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The influence of microstructure on the thermal fatigue (TF) behavior of MAR-M 509, a cast 
cobalt-base superalloy, was investigated using a burner rig and wedge-type specimens which 
were submitted to thermal shock from 200 ~ to 1100 ~ Two microstructures were studied: 
a coarse microstructure using specimens machined from bulk castings and a fine microstructure 
using cast-to-size specimens. Metallographic observations showed that cast-to-size specimens 
display a gradient in microstructure since the size of secondary dendrites increases with the 
distance to the thin edge. As high-temperature fatigue in this superalloy is controlled by oxidation- 
fatigue interactions, the kinetics of interdendritic oxidation was studied at 900 ~ Interdendritic 
oxidation was found to be inhibited by a refinement of dendritic microstructure. A fine micro- 
structure was shown to give a much longer TF life-to-crack initiation and a much lower crack 
growth rate. This behavior was mainly related to differences in interdendritic oxidation since 
interdendritic areas act as crack initiation sites as well as easy crack propagation paths. The 
influence of microstructure on crack growth rates was accounted for by using a previously pro- 
posed oxidation-fatigue crack growth model and interdendritic oxidation kinetic data. 

I. I N T R O D U C T I O N  

T H E R M A L  fatigue (TF) is one of  the primary life- 
limiting factors of machinery components due to startup 
and shutdown operations, especially for turbine blades 
and inlet guide vanes in jet engines. Tests of actual com- 
ponents in servicelike conditions are very expensive, and 
thermal cycling of blade or vane edges is usually sim- 
ulated by tests of simple structures. Glenny and co- 
workers in the late 1950's introduced a fluidized bed 
technique using tapered disc specimens, tl,2,3] Other au- 
thors later used wedge-type specimens and fluidized beds t4] 
or a burner rig.t5} For a long time, these tests were mainly 
used to compare the TF resistance of  candidate materials 
for turbine components. Spera later showed that such tests 
can be used to assess TF life predictions [6,7] using a dam- 
age model and computation of stress-strain loops at the 
periphery of the disc or the thin edge of wedge-type 
specimens. 

Blades and vanes in jet  engines have been made for a 
number of years from conventionally cast super- 
alloys, ts'9] The TF resistance of such alloys is usually 
evaluated using cast-to-size tapered discs or wedge spec- 
imens. Thus, the periphery of the disc or the thin edge 
of the wedge specimen have a fine microstructure (i.e.,  
fine grain size and small primary and secondary dendrite 
arm spacings) which is often assumed to be fairly rep- 
resentative of actual components. {9] 

Basic mechanical properties, on the other hand, and 
especially low-cycle fatigue (LCF) data or creep-rupture 
curves are established on test specimens which are most 
often machined from bulk castings. Most data used in 
design procedures come from specimens which can have 
a much coarser microstructure than cast-to-size TF spec- 
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imens due to large differences in solidification condi- 
tions. Laboratory specimens made from conventionally 
cast alloys seldom have the same microstructure as ac- 
tual components. 

A detailed study of the TF behavior of MAR-M* 509, 

*MAR-M is a trademark of Martin Marietta Industries. 

a cast cobalt superalloy, was completed recently in our 
laboratory. (1~ This alloy is used in inlet guide vanes. 
Damage under TF cycling [l~ as well as under LCF cy- 
cling at high temperature [~2,~3] has been shown to involve 
oxidation fatigue interactions in this alloy. The oxidation 
of interdendritic areas which bear out primary MC car- 
bides has been shown to play a major role in fatigue 
damage of this alloy, [12] and its kinetics was previously 
reported for a coarse microstructure, t~6} A fatigue crack 
growth model has been proposed for this alloy with a 
coarse microstructure to describe oxidation-fatigue inter- 
actions, t14,~5] and it was shown to account for LCF life 
at high temperature for various test conditions [~3] and crack 
growth curves under TF cycling. [1~ Care was taken in 
this previous study to machine TF wedge-type speci- 
mens and LCF specimens from bulk castings. Thus, TF 
and LCF specimens have the same coarse micro- 
structure, which is coarser than that in cast-to-size 
components or TF specimens. 

