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In this literature review, tl,e present un- 
derstanding regarding the effects of micro- 
structure, loading conditions, and environ- 
ments on the fatigue behavior of nickel-based 
superalloys is reviewed. 

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

Superalloys are alloys developed for 
elevated-temperature service; the term 
was first used shortly after World War II 
to describe a group of alloys developed 
for use in turbosuperchargers and air- 
craft-turbine engines that required high- 
temperature performance. In addition 
to good high-temperature strength, su- 
peralloys also exhibit oxidation and cor- 
rosion resistance. 

Superalloys usually consist of various 
formulations made from elements such 
as nickel, cobalt, iron, and chromium as 
well as lesser amounts of W, Mo, Ta, Nb, 
Ti, and A1. Manv types of alloys come 
under the broad coverage of superal- 
loys, including iron-based alloys con- 
taining chromium and nickel, complex 
iron-nickel-cobalt compositions, carbide- 
strengthened cobalt-based alloys, solid- 
solution strengthened cobalt-based al- 
loys, and precipitation- or dispersion- 
strengthened nickel-based alloys. Super- 
alloys are used both in wrought and cast 
form. 

The high-temperature applications of 
superalloys are extensive, including com- 
ponents for aircrafts, chemical-plant 
equipment, and petrochemical equip- 
ment. Superalloys are used as 
disks, bolts, shafts, cases, blades, 
vanes, burner cans, afterburn- 
ers, and thrust reversers in air- 
craft and industrial gas turbines; 
stock gas reheaters in steam-tur- ~ 
bine power plants; turbocharg- 
ers, exhaust valves, hot plugs, 
precombustion cups, and valve- ~. 
seat inserts in reciprocating en- 
gines; hot-work tools and dies g 
and cast dies in metal process- 
ing; prosthetic devices and den- 
tistry; aerodynamically heated 
skins and rocket-engine parts in 
space vehicles; trays, conveyors, 
and fixtures in heat-treating 
equipment ;  and control-rod 
drive mechanisms, valve stems, 
springs, and ducts in nuclear 
power plants. 

Nickel-based superalloys are the most 
widely used of all the classes of superal- 
loys. (Descriptions of some of the super- 
alloys beyond nickel-based alloys are 
readily available in the literature, t-25) 
They have a complex composition and 
good high-temperature properties, and 
their use extends to the highest homolo- 
gous temperature of any common alloy 
system.' 

Fatigue properties in 
nickel-based alloys 
are affected by 
different parameters 
relating to 
microstructural and 
testing conditions. 
A great deal of attention is currently 

being given to the low-cycle fatigue per- 
formance of superatloys, particularly in 
the field of turbine-engine designs, where 
there is every indication that it is likely to 
become the deciding factor in the selec- 
tion of an alloy. Besides providing fun- 
damental information relating to the 
performance of individual alloys, low- 
cycle fatigue data may be applied to pre- 
dict the life of engineering components 
when subjected to a similar straining 
cycle as that simulated in a laboratory. 
Fatigue properties in nickel-based al- 
loys are affected by different parameters 
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relating to microstructural and testing 
conditions. 

F A T I G U E  B E H A V I O R  

For several decades, fatigue has been 
known as one of the major causes of 
failure in engineering structures. Sev- 
eral parameters have now been identi- 
fied as playing significant roles in affect- 
ing the growth of defects. 26-37 These are 
intrinsic parameters like alloying, heat 
treatment, microstructure, and elasto- 
plastic behavior; the mechanical factors 
such as the crack geometry, load ampli- 
tude, and stress load ratio* and the 
physico-chemical parameters, including 
the nature, composition, and tempera- 
ture of the environment surrounding 
the crack tip. 

