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Crack growth behavior of a nickel-base alloy. Udimet 700, was studied at room temperature
and 850 'C in air and vacuum. Crack growth rates were higher in air than in vacuum but this ' .
increase in growth rates was nearly the same at both temperatures. In contrast to the effect --
of environment, an increase of temperature from 25 to 850 'C has a much larger effect on L L..,
growth rates although the mode of crack growth did not change with temperature or with
environment. A detailed analysis of the fracture surfaces inimated that the growth rates APR 2 1 1981
under all of the above experimental conditions occurs by a crystallographic faceted mode
with the plane of the facet identified to be the ( 100} cleavage plane rather than a slip plane. W
Also the increase in growth rates with temperature appears not to be directly related to an
environmental effect, crei effect or variation of elastic modulus with temperature. A

0 IT is well known' that crack propagation under fatigue temperature. In the present analysis, this mode of
generally occurs first by Stage I followed by Stage [I. fatigue crack growth is examined in detail at different

00 Stage I crack growth is usually limited to one or two temperatures as it occurs in Udimet 700, which is a
grains from the specimen surface and is mostly along nickel-base superalloy used extensively in turbine ap-
slip bands. Therefore, the fracture surface in Stage I plications.
tends to have a definite crystallographic orientation. On There has been extensive work' 22 on Udimet 700
the other hand, Stage II growth is essentially noncrys- under low cycle fatigue in the temperature range of 25

ge tallraphic and occurs close to the plane of maximum to 926 'C although not much on fatigue crack growth.
noe al stress and is frequently associated with the The alloy exhibited fatigue hardening behavior followed

I presence of striations on the fracture surface. Several by fatigue softening at both 25 and 760 'C. At 760 'C
i studies in recent years.2 

"7 however, have shown that in and above, both environmental and creep effects be-
high strength materials, particularly those that have come important as they appear to alter the mode of
propensity for planar slip, fatigue crack growth occurs crack nucleation from transgranular to intergranular
by a faceted mode with facets showing the features when frequency is reduced.2

2 During the crack prop-
characteristic of cleavage fracture such as river lines. agation stage, fracture was essentially transgranular
Several terms such as faceted mode, cleavage mode and with predominantly a faceted mode.
quasicleavage mode have been used to distinguish this In our recent study23 of fatigue crack growth in
mode of crack growth from the ductile striation mode Udimet 700 using a fracture mechanics type of spec-
as well as classical cleavage fracture. imen, we found faceted growth even at a temperature as

Identification of the plane of the facets with the slip high as 850 'C. Furthermore, comparison of our data
plane of the material in some cases led to the belief that with room-temperature data24 indicated a large effect of
the faceted mode of crack growth in these materials is temperature on crack growth. It was not clear whether
essentially Stage I mode of crack growth which extends the effect of temperature was due to environmental
to a large part of the fatigue fracture surface.8.9 In some interactions since the tests were done in air, or due to
other materials,"' 2 facets were along the cleavage creep effects or to the inherent nature of the faceted
planes indicating that fatigue crack growth in these mode of crack growth. The object of the present work
materials occurs by progressive cleavage, in fact, was to investigate further the crack growth behavior of
Richards4 observed that in Fe-3 pct Si the plane of the this alloy at room temperature and 850 'C in air and
facets depends on the degree of symmetry of the slip vacuum in order t,) determine the role of environment
systems with respect to crack plane. Hertzberg and on the mode of crack growth and crack growth rates as
Mills' 4 found that faceted mode of crack growth occurs well as the causes for the observed effect of temper-
even in relatively ductile materials that have low ature.
stacking fault energy and thus restricted cross slip. for

mthese materials, crack growth occurs by a faceted mode
Cparticularly at low AK values close to the threshold

stress intensity range but changes to the ductile striation EXPERIMENTAL DETAILS
mode at high AK values. Most of the experimental
observations, however, have been limited to room Compact tension specimens with nominal I-T di-

mensions 2. but with 12.7 mm thickness were made from
__the same bar stock used earlier." A standard duplex

- ----- heat treatment was given the alloy with anneal at
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to room temperature. Figure I shows the microstructure and vacuum. It has already been shown using several
of the alloy after heat treatment. Extensive twinning load amplitudes that crack growth under cyclic load can
characteristic of superalloys can be seen in the figure. he adequately described by the linear elastic parameter.
That these twin boundaries form preferred sites for AK. even at 850 °('. Figure 2 also shows the room
crack nucleation under fatigue has been shown earlier. -'  temperature data reported by Rau and Burke-4 for