The influence of casting microstructure on the TF be- 
havior of MAR-M 509 was therefore studied. A single- 
wedge specimen geometry, as defined in previous work, tl~ 
was used with specimens either cast-to-size or machined 
from bulk castings. This paper first reports the variation 
in microstructure in the cast-to-size specimens and its 
influence on the kinetics of interdendritic oxidation. Then 
TF test results on cast-to-size and machined specimens 
are described. Results are discussed then, and in partic- 
ular, the fatigue crack growth model mentioned ear- 
lier t14,~5] is used with oxidation kinetic data to rationalize 
the influence of microstructure on the TF crack growth 
behavior. 
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II. MATERIAL AND 
EXPERIMENTAL PROCEDURE 

A. Material 

The composition of the master heat used in this study 
was, in weight percent, 0.59C-11Ni-23.2Cr-6.95W- 
3.31Ta-0.30Zr-0.22Ti-0.17Fe-0.008B-0.005P-0.003S- 
balance Co. Thermal fatigue specimens with a coarse 
microstructure were machined from bulk castings. Cast- 
to-size specimens were made using precision investment 
casting to have a fine microstructure. All of the speci- 
mens were heat-treated for 6 hours at 1230 ~ 

The coarse microstructure has been described in some 
detail in earlier publications, u~ The average grain size 
is 0.8 mm, which corresponds approximately to the size 
of primary dendrites. The alloy is mainly a cobalt-base 
solid solution which contains small MC carbides about 
1/xm in size which precipitate during the treatment at 
1230 ~ Eutectic interdendritic phases precipitate 
during casting, i.e., lamellar chromium-rich M23C6 car- 
bides, which then degenerate during the heat treatment 
(volume fraction about 1.5 pet), and tantalum-rich MC 
carbides, which have a Chinese-script morphology (vol- 
ume fraction about 2.4 pet). The mean secondary den- 
drite size defined as the mean intercept between 
interdendritic areas is about 100 ~m (this mean intercept 
is used here for convenience instead of secondary den- 
drite arm spacing, about 60/xm, to make measurements 
easier in the cast-to-size microstructure). 

The cast-to-size specimens exhibit a fine micro- 
structure which has a size gradient from the thin edge to 
the bulk part of the specimen. As interdendritic oxida- 
tion is the primary factor in high-temperature fatigue 
damage, only the mean secondary dendrite size was 
measured to characterize the fine microstructure. Mean 
intercept values will be described in Section III-A. 

ing and heating nozzles. The specimen is uniformly heated 
along its thin edge by the flame of a burner using a mix- 
ture of air and propane gas for 60 seconds and then it is 
cooled down by compressed air for 20 seconds. The ver- 
tical displacement of the cooling and heating nozzles is 
via a pneumatic actuator. The pressure inside the test 
chamber is lowered via an exhaust fan. 

An instrumented specimen with welded thermo- 
couples near the thin edge. was used to adjust testing con- 
ditions: air and propane flow for heating; compressed air 
flow for cooling. Details of instrumentation were given 
elsewhere, u~ The same maximum temperature was 
maintained for every test sequence using this dummy test 
piece. This specimen was removed and replaced by the 
test specimen without any welded thermocouple. A 
thermocouple protected by an alumina tube was put in 
simple contact with the specimen surface to check the 
reproducibility of testing conditions throughout the 
sequence. 

The specimens were exposed to a thermal cycle that 
ranged from 1100 ~ to 200 ~ at the thin edge. Tests 
were periodically interrupted to inspect the specimen 
surfaces. The length of most cracks was monitored using 
a binocular optical microscope at magnifications of 30 
and 75 times. This method was used only for cracks longer 
than 0.1 to 0.2 mm. Shorter cracks were observed in a 
scanning electron microscope. Only the evolution of the 
major crack, which generally formed first, is reported 
here. The specimen was turned upside down after each 
test interruption so that eventual asymmetry effects caused 
by cooling and heating could be minimized. The crack 
depth is reported here using a calibration procedure from 
surface measurements as previously discussed, u~ 

Observations were made of the specimen surface as 
well as the lengthwise sections of tested specimens using 
optical and scanning electron microscopy (SEM). 