Most materials for engineering appli- 
cations are subjected to fluctuating 
stresses; this accounts for a large num- 
ber of failures. These failures are due to 
fatigue and must be distinguished from 
static failures. Most failures are due to a 
combination of steady-state and cyclic 
stresses. The contribution of each of these 
stresses would depend on a host of pa- 
rameters, which would include the rela- 
tive stress levels for each and the tem- 
perature of operation. Superalloys must 
constantly combat the result of the su- 
perposition of these stresses at elevated 
temperatures. Hence, failure in most 
cases is neither pure fatigue nor pure 
creep. The study of these mechanisms is 
important since it gives an insight into 
the contribution of each. 

Fatigue testing encompasses 
all mechanical testing in which 
fluctuating stresses are consid- 
ered. Hence, a wide range of dif- 
ferent conditions are involved. 
A high proportion of fatigue tests 
are conducted with specific en- 
gineering applications in view. 
This makes it difficult to com- 
pare the results of different al- 
loys. The available data are some- 
times of limited applicability, 
and the comparison of proper- 
ties is not straightforward. 

Fatigue can be classified in 
many ways based on different 

6 parameters. Based on the num- 
ber of cycles for failure, it can be 

Figure 1. Cyclic response curves for the underaged, peak- 
aged, and overaged materials as a function of cumulat ive 
plastic strain tested at ke( t ) /2  = 0.60 and 2.60%. 30 

Stress ratio, o the rwi se  called load ratio or 
R-ratio, is de f ined  as  c,,, , ,/c,~,,, where  
~ and  c a re  the  m i n i m u m  and maxi- 
m u m  stresses,  respect ively.  
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broadly classified into two re- 
gimes: the high-cycle fatigue and 
the low-cycle fatigue. The early 
works were represented as S-N 
curves that showed the change 
in the cycles to failure (N) for a 
variation in the stress amplitude 
(S) on a semilogarithmic scale. 

After establishing the depen- z 
dence of crack-growth-rates (da/ ~ 
dN) on the stress-intensity-fac- 
tor range (AK), fatigue results 
are also depicted by plotting 
these values on a log-log scale. 
Typically these plots conform to 
the Paris equation 

da /dN  = C (AK)" (1) 

where C and n are the material 
constants. Such plots were first 
critically scrut inized by Paris and 
Erdogan. '-7 Eventually, the curve is di- 
vided into three regions: the near-thresh- 
old crack-growth region, thestable crack- 
growth region or the Paris region, and 
the unstable crack-growth region. In the 
near-threshold region, there is a thresh- 
old stress-intensity-factor range ( z ~ K t h )  

below which the crack would not grow 
or would grow at an extremely slow rate 
(approximately 10 -~~ m/cyc). Fatigue- 
crack-growth theories primarily address 
the derivation of the Paris equation. 
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Figure 2. The effect of grain size on fatigue crack-growth rates 
for AP-1.33 

growth rates were lower for 
materials that had been aged to 
peak hardness as compared to 

I specimens that were underaged 
and specimens that were as-re- 
ceived. Higher ~K~h and lower 
crack-growth rates in the thresh- 
old region for the underaged and 
aged samples can be explained 
on the basis of the crack closure -* 
phenomenon. The underaged 
and aged samples exhibit crack 
closure, which reduces the effec- 
tive stress intensity factor range. 
Hence, the driving force for the 
crack propagation decreases, 
which results in lower crack- 
growth rates relative to the as- 
received samples. 

A similar s tudy ",,,,'as con- 
ducted by Singh et al. 3~ on Nimonic alloy 
PE16, where the low-cycle fatigue prop- 
erties were studied by varying the aging 
time. Figure 1 displays the variation of 
stress amplitude, Ac~/2, against the cu- 
mulative plastic strain EAc for small- . , ' p ,  

and large-strata amphtudes. The maxi- 
mum stress generally increases with in- 
creasing the y' particle size up to the 
peak-aged condit ion and decreases 
thereafter in the overaged condition. The 
cumulative plastic strain at which the 
maximum stress is achieved increases 

M I C R O S T R U C T U R A L  
P A R A M E T E R S  O F  F A T I G U E  

Microstructure 

Microstrucfure plays an important role 
in determining the fatigue and fracture 
properties of nickel-based superalloys. 
Aging accompanied by the precipitation 
of y' precipitates leads to enhanced fa- 
tigue properties. A s tudy done by 
Bartosiewicz et al. 2s on Incoloy 825 
showed the effect of aging on fatigue 
properties. It was found that the crack- 

C O M P O S I T I O N  A N D  M I C R O S T R U C T U R E  

Some of the main alloying elements used in nickel- 
based superalloys include Cr, AI, Ti, Nb, Fe, Co, Mo, W, 
Ta, V, B, Zr, and C. 

