycles for simple TMF tests,

450-950°C: (a) linear axial strain ramps, &~T 1P; (b) linear shear strain ramps, y/,/3-T IP; (¢c) linear

axial and shear strain ramps, e-T IP, /./3-T CWD; (d) sinusoidal axial and shear strain, &T IP,
7/J/3-T OP.
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Superimposed creep damage on fatigue life was simulated by holding specimens
at maximum temperature for five minutes. In the simple TMF cycles both
in-phase and out-of-phase cycles were performed for thermomechancial strain
cycling between 450 1o 950°C (600 to 850°C, 450 to 760°C). In this simple class
sinusoidal nonproportional &y straining paths have been carried out, as
described in Table 1. Most of the TMF cyclic tests were conducted for strain
ranges of £ = 0.4, 0.5 and 0.6 percent at a strain rate of 1074 s ' and 10-% s~ !.
The heating and cooling rates were 4.2 K s7! and 0.26 K s~ 1.

3 Results
34 Simple TMF tests

In addition to providing reference data for further study, these experiments,
were designed to investigate three points. Firstly, strain-temperature phase
eflects were studied by using in-phase, out-of-phase and diamond TMF cycles,
where the axial strain, shear strain or the axial and the shear strain amplitude
were held constant, £, = =04, 0.5 and 0.6%. Docs this result in different
fatigue lives? Also how do different temperature ranges 450-950°C, 450-760°C
and 600-850°C affect fatigue lives? Thirdly, can the isothermal data and the
J,-theory be used to describe the thermomechanical response of IN 738 LC?
The results and the answers to these questions will be also used to assess the
need of different life prediction technigues.

3.2 Strain—temperature phase effect, temperature range

The longest lives were exhibited by those samples which had undergone
diamond-type loadings. For these tests, the strain at the maximum temperature
was zero. The shortest lives were seen in those tested under sinusoidal
nonproportional strain paths. Different temperature mechanical strain phasing,
that is linear out-of-phase or in-phase cycling, had a signficant eflect on fatigue
lives in the temperature range 450°C to 950°C. A crossover of the linear TMF
lines with temperature phasing of 0° or 1807 is seen at about 10 cycles to failure,
Fig. 7(a-e).

Fatigue lives for the different TMF cycles are signficantly less than for an
isothermal cycle at the same maximum temperature (6). This suggests that the
thermal cycling introduces additional damage associated with thermal in-
homogeneities, either microscopically or macroscopically. Some typical cyclic
stress—strain curves for the linear TMF cycles are shown in Fig. 4. Lincar TMF
tests conducted in the temperature range 450°C to 760°C gave longer lives,
that is twice more than the tests with the temperature range 450°C to 950°C.

3.3 Use of isothermal data for predicting nonisothermal behaviowr

Figure 5 shows the hysteresis loops of IN 738 LC subjected to linear in-phase
TMF loading under a mechancial strain range of +0.6 percent and in a
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Fig 5 Comparison of TMF and isothermal hysteresis loops.

temperature range 450°C to 950°C, and also the hysteresis loops for other
isothermal temperatures under the same conditions. The isothermal loops are
used to construct the hypothetical thermomechanical loop (broken line)
assuming that the stress response of isothermal loading must be equivalent to
nonisothermal loading for definite stress points of the hysteresis loops. Predicted
and experimental curves show good correlation at the highest temperature
950°C, although with 450°C the predictions are slightly low. The predicted
width of the hysteresis loop, however, is smaller than that observed. The shape
of the experimental hysteresis loop tends to be more square.

The above-mentioned behaviour was confirmed by sinusoidal nonpropor-
tional straining paths in tension—torsion tests at temperatures between 450 and
950°C with an effective mechanical strain & = 0.6 %, Fig. 6. In this figure the
solid line represents the stress loci of TMF tests in the a,/37 stress space and
the broken lines (circles) the stress loci of isothermal tests under the same
cffective strain but at different temperatures. The experimental stress loci of the
TMF and isothermal tests coincide at the highest and lowest temperatures, but
discrepancies can be observed at other temperatures. Examination of Fig. 6
indicates, therefore, that J,-theory is applicable at the highest and lowest
temperatures.

