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ABSTRACT

The influence of time dependent processes on high temperature fatigue
behaviour was studied in wrought, cast and ODS mechanically alloyed nickel
base superalloys. Fatigue tests were performed in air and in vacuum at
different temperatures and strain rates. In LCF tests the disappearance of
strain rate effect on fatigue life in vacuum indicates that fatigue damage
is markedly affected by oxidation. In FCG tests the effect of oxidation in
wrought alloy is stronger than in other alloys examined. Time dependent
fatigue propagation micromechanisms are analyzed and discussed in detail.
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INTRODUCTION
Nickel base superalloys are typically used in high temperature
components of gas turbines. In such applications they suffer from a large
reduction in life by creep-fatigue-environment interactions under certain
conditions and, from a designing view point, the analysis of the
distribution of stresses has shown that low cycle fatigue, creep and

vibrations are the main source of damage /1/.

Fatigue at high temperature, where time and strain rate effects are
important, is often referred to as regime of time dependent fatigue and the
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fatigue process is frequently treated in separate components of initiation
and of crack propagation. Furthermore high temperature fatigue resistance
of alloys is profoundly affected by corrosion processes which influence the
time to crack initiation and the growth mechanisms at the crack tip /2-5/.
At high temperature such corrosion mechanisms take place synergistically
with creep processes and lead to an acceleration of crack initiation and
propagation and to a decrease of fatigue life.

The presence of time dependent processés in fatigue can dramatically
modify the expected fatigue behaviour and complicate the extrapolation of
laboratory data to the condition of the components in service. It is, thus,
necessary to investigate the resistance to high temperature fatigue when
time dependent processes are present in order to evaluate allowable flaw
sizes and to improve life time prediction methods.

In air laboratory fatigue tests the corrosive action is mainly due to
the oxygen. Many investigations of low cycle fatigue (LCF) and fatigue
crack growth (FCG) were directed to separate the effect of oxidation by
comparing results in air and in vacuum /6-9/. Other investigations were
undertaken in order to separate the effect of fatigue and creep by tests
with different strain rates or frequency and introducing hold times /10-
13/

This paper deals with an investigation of creep-fatigue environment
effects on several nickel base superalloys. Primarly, attention will be
given to the observations and interpretations obtained from experiments on
smooth specimens subjected to uniaxial loading in the LCF range and then
fatigue crack growth behaviour will be studied in the framework of linear
elastic fracture mechanics.

The interplay of testing parameters will be considered in relation to the
micromechanisms responsible for the nature of the failures observed.

MATERTIALS AND EXPERIMENTAL PROCEDURES

The materials studied are the following nickel-base superalloys:
a) wrought alloys 1Inconel X-750, Inconel 718;

b) cast alloys, IN 792+Hf, IN 738 LC; IN 100;

c) mechanically alloyed ODS MA 6000.

Their chemical composition is reported in table 1.

The LCF tests were performed in the temperature range from 650°C to
10§2°C in fErf]in controlled conditions and in the strain rate range from
10 to 10 's . The wave form was triangular symmetrical to zero (R=-1).
More detailed procedure of experimental technique was described in previous
reports /14,15/.

The FCG tests were performed in the temperature range from 650° to 950°C
in load controlled conditions with the frequency varied between 0.01 and 10
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TABLE 1. Nominal composition of the alloys (Wt%)

Ni Cr Co Mo Fe W Ta Nb Al Ti Hf C Si YZOB
wrought INCONEL X-750 73 15.5 - 0.5 7 - -1 0.7 2.5 - 0.04 0.2 -
INCONEL 718 53 17.8 0.03 2.99 19.1 - - 5.350.57 0.97 - 0.029 0.02 -
IN 713 LC 75 12 - 4.5 - - - 2.0 59 0.6 - 0.05 - -
IN 792+Hf 61 12.4 9 1.9 - 3.03.9 - 3.1 4.5 1.00.12 - -
cast IN 738 LC 60 15.9 8.3 1.6 0.22 2.51.72 0.96 3.4 3.3 - 0.12 0.1 -
IN 100 7010 15 3.0 1 - - - 5.5 4.7 - 0.18 0.21 -
0Ds INCONEL MA 6000 69 15 - 20 - 4020 - 4.52.5 - 0.05 - 1.1

Hz. The wave form was triangular with R ratio equal to 0.05. The
experimental details were reported in a previous paper /16/.