The addition of chromium is done primarily to in- 
crease corrosion and oxidation resistance. Optimum 
corrosion properties are expected with the addition of 
15-30 wt.% chromium, which also forms chromium 
carbides when carbon is present, leading to precipita- 
tion hardening. 

Most nickel-based alloys derive their strength by the 
precipitation of y '  precipitates. The elements respon- 
sible for this strengthening are aluminum, titanium, and 
niobium. The y '  precipitates are Nis(Ti,AI ). When nio- 
bium is present in excess of 4 wt.%, it forms a separate 
hardening phase, Ni3Nb, which is designated as the T" 
phase. When present in lesser amounts, niobium sub- 
stitutes for aluminum and titanium in the y '  precipitates. 
Both titanium and niobium also form carbides, which 
give additional strengthening effects. Aluminum also 
helps in the high-temperature oxidation resistance by 
forming an impervious oxide on the alloy surface. 

The addition of iron is done to make the alloy cost 
effective. There is a limitation in the inordinate increase 
of iron, as this leads to a decrease in the oxidation 
resistance. Iron also leads to the formation of a sigma 
phase that has a deleterious effect on the properties. 
The addition of cobalt enhances the high-temperature 
strength, and reduces the solubility of aluminum and 
titanium in the nickel-chromium matrix. Cobalt has been 
shown to increase the workability of nickel-based su- 
peralloys, especially those with high contents of alumi- 
num and titanium2 

Solid-solution strengthening is provided at high tem- 
peratures by the addition of molybdenum, tungsten, 
and tantalum. They also dissolve in y" precipitates and 
enhance strengthening properties. Molybdenum, tung- 
sten, and tantalum also form complex carbides with 
each other and with iron and chromium, leading to 
increased strength properties. 

Boron and zirconium are added to improve creep 
strength and ductility. They segregate to the grain 
boundaries and slow down the agglomeration of grain- 
boundary carbides.' Ni, Co, Fe, and Cr belong to the 
matrix class and form the matrix of the particular super- 
alloy. When not forming the matrix, the addition of these 
elements, along with W, Mo, and V, gives solid-solution 
strengthening. Ta, Ti, AI, and Nb are added for precipi- 
tation hardening. C, B, and Zr belong to the grain- 
boundary subclass. Some of the elements (e.g., Cr, Mo, 
W, V, Nb, Ta, andi-i) also form carbides. Elements such 
as chromium and aluminum form oxides and, hence, 
belong to the oxide-scale subclass. 

The microstructure of nickel-based alloys typically 
comprises a face-centered cubic (fcc) austenitic matrix 
called theTphase. It shows finely dispersed precipitates 
that are the T" phase. The morphology and distribution 
of the precipitates can change with time. The secondary 
phases consist primarily of carbides of varying compo- 
sitions, morphology, and distribution. 

The different structural features present in a nickel- 
based alloy are the alloy matrix (y), gamma prime (y'), 
grain boundary y', Y" precipitates, carbides, and topo- 
logically close-packed (tcp) phases. The alloy matrix 
forms a continuous matrix in nickel-based alloys, which 
is a nickel-based austenitic phase that has other alloy- 
ing elements like chromium, cobalt, molybdenum, and 
tungsten in solid solution. Gamma prime are mainly 
precipitates of Ni3(Ti,Al ) in the alloy matrix. They are 
coherent precipitates, and their volume fraction is kept 
high to enhance the structural properties. The grain 
boundary y '  is precipitated along the grain boundary 
with special heat treatments to enhance the rupture 
properties, while T" precipitates are NiaNb precipitates 
having a DO= crystal structure; they are precipitated to 
obtain enhanced strength. Carbides are formed when 
carbon combines with the reactive elements in the alloy 
matrix. Some carbides are precipitated with undesirable 
morphologies that deteriorate the alloy properties. To- 

pologically close-packed phases are formed under cer- 
tain conditions in the microstructure. They have been 
classified as g, Laves, and G phases. They have a 
deleterious effect on the strength and rupture proper- 
ties. 