3.4 Fatigue life for complex strain—temperature cycling

Forcomplex cyclicstrain and temperature histories the standard Manson—Coffin
damage accumulation law cannot be adequately applied (3). Inelastic strain
range Aeg;, is usually the only material deformation parameter required for
measuring damage in the case of purely time-independent deformations.
However, functions which include stress, total strain range and inelastic strain
range are also proposed to measure the low cycle fatigue damage at elevated
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temperatures (4, 5). Predictions for simple and complex TMF testing conditions
are plotted as total mechanical strain range Ae,,,, maximum stress range Aa,,,.,
mechanical inelastic strain range Ae,;, and energy criteria Ao, A, and
Ag oAk, versus cycles to failure in Fig. 7(a—¢). The inelastic strain range was
taken as the width of the saturated hysteresis loop at zero stress. Although this
is not the maximum inelastic strain Ae_;, ..., achieved within each cycle, Ae_;,
was chosen instead of Ag,;, ... because the temperature at which Ae_, .. was
reached was a function of not only the applied strain range and strain
temperature cycling. The net tensile or tensile and compressive hysteretic energy
AW was also used as a measure of fatigue damage, Fig. 7(f). Strain energy is
not a linear function in a log-log scale.

It is apparent from Fig. 7(a—e) that significant parameters governing cycles
to failure in the TMF tests were the maximum stress range Ao, , the total
strain range Ag,,, the mechanical inelastic strain range Ae,_;, and the energy
expressions Aa,,. . Ae,, and Aa,, Ae, ;.. It should be noted, however, that the
maximum stress range is related to the strain range since increasing the strain
range also increases that of the maximum stress. The mechanism of low cycle
fatigue failure (damage), (that is in the case of IN 738 LC containing pores and
ceramic inclusions only crack extension), suggests that a gradual build-up of
damage during a combined strain-temperature cycle is a more realistic
mechanism than a sudden, discontinuous crack extension reaching the peak
inelastic strain condition. This conclusion may also be deduced from Fig. 8,
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cycles to failure for simple and complex TMF tests of IN 738 LC.

where the stress—mechanical strain response and the possible operative mech-
anisms are shown.

By using the postulated damage measure Ag,,, Ae,,,, an empirical failure law
like that of Ostergren (4) can be established to predict life for themomechanical
cycles.

C=As, Az

max min

N? (1)

where C and f are material constants. Values for C and f:
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Simple TMF cycles:
linear, axial strain, ¢(&/T) = 0° for C = 33.830 MPa m/m, f§ = 0.789;
linear, axial strain, ¢(¢/T) = 180° for C = [2.192 MPa nmy/m, f§ = 0.351;
sinusoidal, ¢{g/T) = 1807, &, y nonproportional for C = 35087 MPa m/m,
f=0910.

Complex TMF cycles:
axial strain for C = 10.600 MPa m/m, f§ = 0.323;
axial and torsional strain for C = 39.108 MPa m/m, f§ = 0.539,
axial and torsional strain, 5 min hold time, for C = 57.620, MPa m/m,
f = 0.789.

The range of the ratio Ny, /N, is 0.7-1.2 (2.0},

Thea regults of TN 728 T.CC cpn he correlnted without a frecusncy term. This
NP TCHUS On i /00 e Gl UL COLTGICa Wil G equeiicy il

fact suggests that, in this alloy, the time dependency of damage may be described
through the variation of Ae,, is not time dependent, which agrees with (4},

4 Discussion and Summary

This study aimed to predict TMF behaviour using isothermal data at the
maximum and minimum temperatures of a TMF-linear cycle; the correlation
between predicted and observed behaviour was usually goed, especially at the
higher temperatures. However, it was also shown that the isothermal data cannot
completely predict the TMF response. The agreement between isothermal and
TMF data can be attributed to two facts. Firstly, the saturated TMF-responses
at minimum and maximum temperatures are the same as in the isothermal
cases, For IN 738 LC test data indicates saturation within the first three cycles
both in isothermal and TMF cases. In addition it does not appear to be
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dependent on cyclic hardening or temperature history (6). The hardening/
softening behaviour shown in isothermal cyclic loading is also seen in thermo-
mechanical cycling although the material parameters depend on temperature.
Linear interpolation of the parameters between these temperatures led to
inconsistent isothermal and non-isothermal predictions.