In _all the tests performed in vacuum, the pressure was lower than
10 “Pa.

EXPERIMENTAL RESULTS AND DISCUSSION

Low Cycle Fatigue Behaviour

High temperature fatigue failure occurs by initiation and propagation of
one or more cracks until specimen separation occurs. In general, nucleation
takes place at a free surface and the crack propagates subsequently in
three stages: a) stage I growth which is an extension of the initiation
process (it has a length of the order of 10 um) and takes place along a
crack tip shear plane and usually extends for a distance of the order of
few grain diameters; b) stage II growth that is normal to the applied
stress and is controlled by the continuous response of the material; c)
stage III growth that occurs when static fracture, e.g. hole growth,
contributes to crack advance and leads to final failure /17/

The part of area devoted to the various stages of failure depends on the
applied stress level and on the type of material: for example, when the
applied stress decreases, stage I increases and stage II decreases; in
nickel superalloys at elevated temperature the stage I is well defined and
crack initiation is due to heterogeneous planar slip bands /4/.

Following stage I, when cyclic conditions do not include creep, the
stage II exhibits a transgranular path. Up to now the factors controlling
the stage I-II transition have not been clearly identified. Stage I and
stage II are also affected by temperature and environment.
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Nickel-base superalloys show & strong decrease in fatigue 1life with
increasing temperature. This behaviour is not accompanied by a
corresponding decrease in short-time mechanical properties, viz. 0.2% yield
strength or in the monotonic tensile ductility. Thus the pronounced
decrease in fatigue life with increasing temperature has been ascribed to
the effect of air environment in accelerating crack initiation and
propagation /4/.

The low-cycle fatigue results in air and vacuum of IN 738 LC alloy at
850°C are shown in Fig. 1. The oxygen in the air environment reduces
fatigue life by a factor 2 or 3 with respect to vacuum fatigue life. The
decrease in strain rate enhances the environmental effects that play a
fundamental role in reducing fatigue life. The presence of 60 s hold time
in tension and compression determines a further reduction in fatigue life.
In vacuum tests the strain rate influence disappears. This confirms that
the damage in air is mainly due to oxidation effects and, consequently,
fatigue life, in absence of air environment, is increased.

IN738LC 850 °C

~
T

A€, [%) total strain range

0é=10"s
yacuum

Ll o =102 §
e¢=10"° s N ]
I air ag=102 s
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0 N ol N M | s P S N P
1 10 102 10°

N.cycles to failure

Fig. 1. Effect of strain rate, hold time and environment
on LCF of IN 738 LC alloy.

The results at 750°C on 1IN 100 alloy (Fig. 2) support the previous
observations too. The fatigue life increases in vacuum tests, where the
strain rate effect disappears. In air the strain rate influence is
stronger, but in this case the strain rate ratio is greater than in the
other alloys.

From the viewpoint of strain rate effects in vacuum a slightly different
behaviour is observed in Inconel 718 alloy. As matter of fact the low-cycle
fatigue results in air and vacuum at 650°C (Fig. 3) show that the reduction
of strain rate in air produces a strong reduction in fatigue life (4 or 5

1152

2.00 T —T T — T — T T —
v IN 100 750°C
m -
g L
o
< .
C 150+ Sl °
w S
— =
o N
s L
™~ . 2
R a vacuum €£-1072s"!
T 100+ ¢ . 10-4¢-1
5 I . vacuum £-10"%s
= o-——= Air £-10"2s7"
- g AR Ex107%a7
0.50 i Lol ’ N i T | i i :
1 10 102 103 104

N,cycles to failure

Fig. 2. Effect of strain rate and environment on LCF
of IN 100 alloy.