Strengthening Mechanisms 

The high-strength and creep-rupture properties of 
nickel-based alloys result from a number of strengthen- 
ing mechanisms. The strength of the alloy depends on 
the grains and the grain boundary. At less than 0.6Tin 
(Tin is the melting point of the alloy), the strength is 
predominantly determined by the deformation of the 
grains. The main strengthening mechanisms that come 
into play are solid-solution strengthening and precipi- 
tate hardening. At temperatures above O.6Tm, the alloys 
are affected by relative grain movement and rotation, 
coupled with grain-boundary sliding. The formation of 
carbides at the grain boundaries contributes to the 
strength at these temperatures. 

The rules for solid solutions have been laid down by 
Hume-Rothery's principles. The strengthening is en- 
hanced when there is a wide range in solid solution 
coupled with a large dissimilarity in the atomic sizes. 
Hardening is related to the atomic diameter oversize, as 
measured by the lattice expansion? 

The increase in strength is attributed to the decrease 
of the stacking-fault energy, making it difficult to cross 
slip. This behavior would be particularly useful at high 
temperatures, where diffusion and dislocation cross slip 
are important in determining the strength. A study was 
undertaken by Pelloux and Grant 8 to explain the effect 
of various additions on the strength of nickel-based 
alloys. Their results show the change in the yield stress 
of the material for every 0.001 nm change in the lattice 
parameter caused by the addition of alloying elements. 

This strengthening mechanism relies primarily on the 
precipitation of y" phase, which is typically an A3B 
compound. It is precipitated in high-nickel matrices. 
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with increasing particle size. This study 
revealed that the cyclic-stress response 
curve is determined by the operating 
d i s loca t ion-prec ip i ta te  in te rac t ion  
mechanism. When precipitate shearing 
is the dominant mechanism (underaged 
and peak-aged conditions), the initial 
hardening is generally followed by a 
period of softening. For the overaged 
condition where both Orowan looping 
and precipitate shearing are operating, 
the extent of hardening and softening is 
relatively small. At low strain ampli- 
tudes, the number of cycles to achieve 
the maximum stress in underaged and 
peak-aged materials is attained within a 
narrow range of cycles. The number of 
cycles for the maximum stress continu- 
ously decreases with an increase in the 
strain amplitude for the overaged state. 

G r a i n  S i ze  

Grain size has also been shown to 
influence fatigue properties. In a study 
conducted by Denda et alp I on Inconel 
718, it was observed that the coarse- 
grained material exhibits shorter low- 
cycle fatigue life than the fine-grained 
material, despite its slower crack-growth 
rates. Similar results have been observed 
by Krueger et al) 2 

A similar study to understand the ef- 
fect of grain size on fatigue properties 

was done bv Kim and Knottp3 The grain 
size had a iarge influence on the near- 
threshold fatigue crack-growth rate and 
AK~,(Figure 2). Crack-growth rates were 
reduced and threshold values increased 
as the grain size increased. Increasing 
the grain size results in a decrease of 
yield stress and an increase in the rough- 
ness of the fracture surface, and, conse- 
quently, the roughness-induced crack 
closure. The higher roughness-induced 
crack closure in the coarse-grained ma- 
terial decreases the effective stress-in- 
tensity-factor range (AKff = Kmo ~ - K ~o~ e 
where K .... is the maximum stress inten- 
sity factor and K~ ..... is the stress inten- 
sity corresponding to the crack closure), 
which results in slower crack-propaga- 
tion rates. Similarly, at low R-ratios, 
crack-propagation rates were reduced 
during faceted crack-growth by increas- 
ing the �9 - ~4 gram size.- 