B. Thermal Fatigue Specimens 

Wedge specimens 55-mm long were used. Their cross 
section is shown in Figure 1 (specimen type A in 
Reference 10) with an edge radius of 0.25 mm. Ma- 
chined TF specimens with a coarse microstructure were 
heat-treated at 1100 ~ for I hour and air cooled after 
machining to remove surface strains at the thin edge due 
to machining. Microhardness recovers its usual value using 
this procedure (Vickers microhardness under a 0.98 N 
load decreases from about 500 after machining to about 
400 after postmachining heat treatment). The same heat 
treatment was applied to cast-to-size TF specimens. All 
of the TF specimens were then mechanically polished 
lengthwise down to 3-/~m diamond paste in a manner 
similar to LCF specimens. 

C. Thermal Fatigue Tests 

Tests were carded out on the TF rig of Seci6t6 Nationale 
d'Etude et de Construction de Moteurs d'Aviation 
(SNECMA), Corbeil, France. The TF specimen is sim- 
ply placed on three vertical silica rods. The thin edge is 
in a horizontal plane and is alternately exposed to cool- 

t 

24" 

W 

Rp 

TYPE W(mm) Rp(mm) t (mm) 

A 27.60 0.25 6.7 

LENGTH 55(ram) 
Fig. 1 -  Cross section of the TF wedge specimen. 
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D. Measurements of Interdendritic Oxidation Kinetics 

Static oxidation was studied on cast-to-size TF spec- 
imens which were sectioned perpendicularly to the thin 
edge. Specimen surface preparation was kept identical 
to that of cycled specimens. Specimens were exposed to 
air in a furnace at 900 ~ this temperature was chosen 
since it gives rise to a fairly strong oxidation in the coarse 
microstructure. Exposure times of 20 and 96 hours were 
mainly used, and some measurements were also made 
after 5 hours. 

Observations were carried out on the cross sections of 
oxidized specimens using a scanning electron micro- 
scope. A nickel layer was deposited on the oxidized 
specimens before observation, and specimens were han- 
dled carefully to minimize oxide spalling. Measurements 
were mainly concerned with interdendritic oxide spikes 
which grow inwardly into the metal. The depth of oxi- 
dized carbides was defined as including the whole matrix 
thickness with about 20 to 30 measurements in each area 
studied, as previously done by Reuchet and Rrmy for 
MAR-M 509 with a coarse microstructure, r~61 

III. RESULTS 

A. Microstructure and Oxidation Kinetics in the 
Cast-to-Size Specimens 

Figure 2 shows typical areas of an oxidized specimen 
which were exposed to air at 900 ~ for 20 hours at var- 
ious distances from the thin edge. A large variation in 
microstructure is evident in the micrographs. In the im- 
mediate vicinity of the thin edge, secondary dendrites 
are very small. Their mean intercept is about 5/xm. When 
the distance to the thin edge increases, the micro- 
structure becomes coarser, and the dendrite size increases. 

In the coarse microstructure, interdendritic MC car- 
bides showed a typical Chinese-script morphology 
(Figure 3). I161 In the vicinity of the thin edge of cast-to- 
size specimens, they look globular on a specimen sec- 
tion; however, deep etching showed that these MC 
carbides are, in fact, interconnected rods. [17j The pro- 
po t ion  of Chinese-script MC carbides increases with in- 
creasing distance from the thin edge. 

The average dendrite size was measured as a function 
of the distance (x) to the thin edge. Results are shown 
in Figure 4. The average dendrite size increased from 
about 5 /xm at the thin edge to 40 /xm at 5 mm from the 
edge. Thus, there is a very large size gradient of the 
microstructure in the cast-to-size specimen: it varies from 
very fine in the immediate vicinity of the thin edge to 
much coarser farther from the edge. 

As evidenced by Figure 2, this variation in dendrite 
microstructure gives rise to variations in oxidation mor- 
phology. The thickness of the oxide scale is rather small 
at the thin edge, with very short oxide spikes growing 
along interdendritic areas. At 1 mm from the edge, the 
oxide scale is thicker, and interdendritic oxidation goes 
deeper in the alloy. This trend is confirmed at larger dis- 
tances from the edge. 