T T T— T T Lo T

— T -
INCONEL 718

T=650°C

€-102.57 o AIR e VACUUM
€-10"%s"'1 aAIR aVACUUM

Ae, (%) total strain range

ol A wq gl A M| L
102 103 104 10°
N, cycles to failure

Fig. 3. Influence of strain rate and environment on LCF
of Inconel 718 alloy.

times). When tests are performed in vacuum the number of cycles to failure
increases markedly and the effect of strain rate on fatigue 1life, although
reduced (a ratio of 2 or 3 times in endurance) is apparent. This indicates
that a creep fatigue interaction is operative in vacuum at the lower strain
rate examined. Such interaction in air operates in conjunction with
oxidation producing an acceleration of fatigue damage.
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Fig. 4 shows the influence of temperature on LCF of ODS MA 6000 alloy in
air and in vacuum. In air, when temperature increases, fatigue life de-
creases and the effect is more remarkable at very high temperature: this is
attributed to oxidative effects which become more relevant. The influence
of oxidation is stronger at lower strains, when time to initiation re-
presents a higher percentage of fatigue life, but it is negligible at
higher strains, when crack initiation occurs in the early cycles.

ODS  MAG000 ALLOY |850 °C O ---
AR! 950 °C & —
20t 1050 °C  © -
o
vacum) G50 oC 4
207Pa| jo500C v
<2
5
P} 1_0 L.
T==--0
1 N | L I | L " |
102 10° 10

N; , cycles to failure

Fig. 4. Influence of temperature and environment on LCF
of MA 6000 alloy.

The fractographic analysis of the LCF fracture surfaces shows typical
micromechanisms of fatigue damage. In all the cases, air and vacuum, high
and low strain rate, one or more cracks initiate at the external surface of
the specimens and propagate in stage II transgranular mode. An example of
crack initiation is shown in Fig. 5.

Fig. 6 gives a path of mixed transgranular and intergranular propagation
mode that is observed only in one specimen at very high strain, even if the
strain rate is great.

An example of stage II transgranular propagation mode with ductile
fatigue striations is shown in Fig. 7. The striations are present almost in
all the alloys even if not always well defined and covered by oxide layer.
However in fracture surfaces of specimen fatigued in vacuum, striations are
less clear than in air.

The influence of strain rate on crack propagation mode on Inconel 718
alloy is shown in Figs 8 and 9. At higher strain rate the character of the
fracture is transgranular with the presence of fatigue striations. At lower
strain rate a mixed transgranular-intergranular fracture mode is evident
and no striations are observed.
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Fig. 5. Example of crack initiation in a specimen of
MA 60002a11f0y tested in air: T=1050°C,

¢ =10 °s , Aet:1.23%, N=65.

Fig. 6. Mixed transgranular-intergranular fracture of

IN 100 alloy fatigued in air: £=10 s
Ae t:1 .5%, N=35.

Fatigue Crack Growth Behaviour

The effect of oxidation at different frequencies on FCG rates of Inconel
X-750 is shown in Fig. 10. The contribution of creep effects is indicated
by the difference in FCG rates between vacuum data at 0.01 and 10 Hz. In
air tests both creep and oxidation nechanisms are operative. The role of
time dependent processes in increasing FCG rates was already analyzed
versus frequency /7/. It was observed that at high frequency (10 Hz)
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Fig. 7. Example of transgr'anular' f’atlgus pr-opagatlon of
IN 738 LC alloy: T=850°C, €=10 , HT=60 s,
Aetzo.BA, N=260.