All specimens were precracked at room temperature center cracked specimens of less than I mm Ihickness.
in air. All tests were performed on a servo-hydraulic Considering the significant difference in thickness and
machine at a frequency of 0.17 Hz with the specimen specimen geometr. both data agree well particularly at
enclosed in a chamber for vacuum and heated by intermediate AK values.
induction. A vacuum better than 1.33 x 10-4 Pa was Several observations can be made from the abose
obtained at the test temperature. Crack lengths were figure. First. crack growth rate% are higher in air than in
measured intermittently through a viewing port using a vacuum at room temperature as well as at 850 ( .
low magnification travelling microscope. Crack growth Enhanced crack growth rate in air een at room
rates were determined from the plots of crack length vs temperature was also observed in Alio% 7 18 "and
time. Corrections to the crack lengths due to the initial austenitic stainless steels. I hese results together impls
curvature of the crack front were made from the that it is erroneous-" to attribute enhanced crack gro% Ili
fracture surface observations by averaging the crack at high temperatures to purel -% enironment. if \acuum
lengths at 1/4. 1/2 and 3/4 positions of the specimen data at high temperatures agree with air data at room
thickness. The stress intensity factor K. was calculated temperature. In fact. Vig. 2 show, that for t dimet 7I
using the following relation 25 for a/W < 0.7 the enhancement in crack grow th rate due it cns i-

p ronment is nearl. the same at both temperatures I or
K = B-W1 s [29.6(a/W)°' - 185.5(a/W)'5  example at AK = 40 MPa \ i. crack grttlh tates in

air are nearlN 2.5 times those in %acuum iat both
+ 6temperatures. In contrast the effeci of en ironmeni ,

+655.7(a/W) 2 .5 - 1017.0(a/W) 35 + 638.9(a/W)I faiu rc ruI nA it)'%71 is signif icaiitts+fatigue crack growtlh in Allo, 71 ,nltati

sensitive to temperature c ith gro t h rates .il the.,amc
1 AK value being 5 to II) times larger i 11 t ih.ai at

and for a! W > 0.7 from the relation 6  room temperature.-" I hi% for I diect TIN)t t e i-
ronnental interaction during itigue is cssc niatls In

K -+a14. W- )1 1 athermial process or process %~ith s ers smaitit.ctis .iion

2BIW - a)' -  (W + a) j1energy, while for Alloy 718 it is i therniallh ,tit,.aicd
process with an actis ation encrg, of the otder of "Wl

where P is the applied load, a is the average crack kcal mol. "0

length, W is the specimen width, and B is the thickness. Most important to note In I- ig. 2 is thait tenipeiric
The specimens were cycled until final failure. The affects crack growth in t dinect 7tM esen in .cuuni.
vacuum crack growth data are compared with air data and the effect is nearl\ the same in both air and
obtained earlier at 850 °C. \acuum.

RESULTS Therefore. the increase in grosth rate ith ienpcr-
ature cannot be attributed to en\ ironmenrt. .inve creep

Environmental Effect becomes important at high temperatures. \e shall nc\t
investigate if the temperature effect is due to the effect

Figure 2 shows the crack growth rates, dal dN, as a of creep.
function of AK at room temperature and 850 'C in air

Fig. I Microstructure of I dilnet 71
(Etchant Kallting's reagent).
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Creep Effect =da/dN X frequency) as a function of AK where AK

To determine the contribution from creep the grGwth fosatcldisheamasKmheaxumtrs
rates for fatigue in vacuum at 850 'C are compared with inest.Calycrkgowhaesudrylclas
those for static load obtained earlier."," Figure 3 shows arsinfctlhgerhnudrsaicod.Ts
crack growth rates on a time basis da/dt (da/di implies that crack growth for fatigue is not due to a

time-dependent process but is due to a cycle-dependent
process. Also, note that the stress intensity required for

3 - 10 2Itime-dependent crack growth to occur at 850 'C is very
high, of the order of 40 to 50 M Pa Vrn. That is. for
stress intensities at which fatigue crack growth occurs in
vacuum at 850 'C, Fig. 2. litle or no time-dependent