Oxidation along interdendritic carbides has been stud- 
ied for the coarse microstructure by Reuchet and R~my.  [161 

Fig. 2--Metallographic section of a cast-to-size wedge specimen which 
has been oxidized in a furnace at 900 ~ for 20 h; micrographs 
[(a) 2.5 mm from the edge, (b) 0.9 mm from the edge, and (c) at 
the edge] show the large variation in oxide scale and microstructure 
with distance from the thin edge. 

Fig. 3--Typical  Chinese-script morphology in the wedge specimens 
with a coarse microstructure (the scale of the carbide microstructure 
is to be compared with Fig. 2). 
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Fig. 4 - - V a r i a t i o n  of  the average secondary dendrite size ([) as a 
function of the distance from the thin edge (x) in the cast-to-size wedge 
specimen. 

The penetration of oxide was measured along the direc- 
tion of the interdendritic area from the external oxide 
scale. They found that the average interdendritic oxide 
depth, lox, obeys the following kinetics: 

lox -~ Otc t 1/4 [1]  

when the thickness of the matrix oxide scale varies as 
t ~/2, as usually reported for overall oxidation. The usual 
parabolic kinetics for matrix oxide is in agreement with 
the solution of Fick's equation in a semi-infinite plane. 
The boundary conditions for that diffusion equation are 
completely different for interdendritic oxidation and could 
be related to classical solutions of grain boundary dif- 
fusion. The simple model of Fischer fl81 actually predicts 
a t 1/4 kinetics for grain boundary diffusion which gives 
theoretical support to the present experimental obser- 
vations. The gradient in oxygen concentration was mea- 

sured using an electron microprobe and was found to be 
consistent with theoretical expectations, t19~ 

The average depth of interdendritic oxide spikes, lox, 
is plotted vs exposure time in log-log coordinates in 
Figure 5 for two areas in the cast-to-size specimens: the 
area within 0.8 mm from the thin edge and the area about 
2.5 mm from the thin edge. These measurements are in 
good agreement with a t 1/4 kinetics, but the oxidation 
kinetics is slower for the cast-to-size specimen than for 
the coarse microstructure previously studied. Further- 
more, the interdendritic oxidized depth for a given ex- 
posure time is shorter for material at the thin edge than 
at some distance from it. The interdendritic oxidation 
kinetics is thus definitely slower when the secondary 
dendrites are smaller in size. 

The secondary dendrite size was measured in the same 
area as the depth of oxide spikes in order to get a more 
precise relationship between secondary dendrite size and 
oxidation kinetics. The oxidation constant, ac, was de- 
duced from the average oxide depth in a given area and 
from the exposure time (5, 20, or 96 hours) at 900 ~ 
using Eq. [1]. This value of ac is plotted vs the size of 
secondary dendrites in Figure 6. In spite of experimental 
scatter, there is a linear increase of  the oxidation con- 
stant, ac, with dendrite size up to 20/zm: a fourfold in- 
crease of dendrite size from 5 to 20 /zm yields a fourfold 
increase of ac. The variation of a~ tends to vanish when 
the microstructure becomes coarser. The oxidation con- 
stant for the coarse microstructure (average secondary 
dendrite size about 100/xm) is almost the same as in the 
cast-to-size specimen at 5 mm from the thin edge (av- 
erage dendrite size about 40/zm).  

The inhibition of interdendritic oxidation at small den- 
drite sizes can be easily understood. A small secondary 
dendrite size is accompanied by an increase in the den- 
sity of interdendritic areas per unit volume. Therefore, 
the amount of microsegregation will be decreased, es- 
pecially chromium and tantalum, which precipitate as 
interdendritic carbides during the late stages of solidi- 
fication, t~2,2~ This will favor smaller carbide sizes, as 

lox ,pm 
' ' ' ' ''''I ' ' ' ' ''''I 

1 0 - 1  . . . . . . . .  J . . . . . . . .  I . . . . . . .  

10 a 1 0  4 1 0  5 
t (seconds). 