Fig. 8. Fracture surface of Inconel 718 alloy fatigued
in air at 650°C and 10 “s

oxidation is the main mechanisn responsible for the increase of the FCG
rates when temperature is increased from the room value (Fig. 11). Further-
more, at 0.01 Hz, oxidation operates in conjunction with creep processes
and both time dependent mechanisms are responsible for the change of the
propagation mechanisms from transgranular with fatigue striations at 10 Hz
to intergranular with grain boundary creep cavities at 0.01 Hz (Fig. 12).
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Fig. 9. Fracture surface of Inconel 718 alloy fatigued
in air at 650°C and 104 s,
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In all cases experimental FCG rates of this alloy show the important role
of the ambient air in enhancing the crack rate.

The role of air in increasing high temperature FCGR has been observed

also in the wrought nickel base alloy Inconel 718 (Fig. 13).In air tests, at
650°C,FGC rate strongly increase when frequency decreases in the range from
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Fig. 12. Fracture surfaces of Inconel X-750 fatigued
at 650°C and at a) 10 Hz and b) 0.01 Hz.

INCONEL 718
T=650°C

02 L

® VHz
a 01Hz
104 ® 001 Hz .

£

o : .gg

[ N/ AR
7
L]

Fatigue crack growth rate [mm/cycle]

/ VACUUM

L o WHz
D 001 Hz
© -=- 017 Hz (Ret 8) ]
‘0-5 1 1
0 S0 100 200

Siress intensily range [MPavm]

Fig. 13. Frequency effect on FCG resistance of Inconel
718 alloy at 650°C in air and in vacuum.

10 to 0.01 Hz. Vacuum tests, performed at the same temperature and in the
same frequency range, have shown that, in vacuum, frequency effect is
negligible and the FCG rate results are in agreement with experimental
data from reference /18/.

The comparison of air and vacuum results shows that the effect of oxidation
in enhancing FCG rate at 10 Hz is less remarkable than at lower frequen-
cies. This indicates that, when frequency decreases, crack tip oxidation is
more effective in producing the strong frequency effects observed in air at
high temperature. Furthermore, a threshold stress intensity range, that is
independent of test conditions, is apparent at 20 MPa Vm.

The combined effects of frequency and oxidation on FCG rates of IN
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792+Hf and IN 713 LC are illustrated in Figs 14 a and b, respectively. FCG
rates at 750°C in both air and vacuum increase significantly when frequency
is decreased from 10 to 0.01 Hz. However, in each case the increase of FCG
rates with decreasing of the frequency is lower than in the Inconel X-750
wrought alloy even with this alloy tested at a lower temperature. In the IN
792+Hf oxidation effects are more remarkable at higher AK and the effect at
10 Hz is stronger than at 0.01 Hz.

In the IN 713 LC cast alloy, oxidation effects are less significant than
in IN 792+Hf. At 10 Hz there is no apparent effect at &K < 25 MPa un_, while
at higher /X, vacuum FCG rates are lower than in air. The comparison of FCG
rates in vacuum at 10 Hz and 0.01 Hz indicates that creep effects are more
significant in IN 792+Hf than in IN 713 LC. In this latter case, however,
the creep contribution to FCG rates appears dependent on stress intensity
range.

Fractographic analysis has shown that in air the crack was proceeding
along a transgranular path which is perpendicular to the direction of the
applied stress with no influence of the microstructural features in all
cases examined.

In the ODS MA 6000, FCG rates were measured in air and in vacuum at
850°C (Fig. 15). For a given AK the FCG rates increase when frequency
decreases from 10 to 0.01 Hz both in zir and in vacuum. However the extent
of FCG rates increase with decreasing of the frequency, in the OAK range
examined, is less pronounced than in the previous alloys analyzed.