UDIMET 700 SAEIIcontribution to crack growth is expected.
STAGEIt could be argued that creep crack growth may not
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occur for these stress intensities, but creep deformation Type 316 stainless steel. In fact, the form of the
may still occur which could influence the fatigue crack equation representing the data for Alloy 718 can be
growth. However, our results32 on the effects of super- deduced as:
imposed hold period at the peak load in this alloy
indicate that for stress intensities less than the threshold da IAKW4 9

stress intensity for creep crack growth, creep defor- dN 1.65 x 10" n m/cycle [41
mation seems to retard fatigue crack growth by blunting
the crack tip. Such retardation effects are not specific to The stainless steel data curve is very nearly parallel to
Udimet 700 but were noticed in other alloy systems"3- 6  the Alloy 718 data, and Eq. 121 is therefore valid for
with hold times or at low frequencies if stress intensities Type 316 stainless steel as well except for a change in
are less than the threshold stress intensities for creep the preexponent to 5.73 x 10"1.
crack growth. These results indicate that it is difficult to For Udimet 700, it is clear that the enhanced crack
attribute the enhanced fatigue crack growth at high growth at high temperature cannot be due directly to
temperature directly to creep. the variation of modulus. It is of interest to note in

Fig. 4 however that Udimet 700 data at 25 'C coincides
with Alloy 718 data up to AK/E value of 25

Modulus Effect X 10- 1Vm. At higher AK/E values crack growth rates
Since the effect of temperature on fatigue crack for Udimet 700 are higher than those for Alloy 718.

growth does not appear to be due to the two most Lack of correlation of crack growth data on a.AK/E

commonly expected time-dependent contributions, i.e.,
creep and environmental effects, the other possible
causes could be the variation of elastic modulus or yield 10 2 I
stress with temperature. That the elastic modulus is an ; /
important material property that controls fatigue crack ,
growth was demonstrated earlier by several workers 7- 9  VACUUM ; / /
and was also supported by theoretical analysis.4 0.17 Hz/ I
Speide' 9 obtained a good correlation of room temper- f /
ature fatigue crack growth of several materials in ! " /
vacuum when AK was normalized by modulus. 25"C/- - SPEIDEL
Shahinian et a14 1 suggested a possible correlation of . 25oC)
crack growth variation with temperature by the
modulus. Although normalization of high temperature J .
crack growth data of several materials in air by their
modulus brought the data closer to each other, corre- _/
latton was very limited because of the superimposed . I /
environmental effects. 42 On the other hand, much better E - ALLOY 71

correlation of fatigue crack growth data in vacuum at E / ( (25 TO 650'C)

several temperatures was obtained for Alloy 71827 and ME i/

Type 306 austenitic stainless steel.28 It is of interest, UDIMET 700

therefore, to see how well the Udimet 700 data in 10 I h
vacuum could be correlated by elastic modulus. ':

0'
Figure 4 shows crack growth rate, da/dN , as a

function of AK/E where E, the elastic modulus for 850, C

Udimet 700 is given as 41 2.23 x 10' MPa and 1.69
x I10 MPa at 25 and 850 'C, respectively. Along with /
the Udimet data (solid lines), previously obtained data TYPE 316

for Alloy 71827 (dashed lines) and Type 316 stainless STANSS STEEL
(25 593C)

steel 8 (dotted line) are also represented for comparison.
Clearly, there is no correlation of the Udimet data on a
AK IE basis, although such correlation was observed for
the other two alloys. But even for Alloy 718 and Type
316 stainless steel, data for both alloys do not fall on a
single line unlike the case observed in other alloys at , !
room temperature.' 9 Speidel' deduced an empirical
equation based on the correlation of data for several
alloys at room temperature and is given by: I

4 I_
da = 1.7 x 10" m/cycle 131 10 0 20 40 60 80 100

dN E AK E 110 ,' m)

Fig. 4 Fatigue crack growth rates as a function of AK/E where E iswhich is also represented in Fig. 4 by the dash-dot line. the elastic modulus. Speidel curve corresponds to correlation of room
The above line deviates from the data for Alloy 718 and temperature data of several materials.
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basis may imply that such correlation may exist only for covered with an oxide layer as can be seen at the higher
the striation mode of crack growth and not for the magnification in Fig. 5(b). From the crystalline nature
faceted mode as discussed by Speidel) We can also of the oxide phase, and from the detailed analysis'4 of
rule out the variation of yield stress with temperature the sequence of gas-alloy reactions at high temperature.
contributing directly to the observed effect of temper- the oxidation product on the surface is likely to be
ature on crack growth in Udimet 700, since yield stress either AI,O 3 or a spinel. That the oxide formed sub-
decreases with temperature by less than a factor of two43  sequent to crack growth rather than during crack
(955 MPa at 25 'C and 690 MPa at 850 'C), while crack growth is evident since the volume of the oxide particles
growth rate in Fig. 2 increases by nearly a factor of ten. is significantly reduced with increase in crack length or
Also, no correlation of growth rate with yield stress was with the decrease in the duration of exposure of the
observed for other alloys. 42 We shall next examine the freshly created surface at the test temperature. Crack
fracture surface morphology for possible differences in growth in air 3 was essentially by the faceted mode
crack growth at the two temperatures. except at high AK values corresponding to Stage III