Fig. 5 - - V a r i a t i o n  of the average oxide spike depth (lox) with expo- 
sure time at 900 ~ (t) in log-log coordinates; curves are plotted for 
the area within 0.8 m m  of the thin edge and at 2.5 m m  from the thin 
edge in the cast-to-size and compared with the curve for the coarse 
microstructure. 
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Fig. 6 - -Va r i a t i on  of  the interdendritic oxidation constant ((~c) with 
the average secondary dendrite size ([). 

detailed solidification studies on nickel-base alloys have 
demonstrated, pl] The carbide density per unit area in 
interdendritic areas will be lower and will inhibit the ki- 
netics of  interdendritic oxidation. The larger number of 
diffusion paths for inward diffusion of oxygen (due to 
the larger density of  interdendritic areas intersecting the 
free surface) will also inhibit the inward growth of oxide 
spikes. 

B. Thermal Fatigue Experiments 

The variation in depth of the major crack is plotted as 
a function of the number of cycles in Figure 7 for the 
coarse microstructure (referred to as (a)) and for the cast- 
to-size specimen with a fine microstructure (referred to 
as (b)). The curve for the coarse microstructure refers to 
the average of two different specimens when a single 
specimen was used for the fine microstructure. 

Cracks nucleate very early in TF specimens with a 
coarse microstructure. Cracks initiate at preferentially 
oxidized Chinese-script MC carbides [t~ and can be ob- 
served after 10 TF cycles (Figure 8). The life-to-crack 
initiation, Ni, can be defined, for instance, when the depth 
of the major crack reaches 0.3 mm. This life-to-crack 
initiation is very small, about 20 cycles for the coarse 
microstructure, but is more than 20 times longer for the 
cast-to-size specimen. 

The crack growth rate is very high in the specimens 
with a coarse microstructure, i.e., about 50 /xm/cyc le ,  
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Fig. 7 - - V a r i a t i o n  of the major crack depth as a function of the num- 
ber of  thermal fatigue cycles; curves labeled (a), (b), and (c) refer 
to a specimen with a coarse microstructure, a cast-to-size specimen 
with a fine microstructure, and a cast-to-size and machined specimen 
with a less fine microstructure, respectively. 

and nearly constant up to a depth of a few millimeters. 
Then the crack slows down. The evolution of crack depth 
with the number of  cycles is rather different for the cast- 
to-size specimen. First, the crack growth rate is very low, 
about 40 times smaller than for the coarse microstructure 
at the thin edge. Then the crack growth rate increases 

Fig. 8 - - C r a c k  initiation at a preferentially oxidized MC carbide in a 
specimen with a coarse microstructure after 10 thermal cycles. 
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with crack depth and becomes constant when the crack 
is deeper than about 0.8 mm. This constant crack growth 
rate regime occurs up to 4-mm crack depth; then crack 
growth slows down. 

Metallographic observations of TF specimens were re- 
ported previously for the coarse microstructure, tl~ The 
crack path is mainly along interdendritic MC carbides 
and shows a substantial amount of interdendritic oxi- 
dation (Figure 9). Figure 10 shows that the same fea- 
tures are observed in the finer microstructure of the 
cast-to-size specimen. 

Specimens sectioned at the thin edge after TF test 
completion show extensive interdendritic oxidation in 
coarse and fine microstructures (Figure 11). The exter- 
nal surface was roughened by TF cycling, and inter- 
dendritic areas look as if they were extruded from the 
bulk alloy. This surface aspect could be caused by spall- 
ation of matrix oxide between interdendritic areas t221 since 
the thickness of matrix oxide is much less than expected 
from isothermal oxidation kinetics, t23j 

The tremendous influence of specimen processing on 
life-to-crack initiation and on crack growth rate in the 
vicinity of the thin edge should be the consequence of 
the large differences in casting microstructures. More- 
over, the continuous increase in crack growth rate of the 
cast-to-size specimen should reflect the increase in den- 
drite size which was observed. A complementary ex- 
periment was made to further document this hypothesis. 
A thin layer of material 0.25 mm in thickness was re- 
moved by machining each side of the wedge of a cast- 
to-size specimen. A new thin edge was then machined 
in this specimen, which gives rise to a small reduction 
in specimen width but mainly produces a less fine micro- 
structure in the thin edge: the secondary dendrite size 
increases from about 6 to 13/zm. 

The evolution of the major crack depth is plotted in 
Figure 7 as a function of the number of cycles. The crack 
growth curve almost parallels that of the original cast- 

(a) 

(b) 

Fig. 11 - - O x i d e s  on longitudinal sections of TF specimens at the thin 
edge (a) with a coarse microstructure and (b) with a fine micro- 
structure (cast-to-size specimen). 