As far as the rdle of oxidation is concerned, experimental results have
shown that the FCG rates of MA 6000 in vacuum are significantly higher than
in air at the same experimental conditions (Fig. 15). This behaviour was
formerly found in the cast alloy IN 738 and attributed to mechanisms of
branching at the crack tip in air tests /19,20/. In MA 6000 at high
frequency, no branching was observed and, at low frequency, branching was
apparent in both air and vacuum tests. However, thick fragments of oxides
were observed by SEM in specimens tested in air. Probably they produce
blocking at crack tip. This is consistent with the experimental observation
that in high temperature fatigue test at 0.01 Hz in vacuum a cyclic
potential drop is continuously monitored with relative maxima when the
crack is completely open and minima when completely closed. This effect was
insignificant in air tests at the same frequency: in fact, in vacuum, the
potential drop range, at a given crack length, is ten times higher than in
air. Oxide blocking can lead to a decrease of the effective AK at crack tip
and explain why the FCG rates in vacuum are higher than in air. However,
for a detailed interpretation of this phenomenon more experiments are
necessary.

The micromechanisms of fatigue crack propagation were transgranular in
all cases. In the fracture surfaces of ‘MA 6000 alloy tested in air at
850°C, 10 Hz, a very limited region with fatigue striations associated with
secondary cracks was observed at high AK. Voids around inclusions were also
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apparent and when the frequency is decreased to 0.01 Hz, secondary cracks
appear at grain boundaries.

All the experimental results presented emphatise the importance of the

frequency influence. In general, at high temperature, a clear transition

between high frequency and low frequency- behaviour, associated with the

transition of propagation mechanisms from transgranular to intergranular is

evident.

Independent of cracking mode, with the exception of the alloy ODS MA
6000 where oxide blocking effects seem very important, the fatigue
processes appear to enhance the environmental effects at the crack tip /19/
by favoring oxygen transport ahead of the crack tip during fatigue /20/. At
elevated temperatures, in the case of transgranular fracture, oxygen will
diffuse along slip bands to enhance stage I cracking or ahead of the crack
tip to enhance the stage II type growth. These transgranular oxidation
mechanisms do not appear to change the morphology of the fracture surface.

In the intergranular cracking, the fracture surface features will change

from cavitated boundaries to pure brittle decohesion depending upon the

relative contributions of cavitation and oxidation. Intergranular

cavitation in the plastic zone ahead of the crack tip involves grain
boundary sliding, void growth and coalescence. The diffusion of oxygen at
grain boundaries will lead to reactions with grain boundary phases and it
may enhance the flux of vacancies promoting rapid nucleation and growth of
cavities /21/. Diffusion of oxygen may also cause embrittlement, and
contribute to the debonding and brittle decohesion of grain boundaries.

CONCLUSIONS

The influence of time dependent processes on high temperature fatigue
behaviour is analyzed in several nickel base superalloys. Fatigue tests
h temperatures in air and vacuum at different

were carried out at hig
to the

frequencies and strain rates. The experimental results lead
following conclusions:

The fatigue resistance in air is markedly reduced by the increase of
temperature and the decrease of strain rate or frequency.

In LCF tests, surface crack initiation results accelerated by oxidation
this effect is more marked at lower

that reduces greatly fatigue life;
strain rates and is confirmed by vacuum tests where LCF life is increased

and strain rate influence disappears;

the influence of strain rate on vacuum fatigue life in Inconel 718 alloy
can be ascribed to the presence of creep damage that operates in air in
conjunction with oxidation effects.

The alloys investigated show a different crack growth behaviour versus
oxidation. Oxidation effects are very strong in Inconel X-750 and Inconel
718 and the comparison of air tests with vacuum tests show that vacuum
FCG rates are significantly lower than those in air. The cast alloys IN
792+Hf and IN 713 LC exhibit a lower sensitivity to oxidation than the
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wrought alloys. The FCG rates of the ODS alloy MA 6000 in vacuum are
higher than in air in all the experimental conditions studied. This is
probably due to oxide blocking effects at the crack tip in air tests. The
different behaviour versus oxidation in LCF and FCG tests can be
attributed to different strain range levels which are higher in LCF tests
and prevent oxide blocking effects.

- The fatigue crack propagation mechanisms in Inconel X-750 were changing
from transgranular with ductile fatigue striations at 10 Hz to
intergranular with creep cavities at 0.01 Hz. In the other alloys', the
propagation mechanisms were transgranular in all cases in both air and
vacuum.
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