The study conducted by Bartosiewicz 
et al. -'s on Incoloy 825 revealed similar 
results. Here, it was found that AK~h tends 
to increase with an increase in grain 
diameter; this is observed due to a greater 
extent of roughness-induced crack clo- 
sure at higher grain sizes. 

y "  M o r p h o l o g y  a n d  D i s t r i b u t i o n  

The morphology and volume fraction 
of ,/' and/or  ?" precipitates affect the 

crack-growth behavior and the low-cycle 
fatigue life. B-" A study conducted on 
Inconel 718 showed that finer precipi- 
tates result in a slower long-crack growth 
rate and longer low-cycle fatigue life in 

3 ~ 3q many cases: .... The short-crack-growth 
behavior is not significantly affected by 
changes occuring in the precipitate mor- 
phology. It has been estimated that the 
finer precipitates can result in an exten- 
sion of the short-crack propagation re- 
gime. 

Floreen and Kane 36 speculated that 
the homogenization of slip and, conse- 
quently, the minimization of localized 
stress concentrations at the grain bound- 
aries through changes in the precipitate 
morphology are a way in which the 
overaging heat treatment could increase 
resistance to high-temperature crack 
growth. Smith and Michel 37 suggested 
that the improvement  in the crack- 
growth resistance produced by a modi- 
fied heat treatment is likely to be a result 
of the alteration of mechanisms of dislo- 
cation interactions with ?'  particles and 
grain boundaries. The works of Smith 
and Michel, 37 Pedron and Pineau, 3s and 
Zheng and Ghonem 39 have shown that 
by coarsening they" precipitate particles, 
the mechanism of dislocation motion 
will be altered from a mechanism in- 
volving the shearing of precipitate par- 

These precipitates were first observed as spherical 
particles, then as cubes, and later in many other geo- 
metrical forms. Its shape was later related to the matrix- 
lattice mismatch. The change in morphology with lattice 
mismatch has been studied by Hagel and Beattie. 9 The 
7 '  particles have been precipitated in the form of spheri- 
cal, tdgonal, elongated, or cubical morphologies. There 
exist many other variations in size and shape. 

The 7' precipitates are based on the formula Ni3(Ti,AI) 
with variable amounts of titanium and aluminum; the 
nickel in this compound can be replaced to some extent 
by Co, Mo, Cr, and Fe. The important aspects of this 
phase are that it is finely precipitated, and it is coherent 
with the matrix. This provides for a low surface energy, 
which makes these precipitates stable at high tempera- 
tures for long times. Since the y '  precipitates are ductile, 
it does not cause embrittlement when precipitated at the 
grain boundaries. The other precipitate that forms in 
these alloys is the q phase. It has a body-centered- 
tetragonal (bct) structure and forms as platelets. It also 
can have a variable composition. 

The strengthening obtained by the precipitation of 
these phases is due to the generation of dislocations 
and the impedance of dislocation movement. There are 
several factors that influence the effectiveness of y '  in 
impeding the dislocation movement. For a dislocation to 
move past a precipitate, it either has to cut through it, or 
loop around it by a mechanism known as Orowan 
looping. '2 The interparticle distance determines which 
of the above mechanisms is in operation. The minimum 
radius of curvature to which a matrix dislocation can be 
bent is given by 

P~i~ = T/~b (A) 

where T is the line tension of a dislocation of Burger's 
vector b, and ": is the applied stress. Dislocation loops 
are formed when the interparticle distance is greater 
than 2pm,o. When the interpartide distance is less, the 
dislocations pass by cutting through the particles. 