where some superimpose,, ;ntergranular growth also
occured. Since the stress int,:nsities corresponding to

Fracture Surfaces Stage III are in the range where creep crack growth is
Figure 5 shows SEM observations of fracture expected, the onset of th,, intergranliar growth was

surfaces of high temperature specimens in air and attributed to the superimp,')sed creep effects.
vacuum. Figure 5(a) in particular shows the faceted The surface of the vacuum specimen tesed at 850 'C
mode of crack growth in air where the arrows indicate is shown in Figs. 5(c) through (e). The faceted mode can
the boundary between room temperature precrack and he seen clearly in Fig. 5(c) which corresponds t,) the
high temperature fatigue crack. All of the facets are region close to the precrack. Under higher magrifi-
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Fig. 5 SEM ohservation,% of frayciure urface of high temperature %pecimens (a) and (h inn air and (c) (d) and ct. in vat'uurn
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1 * Fig. 6- Fracture surface of room tempera-
ture specimen (a) secondary cracks along the
twin interface. (b) secondary cracks at an
angle to the twin interfaces.

" t t(b) ,

cation, particles can be seen on the fracture surface in cracks are present on both halves of the fracture
Fig. 5(d) which may not be oxidation products since surfaces.
these were also seen in a vacuum specimen tested at The shape of they' precipitates, the twin boundary
room temperature. At low stress intensity the fracture orientation and the orientation of the secondary cracks
surface is almost entirely covered with facets. With can be used to determine the orientation of the facets in
increase in stress intensity there is a decrease in the size Udimet 700. Based on the precipitate shape and their
of the facets to the extent that at the high AK region the distribution on the fracture surface, we show in the
surfaces are covered with irregular lines, Fig. 5(e). following that the plane of the facet is likely to be a
indicative of significant plastic deformation. Between cleavage plane rather than a slip plane. This will be
these lines me faceted growth can still be noticed. There further confirmed by using the orientation relationships
was however no noticeable evidence of striations char- between the twin boundaries, cracks and the precipi-
acteristic of the ductile mode of crack growth, and tates. It has been well established 45 

41 for this alloy that
overall growth occurred only by the faceted mode. the growth of y' precipitates during aging occurs in

At the outset there appears to be no difference in the crystallographically. well-defined directions. They tend
fracture surface morphology as a function of temper- to form mostly in cubic orientations with cube planes of
ature or environment. Attempts to identify the plane of the precipitates parallel to the cube planes of the matrix.
facets were unsuccessful because of the small size of the thus, forming a coherent precipitate. Furthermore, the
facets. To examine the fracture mode in detail the distribution of the precipitates is such as to align them
fracture surfaces were ,tched with Kalling's reagent and along cube directions. Since the slip planes for nickel
then examined. Figure 6 shows some interesting fea-
tures associated with the fracture surfaces of room
temperature specimens. Square-shaped y' precipitates 10011
were observed on all of the facets. In general, there is no .....
difference in the etched surfaces in terms of environ-
ment at both temperatures, However, there is a no-
ticeable difference in terms of temperature. Most im-
portantly, there is extensive secondary cracks on the
facets which were not seen in the high temperature /
specimens. In some cases these cracks are seen along
the twin boundary interfaces particularly when the tv in I
interfaces are at an angle to the direction of crack I
growth, such as in Fig. 6(a). Notice the absence of
cracks along the twin interfaces in Fig. 6(b) since the
direction of the crack growth is nearly parallel to the -- - -0-01
twin orientation. For this case, the secondary cracks. /
however, are still seen but they are at an angle to the I
twir.s. Examination of the surface normal to the frac- I i
ture surface showed thai none of these cracks extend I
deep into the grains. Also, the average spacing between I.//
the secondary crack, was found to be much smaller 11001
than the crack length increment per cycle. Examination Fig. 7 The expected shape of the y' precipitates on the fracture
of the mating surfaces revealed that thse secondary iurface h he faceted plane is a slip plane.
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base superalloys are generally restricted to I 11 indicate that the faceted growth occurs along { 00