Fig. 9 - - C r a c k  propagation path in a TF specimen with a coarse 
microstructure (optical microscopy). 

to-size specimen but with two major differences. First, 
the life-to-crack initiation has been given a threefold re- 
duction. Then the crack growth rate is almost constant 
from the thin edge up to 4 nun. This result bears out the 
hypothesis that the large crack growth rate variation up 
to 0.8 mm in the cast-to-size specimen mainly arose from 
a size gradient of microstructure in the vicinity of the 
thin edge. 

Fig. 10- -Crack  propagation path in a cast-to-size TF specimen (SEM). 
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IV. DISCUSSION 

This study has compared the resistance to TF cracking 
of specimens of MAR-M 509 superalloy with either a 
coarse or fine microstmcture using specimens which were 
machined from bulk castings or cast-to-size, respec- 
tively. The influence of microstructure was clearly evi- 
denced for the experimental conditions investigated. 
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The influence of secondary dendrite size on the 
number of cycles needed to initiate a major crack 
0.3-mm deep and on the crack growth rate in the vicinity 
of the thin edge is summarized in Figures 12 and 13, 
respectively. The life-to-crack initiation is shown to de- 
crease rapidly with increasing secondary dendrite [ (it 
varies approximately as the inverse of dendrite size). Crack 
initiation in high-temperature fatigue of cast nickel al- 
loys was associated with cracking of the external oxide 
scale at regions of high stress concentrations, particu- 
larly interdendritic areas, t22~ A finer microstructure gives 
rise to a better resistance to interdendritic oxidation, as 
shown in this study, and should reduce the stress con- 
centrations induced by volume changes when MC car- 
bides transform to oxides, u2j Such an effect could 
superimpose with a conventional grain-type refinement 
effect which is known to improve resistance to fatigue 
crack initiation, p4j Comparison with the literature is dif- 
ficult since the influence of casting microstructure on TF 

Ni(a=O. 3mm) . cycles 
, , , , , ,1i I ' ' ' ' ' ' 1  

10 2 

lO , , , . . . . .  i . . . . . . . .  I , , , 

lO 10 2 
~. ~m 

Secondary dendrite size 

Fig. 12- -Var ia t ion  of  the TF life-to-crack initiation, N~, (defined to 
0 .3 -mm crack depth) as a function of  the secondary dendrite size at 
the thin edge. 
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Fig. 13- -Var ia t ion  of the TF crack growth rate in the vicinity of  the 
thin edge (da /dN)  as a function of  secondary dendrite size. Experi- 
mental data as well as calculated values as described in the text are 
shown. 

life-to-crack initiation (and crack growth) is poorly doc- 
umented. Woodford and Mowbray ~91 mainly considered 
the influence of grain size in cast superalloys and showed 
that a finer grain size improves the life-to-crack initia- 
tion. They pointed out, however, that TF cracks were 
mainly interdendritic and that the influence of micro- 
structure was much more complex than simply a grain 
size effect. Beck and Santhanam t251 claimed that a larger 
secondary dendrite size improves life-to-crack initiation 
in MAR-M 509. They investigated only a small range 
of dendrite arm spacings (35 to 60/zm),  however, in 
which interdendritic oxidation kinetics is almost insen- 
sitive to dendrite size according to the present work. 

The crack growth rate in the vicinity of the thin edge 
increases drastically with increasing secondary dendrite 
size (Figure 13) (here, again, an opposite trend was 
claimed to be observed by Beck and Santhanam t251). This 
effect is believed not to reflect an effect of dendrite size 
p e r  se but to be induced by the variation of interdendritic 
oxidation kinetics which has been observed to occur with 
dendrite size (Figure 6). Fatigue crack growth rate (FCGR) 
would be expected to be only weakly dependent of den- 
drite size in the absence of oxidation, as it has been shown 
for the grain size dependence of FCGR of short cracks; 
a finer grain size even gives rise to a larger growth rate 
in the case of long cracks, t261 i .e . ,  the trend opposite to 
that of the present results. Here, a coarser dendrite size 
induces more segregated interdendritic areas, which, in 
turn, triggers interdendritic oxidation kinetics. This could 
thus explain why a coarse dendrite microstructure has a 
much higher TF crack growth rate, which would not be 
expected in the absence of oxidation. However, the 
microstructure dependence of crack growth rate can be 
discussed in a quantitative manner using a model re- 
cently proposed by Rezai-Aria and Rrmy t~4'151 and com- 
putations of the stress-strain-temperature history of TF 
wedge specimens. 