An analysis of dislocation interactions with a coher- 
ent precipitate in a fcc lattice was done by Gleiter and 
Hornbogen? 4 When a dislocation enters an ordered 
phase, it creates an antiphase domain boundary (APB) 
on the slip plane that, being a high-energy area, strength- 
ens the alloy. 's Gleiter and Hornbogen derived an 
expression that related the increase in yield stress, A'~, 
caused by the presence of y '  precipitates to precipitate 
parameters. 

l !  2 
A~ oo f~roq-'~ (B) 

where f is the volume fraction of 3,', r o is the 7'particle 
radius, and F is the APB radius. 

At a given temperature, the volume fraction of y '  is 
directly proportional to the amount of alloying additions 
added for hardening. This was confirmed by Gibbons 
and Hopkins ~6 in a Ni-2OCr base. The relationship 
between the volume fraction of the precipitate and the 
stress-rupture properties at different temperatures was 
determined by Decker. 'z His result showed the change 
in 100 hours of the stress-rupture life with the change in 
u vot.% for different temperatures as valid for a range 
of nickel-based superalloys. 

It has been ascertained that the relationsh ip between 
the "r'particle size and the alloy strength is determined 
by the way in which the dislocations bypass the par- 
ticles. The volume fraction of 7 '  in most commercial 
nickel alloys is such that when 7 '  is below a critical size, 
particle cutting occurs. In this regime, the strength is 
proportional to ro'2. During service when the particles 
coalesce, dislocation looping can take place. As the 
particle size increases, the strengthening mechanism 
changes from Orowan looping to particle cutting. 

Most commercial nickel-based alloys have carbon 
contents upwards of 0.02 wt.%. The carbon present in 
the alloys forms different metal carbides, both inside the 
grains and at the grain boundaries. The effect of car- 
bides inside the grain is minimal due to the presence of 
the evenly precipitated y '  phase. The intergranular 

carbides play an important role in the strengthening 
process. 

Carbides are harder and more brittle than the alloy 
matrix, and hence, the nature in which they are precipi- 
tated at the grain boundary is important. A continuous 
film of carbide along the grain boundary is deleterious, 
as it can form a continuous fracture path. It would also 
prevent grain-boundary sliding during creep, which 
would lead to excessive stress buildup and premature 
fracture. An optimum amount and distribution of car- 
bides along the grain boundary would prevent exces- 
sive grain-boundary sliding and the growth of voids 
during high-temperature deformation. This leads to 
enhanced creep-rupture properties. 

Several types of carbides can be formed in the alloy. 
Monocarbides of the type MC are formed during the 
melting and are very stable. Here, M can be substituted 
by Ti, Ta, Nb, or W. More complex carbides, such as 
M=C 6, MTC a, or M6C, are also formed. The carbides may 
be present as blocky particles, degenerated particles at 
the grain boundary, cellular particles, or fine or coarse 
particles inside the grain or at the grain boundary. 

Commercial nickel-based alloys require a careful 
control of the composition to prevent the precipitation of 
undesirable TCP phases. The commonly found phases 
in nickel-based alloys are c~, g, and Laves phases. They 
are composed of closed-packed layers of atoms form- 
ing in kagome nets, aligned with the octahedral planes 
of the fcc y matrix. 21 These phases appear as thin plates, 
often nucleating at the grain boundaries. The common 
precipitates mainly have a plate-like morphology. 

The strength loss is due to the brittle plate-like 
morphology, which forms an excellent site for crack 
initiation and propagation. This feature causes low- 
temperature embrittlement. Since they contain a high 
amount of metal content taken from the alloy matrix/, it 
leads to weakening. It has been shown that high- 
temperature rupture fracture occurs along the G phase, 
rather than at the grain boundaries. = 
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ticles to that of bypassing by the Or�9 
wan process. 

T E S T  P A R A M E T E R S  
Stress Ratio 

Stress ratio has an important bearing 
on the fatigue crack-growth properties. 
Bartosiewicz et al. 28 have shown that as 
the load ratio increases for Incoloy 825, 
the fatigue crack-growth rate in the 
threshold region increases. The change 
in rates is dependent on the microstruc- 
lure. It was observed that the effect of the 
load ratio on crack growth is much 
smaller in the Paris region than in the 
threshold region. 