planes facet orientation along a slip plane would cut plane similar to that at room temperature. Although

the precipitates along a ( 11} plane which would reveal crack growth occurs along a specific plane in each
the precipitates as either triangular shaped. or regular or grain, the average orientation of the crack remains
irregular hexagonal shaped as shown in Fig. 7. The normal to the stress axis. Also on most of the facets
shape of the precipitates observed on the etched frac- river lines characteristic of cleavage could be noticed.
ure surface can be more clearly seen under higher

magnification in Fig. 8. The square shaped precipitates DISCUSSION '

aligned along cube directions indicate, therefore, that
the plane of the facets is more likely to be a {100} Detailed fracture surface analysis indicates that t

plane. both at room temperature. Fig. 8(a). and at faceted mode of fatigue crack growth occurs in Udimet
850 °C, Fig 8(b). 700 along { 100) cleavage planes. rather than { Ill) slip i

Orientation of the facets can be confirmed by trace planes. Change in the temperature or environment has

analysis of the twin boundary and of the secondary no effect 4)f the mode of crack growth. Gell and
cracks in Fig. 6(b). For this we use the angles between Lverant 5 on the other hand, observed the faceted mode
the twin boundary and the edges of the precipitates. of crack growth in Mar-M 200 alloy along { Ill1 planes.
between the twin boundary and the cracks, and finally Their analysis. however, pertains to unnotched speci-
between the cracks and edges of the precipitates. It is nens with large grain size. This ditference in the
known4 8 that the twinning in fcc materials occurs along orientation of the facets can be due to the difference in
SIll)I planes which make a { 110) trace on a {100) materials, specimen geometry or in the test conditions.

plane. Indeed, the angle between the edges of the Note that crack growth rates at room temperature are
precipitates and the twin boundary is close to 45 0 reasonably close to room temperature data reported by
corresponding to the angle between 110> and 00~ Rau et al. 4 These authors also observed faceted crack
directions. Assuming the secondary cracks on the facets growth in Udimet 700: however, there was no explicit
are slip line cracks with the slip plane parallel to the determination of the plane of the facets. They observed

Ill)I plane. the trace of the cracks would also be along that the crack initiates along a slip plane 45 oto the
the 110 direction. The angle between the twin bound- tensile axis but soon changes to normal to the stress
ary and the average orientation of the cracks is nearly axis.
equal to 70 °• which is close to the angle between two While faceted crack growth is generally assumed to

I 0/, directions. Finally, the average angle between the be along a slip plane similar to the crystallographic
cube edges of the precipitates and the slip line cracks in Stage I mode of crack growth. several observations
Fig. 8(a) is also close to 45 0 confirming the two indicate that it need not be so. Meyn' 0 observed that
directions as, 100, and 110 . respectively. All of the faceted growth in an aluminum alloy occurs along
measured angles are within + 10 deg from the expected (l10)) plane in air while along the 100) or { Ill) plane
angles, and this is reasonable" since the plane of the in vacuum. On the other hand, in TFi-alloys"' 2 facted
facets is not necessarily normal to the beam. All of the growth has been reported along basal planes or close tto

above angular relationships are satisfied only if the the basal planes. which are cleavage planes. As in
facet is parallel to the { 100) plane which is a cleavage Udimet 700. Yoder ei al 2 have observed the presence of
plane rather than the slip plane of the alloy, a significant number of secondary cracks which are

In contrast to room temperature fracture, the high claimed to be slip band cracks on the fracture surface.
temperature facets do not show any extensive secondary Richards4 has shown with reference to Fe-Si single
cracks on the surface. Square shaed precipitates crystals that the plane of crack growth would also
aligned along the cube directions. Fig. 8(), however, depend on the symmetry of the slip systems in relation
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to the crack plane. From the above discussion, we cracking at room temperature was attributed to the
conclude that the observation of crystallographic fa- difficulty of slip at room temperature in the precipi-
tigue crack growth long ( 100) cleavage planes is not tation hardened alloy.
specific to Udimet 700 and in general, the faceted mode
of crack growth can occur either along slip planes or
along cleavage planes. The implication of this in terms ACKNOWLEDGMENTS
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