Secondly, the TMF behaviour can be predicted by the isothermal parameters,
where the strain range and peak temperature levels during TMF-cycling activate
the same mode of inelastic deformation as in isothermal cycling. For IN 738
LC this seems to be the case (6).

Another class of metals exhibits cyclic hardening dependent on temperature
history. Representatives of this class of metals are 304 and 316 stainless steels
(7). Hastelloy X (8) and 1070 steel (9).

In thermomechanical cycling, the strain temperature phasing can have an
mmportant influence on life. Results from IN 738 LC tests using simple linear
TMF cycles indicate a possible shift in life of up to a factor of 10, Fig. 7(a-¢).
The lines also cross due to different temperature phasing. An investigation into
whether or not the J,-theory may be used to describe the thermomechanical
response of IN 738 LC is outlined in this paper. The study indicates that the
classical plasticity theory is a convenient and useful method for peak temperature
work.

The fatigue lives of IN 738 LC are compared on the basis of the mechanical
inelastic strain range As,;,, maximum stress range Ao, total strain range
Ag,,, and energy criteria, Fig. 7(f). However, correlations based on these criteria
do not allow development of a common theory for the TMF data. They may,
on the other hand, be classified,

In the analysis of the inelastic strain method, both test data and Fig. 9, clearly
reveal that in many cases the elastic portion of the mechanical strain Ae,,, is
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either greater than or equal to the inelastic strain range Ae ;. The contribution
of the elastic strain component to the damage cannot be neglected. To predict
life on such a basis, it is first necessary to determine the inelastic and elastic
lines, and the strain range partitioning inelastic strain range versus life relations,
experimentally. Many assumptions have to be made for such an analysis.

The present investigations on IN 738 LC showed better correlation with
energy approaches on Ae,;, or Ag,, and As ..

The damage of IN 738 LC is effectively only of crack propagation. Even in
normal fatigue crack propagation analysis, the crack closure effect has been
recognized and the eflective stress intensity has been used to describe the crack
growth rate. The influence of mean stress must also be taken into account. The
quantity Ac_, Ae, ;. or Ao, Ae,, is therefore a direct measure of damage and
has the advantage of incorporaling stress (involved in propagating the crack)
and strain parameters.

Complex TMF cycle tests representing strain temperature {ime profiles in
critical regions of a blade gave longer lives when compared with simple linear
TMF tests. Since this high-temperature deformation eccurs at larger compressive
strains, a shift in mean stress is seen in all tests. The approach used to describe
fatigue with linear TMF cycles can therefore be expected to be conservative. A
five-minute hold at the maximum temperature, Fig. 2, results in shorter lives
at high inelastic strains than those resulting from more complex cycles but
without hold time. A few complex TMF tests have included axial and torsional
strain time temperature phasing, Fig, 2, These tests results did not show longer
lives than those from simple axial strain time temperature phasing tests at the
same mechanical eflective strain £. However, there are different main crack
propagation directions for the different complex cycles. Without a torsional
strain amplitude, the macroscopic crack direction is perpendicular to the tube
axis; in axial and torsienal TMF tests, crack directions are inclined by 30° to
45° to the axis of the specimens. Since the saturated state of IN 738 LC is
independent of thermomechanical straining path, the maximum saturation stress
range and the limiting values produced by hardening/softening should also be
independent of the thermomechanical straining path, and can therefore be
evaluated using experimental dala obtained lrom simple or linear straining
paths. It is thus reasonable to conclude that in this case, simple TMF data are
sufficient to evaluate some complex TMF cycles.

The objective of TMF tests is also to develop a fatigue life prediction method.
Key elements of this method are: component analysis, TMF testing and
analytica! evaluation of material behaviour.
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