Vosikovsky 4~ showed that the value of 
AKth decreases with an increase in the 
stress ratio. He proposed an empirical 
relationship 

AKth = AKth o (1-bR) (2) 

where AKt, o is the value of the threshold 
stress-intensity-factor range at R-ratio = 
0, and b is a material constant. Barsom 41 
also observed a linear relationship be- 
tween z~Kth and R-ratio. Klensil and 
Lukas 42 observed a nonlinear power law 
relationship between AK,, and the stress 
ratio. 

Kim and Knote 3 showed the R depen- 
dency of fatigue crack-growth rates for 
alloy AP-1 (Figure 3). At low crack propa- 
gation rates where faceted growth oc- 
curs, it was observed that grain coarse- 
ness led to high stress-intensity-range 
values at low load ratios (< 0.5). The 
decrease in AKth with increasing load 
ratio was explained by the crack closure 
phenomenon. At higher R-ratios (_> 0.5), 
the Km~. is higher than Kdo~ur~, where K i~. 
is the minimum stress-intensity factor. 
Hence, the total stress-intensity-factor 
range effectively contributes to crack 
propagation at higher R-ratios. At lower 
R-ratios, the values of AKo~f. are reduced 
by the K] ..... . Therefore, lower AK~h val- 
ues are observed at higher R-ratios. 

Liaw and Logsdon 48 showed the ef- 
fects of R-ratio on the fatigue crack- 
growth properties of Incone1706 for dif- 
ferent specimen orientations. Figure 4 
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Figure 3. The effect of stress ratio on fatigue crack-growth rate 
tests for a Nimonic AP-1 alloy with coarse grains. 33 

shows the influence of 10-7 
stress ratio at 24~ and 
-268.8~ on the near- ~, 
threshold fatigue crack- -~ 104 
growth behavior in the 
CR orientation (where z 
the loading direction is --~ 10-9 
along the circumferential 
direction of the disk- 
shaped test material, and 10 -~0 
the crack is propagating 
along the radial direc- 
tion). At 24~ in the CR 
orientation, increasing 
the R-ratio from 0 to 0.8 
significantly increased 
the rates of crack propa- 
gation. Cor respond-  
ingly, the value of AKth at 
R = 0.1 was 1.9 times 
greater than that at R = 
0.8. Furthermore, decreasing the z~K level 
increased the influence of R-ratio on 
crack-growth rates, which is character- 
istic of the near-threshold crack propa- 
gation behavior. At -268.8~ the crack- 
growth rates were relatively insensitive 
to R-ratio. Similar results were obtained 
for the RC orientation (where the load- 
ing direction is along the radial direction 
of the disk-shaped test material, and the 
crack propagates along the circumferen- 
tial direction). At lower R-ratios at 24~ 
the higher crack closure levels, attrib- 
uted to oxide and / or roughness-induced 
crack closure, decrease the effective 
stress-intensity-factor ranges, yielding 
lower near-threshold crack-growth rates 
and higher AKth values. The oxide levels 
for Inconel 706 were fairly thin, there- 
fore, the extent of oxide-induced crack 
closure at threshold levels was minimal 
at both temperatures. At-268.8~ rough- 
ness-induced crack closure is minimal 
due to smooth fracture surfaces, which 
results in little influence of R-ratio on 
d ~ t h .  

F r e q u e n c y  

Fatigue properties are influenced by 
the frequency of the load or strain cycles. 
Fatigue crack-growth behavior is deter- 

mined by the loading 
pattern and the charac- 
teristic response of the 
alloying materials. Gen- 
erally, transgranular fail- 
ure is observed when 
cycled at high frequen- 
cies (around 10 Hz). At 
low frequencies (around 
0.05 Hz), the crack- 
growth mode becomes 
highly rate sensitive, 
with intergranular fail- 
ure predominant. Hsu .4 
showed this trend for 
Incone1617, which main- 
tains the predominant- 
ly transgranular mode 
even as the loading fre- 

# 
I ~ I i I I i I i i i  
2 4 6 8 10 20 40 60 80 100 

AK(MPa~fm-) 

Figure 4. The influence of load ratio on near-threshold fatigue 
crack-growth behavior a t -268.8~ and 24~ in CR orientation. 