These computations were recently completed for 
MAR-M 509 with a coarse microstructure, tm The anal- 
ysis method used a finite element computation of the 
temperature field and a uniaxial calculation of  the stress- 
strain cycle in every point of the specimen using a cyclic 
viscoplastic constitutive equation (since the strain tensor 
has one major principal strain). The influence of maxi- 
mum temperature and of specimen geometry was re- 
ported in detail elsewhere, tml 

A fatigue crack growth model has been proposed which 
takes into account the interaction between oxidation and 
fatigue. All model parameters besides oxidation con- 
stants were deduced from experiments on compact ten- 
sion (CT) specimens. These latter were isothermal 
experiments on either virgin material or on precracked 
CT specimens, which were then oxidized at high tem- 
perature. In particular, experiments on preoxidized CT 
specimens showed much higher crack growth rates than 
on virgin material. A material zone of the previous crack 
tip had thus been altered by oxidation, and electron 
microprobe analysis has shown oxygen diffusion ahead 
of the crack tip to be responsible for this behavior. A 
diffusion model was used to relate the oxygen concen- 
tration gradient to the depth of interdendritic oxide. 

These experiments on CT specimens were analyzed 
using a "local approach," i .e . ,  using the local stresses 
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at the crack tip which are deduced from finite element 
computation. [14'15] As a uniaxial stress analysis is used 
for TF specimens, only the uniaxial form of these equa- 
tions is recalled here. 

For a cycle under varying temperature, the elementary 
damage increment is defined over a characteristic dis- 
tance, A, ahead of the crack tip, which is taken as the 
secondary dendrite size (A = 100/xm for the coarse 
microstructure), as 

d D I d N  = (Ao ' I2So)MI{(1  -- R )  (o'* - or)IS0} t3 [21 

with R = <1 - Ao'/~r). (The symbol (U) = U if U > 0 
and <U) = 0 if U < 0.) In Eq. [2], So, M, and/3 are 
three constants at a given temperature and 

* Min {o- I ,  ( t ,T)} [31 O- c = or c 

where (r i is the monotonic fracture stress of virgin ma- 
terial and O'c is that of  the material ahead of the crack 
tip which is embrittled by oxygen diffusion in front of  
the oxide. Finally, 

oc(t,  T )  = (rco[1 - u + u exp (m  A/log)] [4] 

where u is temperature-dependent and m is a constant. 
The term log is the depth of interdendritic oxide and is 
given by 

At F 

d( log) /d t  = J0 a4(t )  • d t / A t  [5] 

where At is the cycle period and a~ is the oxidation con- 
stant, as in Eq. [1], and is defined from isothermal ox- 
idation kinetic measurements. The number of  cycles to 
get a crack growth increment of size A is given by the 
following condition: 

o ~(~) d D =  1 [6] 

The crack growth rate is deduced as 

d a / d N  = A/N(A) [7] 

Equation [2] has to be used at an equivalent temperature 
under nonisothermal loading. This temperature is not 
uniquely defined and can be either the temperature of 
the maximum stress or that of  the minimum stress. The 
parameter N(A) was taken as the geometric mean of the 
values computed in each case. 

This model has been used for MAR-M 509 with a 
coarse microstructure and was shown to account for 
frequency and wave shape effects in high-temperature 
fatigue as well as for maximum temperature and speci- 
men geometry effects in T F .  U4'151 

This model was thus used to analyze the results of the 
present study using two main assumptions: In'st, the stress- 
strain behavior of  MAR-M 509 was supposed to be, in 
a first approximation, insensitive to secondary dendrite 
size as well as the crack growth rate in the absence of 
oxidation. Therefore, all of the parameters of  the model, 
with the exception of oxidation constants, were assumed 
to remain unaltered. Second, the influence of micro- 
structure on oxidation kinetics was supposed to be in- 
dependent of  temperature. So, if a t (T,[)  is the 
interdendritic oxidation constant at a given temperature, 