- - T  = 24~ R-Ratio = 0.1, specimen designation = 706-R5 
(R5); - - T  = 24~ R-Ratio = 0.8, specimen designation = 706- 
12 (128); @--T =-268.8~ R-Ratio = 0.1, specimen designation 
= 706-R4 (R4); i l - --T = -268.8~ R-Ratio = 0.8, specimen 
designation = 706-R4 (R48). 43 

quencies are reduced. However, they 
failintergranularly when creep or steady 
loading are imposed. The effect of fre- 
quency on fatigue properties is illus- 
trated in Figure 5. The figure shows that 
the crack-growth rate increases as the 
frequency decreases from 5 Hz to 0.016 
Hz. This occurs because at lower fre- 
quencies the material experiences a 
longer time at higher stresses in an oxi- 
dizing environment, which gives higher 
crack-growth rates. 

Experimental studies have been car- 
ried out by several authors 4~49 investi- 
gating the effect of loading frequency on 
fatigue crack-growth mechanisms in al- 
loy 718 in both air and vacuum environ- 
ments at elevated temperatures. Ghonem 
et al. 3~ have shown that the slip-line 
density increases proportionally with 
loading frequency. The crack-growth 
mode at higher frequencies (10-15 Hz) is 
mostly transgranular. As the test fre- 
quency decreases (0.1-0.01 Hz), the 
crack-tip damage becomes a combina- 
tion of oxidation and cycle-dependent 
components. 

Testing Environment 

The effect of environment on the time 
dependence of high-temperature crack 
growth has been well documented in 
literature. Smith et al? 2 have demon- 
strated that environmental degradation 
is a result of oxygen penetration at the 
crack tip. Oxidation mechanisms can be 
broadly grouped into short- and long- 
range oxygen diffusion processes. In 
short-range diffusion, ss-s6 oxides are 
formed at the crack tip, which results in 
high stresses that cause rupture at grain- 
boundary  intersections and, conse- 
quently, accelerated intergranutar crack- 
growth rates. In long-range diffusion, 
oxygen diffuses along slip planes and 
grain boundaries and reacts to form 
embrittlement agents. 

Andrieu et alY observed a change in 
the fracture mode in their study on the 
crack-tip oxidation mechanisms of 
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Figure 5. Crack-growth rate per cycle versus stress intensity 
factor range for five fatigue tests at varying cycle frequencies for 
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Incone1718 f rom completely intergranu- 
lar to completely transgranular when 
the testing environment changed from 
air to vacuum. These results indicate the 
total domination of the environment on 
the crack-growth properties. The effect 
of testing environment on the crack- 
growth behavior was conducted by 
Ghonem and Zheng? ~ It was observed 
that the crack-growth rates were consid- 
erably higher for the material tested in 
air as compared to the material tested in 
vacuum. A short-range diffusion mecha- 
nism with the formation of spinel-oxide 
type followed at the metal-oxide inter- 
faceby a protective chromia layer, which 
increases the crack propagation rates. 

C O N C L U S I O N S  

Based on our literature survey, rela- 
tively little work has focused on the high- 
cycle fatigue crack initiation and small 
fatigue crack propagation behavior of 
superalloys. With the rapid and ad- 
vanced development of crack-detection 
capabilities such as atomic force micros- 
copy and scanning tunneling micros- 
copy, it is important to investigate the 
mechanistic aspect of fatigue crack ini- 
tiation behavior. Particularly, the influ- 
ence of high test frequency in the range 
of 500-5,000 Hz on fatigue crack initia- 
tion behavior needs to be emphasized, 
since a majority of aircraft and land- 
based engine components made of su- 
peralloys are in operation at high fre- 
quencies. 
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