T, and for a secondary dendrite size, l, it can be deduced 
from the value for the coarse microstructure, ac(T,/c), as 

at(T, l) = a~(T, f~) • ~ (900  ~ l) /ac(900 ~ It) [8] 

The oxidation constant was computed at any point of  the 
specimen using the variation of the oxidation constant, 
a~, at 900 ~ defined as a function of secondary dendrite 
size, f, as 

ac(900  ~ D = a~ tanh -l  ([/[o~) 

where a~ and fo~ are two constants, and the dendrite size 
was supposed to vary linearly with distance to the thin 
edge (fitted curve is shown as a solid line in Figure 6). 

The crack growth rate, d a / d N ,  in the vicinity of  the 
thin edge was computed along these lines for the coarse 
microstructure, the cast-to-size specimen (fine micro- 
structure), and the cast-to-size and machined specimen 
(less fine microstructure) and is within a factor of  2 of  
the experimental values, as shown in Figure 13. Further- 
more, computed crack growth curves (crack depth vs  the 
number of  cycles spent in crack propagation) are in good 
agreement with experimental curves for the coarse 
microstructure and the cast-to-size specimen (Figures 14 
and 15). A constant crack growth rate is predicted over 
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Fig. 14--Compar ison between experimental and predicted variations 
of crack depth (a) vs  the number of TF cycles spent in crack propa- 
gation (Alp) for the coarse microstructure. 
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Fig. 1 5 -  Comparison between experimental and predicted variations 
of crack depth (a) vs the number of TF cycles spent in crack propa- 
gation (Np) for the cast-to-size specimen with a fine microstructure. 

a large range of crack depth for the coarse micro- 
structure, as actually observed. A constant crack growth 
rate regime is only predicted for cracks deeper than 1 mm 
in the cast-to-size specimen. The strong increase of crack 
growth rate for cracks growing from the thin edge up to 
1 mm is actually accounted for. This increase in growth 
rate results from the increase in secondary dendrite size 
with distance from the thin edge (from 5 to 14/xm), 
which, in turn, gives rise to a linear increase of the inter- 
dendritic oxidation constant, etc. The model for oxidation 
fatigue crack growth can account for the major features 
of TF crack growth. The influence of secondary dendrite 
size on TF crack growth rate is mostly due to its effect 
on interdendritic oxidation kinetics. This model shows, 
in agreement with experiment, that a small dendrite size 
can drastically reduce TF crack propagation rate, but only 
when it is smaller than about 20/xm. The influence of 
dendrite size is weaker at larger sizes since the oxidation 
constant becomes less sensitive to microstructure. 

This study has shown that high-temperature fatigue data, 
as obtained from laboratory tests using specimens ma- 
chined from bulk castings, with a coarse microstructure, 
are not directly transferable to component design. The 
actual microstructure of cast components has to be ac- 

counted for, but depending upon alloy chemistry and 
casting conditions, the discrepancy between the lifetime 
for a coarse microstructure and that for the actual micro- 
structure can be large or not. Modeling interactions be- 
tween oxidation and fatigue seems to be a promising way 
to handle the microstructure dependence of lifetime under 
thermal-mechanical cycling. 

V. CONCLUSIONS 

This study of the influence of casting microstructure 
on the TF behavior has shown that the TF resistance of 
MAR-M 509 superalloy is controlled by the size of sec- 
ondary dendrites. 

A fine dendritic size tremendously improves the num- 
ber of cycles to initiate a crack as well as the resistance 
to crack growth under TF cycling. This influence of sec- 
ondary dendrite size is, to a large extent, the conse- 
quence of its effect on the kinetics of interdendritic 
oxidation. 

Cast-to-size wedge specimens actually possess a large 
gradient in microstructure, since machining the thin edge 
decreases both the resistance to crack initiation and to 
crack growth. 

The microstructure dependence of TF crack growth rate 
has been rationalized using a previously proposed oxi- 
dation fatigue crack growth model and the kinetics of 
interdendritic oxidation. This model has shown that the 
influence of secondary dendrite size on the crack growth 
rate under TF can be accounted for solely by its effect 
on interdendritic oxidation kinetics. 
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