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Fatigue Crack Growth Behavior of a New Single Crystal 
Nickel-Based Superalloy (CMSX-4) at 650 ~ 

A. Sengupta, S.K. Putatunda, and M. Balogh 

The fatigue crack growth behavior of a new single crystal nickel-based superalloy containing rhenium 
(CMSX-4) has been studied at 650 ~ The investigation also examined the influence of 1" precipitates 
(size and distribution) on the near-threshold fatigue crack growth rate and the fatigue threshold. The in- 
fluence of load ratio on the fatigue crack growth rate and the fatigue threshold was also examined. De- 
tailed fractographic studies were carried out to determine the crack growth mechanism in fatigue in the 
threshold region. Compact tension specimens were prepared from the single crystal nickel-based super- 
alloy CMSX-4 with [001] orientation as the tensile loading axis direction. These specimens were given 
three different heat treatments to produce three different T' precipitate sizes and distributions. Fatigue 
crack growth behavior of these specimens was studied at 650 ~ in air. 

The results of the present investigation indicate that the near-threshold fatigue crack growth rate de- 
creases and that the fatigue threshold increases with an increase in the y'  precipitate size at 650 ~ The 
fatigue threshold decreased linearly with an increase in load ratio. Fractographs at 650 ~ show a stage 
II type of crack growth along {100} type of crystal planes in the threshold region, and along {111} type of 
crystal planes in the high AK region. 
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1. Introduction 

FATIGUE crack growth rate has been related to the stress inten- 
sity range, (AK) and the Paris equation (Ref 1) has been found 
to be very useful in characterizing the fatigue crack growth be- 
havior of structural components. The useful life of a structural 
component subjected to cyclic loading or fatigue can be deter- 
mined by the time required for cracks or flaws already present 
in a structural component to grow from a subcritical dimension 
to a critical size. The critical flaw size under a given loading 
condition is determined by the plain strain fracture toughness, 
KIC (Ref 2) of the material. The Paris equation relates the crack 
growth rate, da/dN, to the stress-intensity range, AK, in the 
form of a power law: 

da/dN = C(AK) m 

where C and m are material constants and AK = Kmax-Kmi n is 
the difference between maximum and minimum stress inten- 
sity factors. 

However, when experimental crack growth rate data is plot- 
ted against the stress-intensity range in a log-log scale, a sig- 
moidal curve with varying slopes is obtained, as opposed to a 
linear plot as predicted by the Paris equation. There are three 
distinct regions in this plot. In region I, or the threshold region, 
the crack growth rate is very slow and deviates from the Paris 
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equation. In region II, or the linear region, the Paris equation is 
usually obeyed by most materials, and the crack growth rate in- 
creases linearly with the stress-intensity factor. In region III, or 
the fast fracture region, the crack growth rate accelerates and 
again deviates from the Paris equation. In addition to these 
three regions, there is also a threshold stress-intensity factor 
(AKth), below which the crack growth rate approaches a zero 
value. 

The threshold region is very important, because a signifi- 
cant portion of the life of  a structural component is spent in this 
region. The threshold stress-intensity factor is also a very im- 
portant parameter for structural design, because components 
designed on the basis of the fatigue threshold are expected to 
have infinite lives. The near-threshold crack growth rate and 
the fatigue threshold are known to be microstructurally sensi- 
tive. Therefore, microstructural modifications appear to be the 
only possible way to improve the near-threshold fatigue crack 
growth resistance and the fatigue threshold. In nickel-based su- 
peralloys, (Ref 3-6) these properties are expected to be depend- 
ent on the y '  precipitate size and distribution. However, very 
little information is available in the literature regarding the in- 
fluence of y '  precipitate size on the near-threshold fatigue 
crack growth rate and the fatigue threshold at elevated tempera- 
tures, in the case of single crystal nickel-based superalloys. 

CMSX-4 is a recently developed (Ref 7, 8) rhenium contain- 
ing single crystal nickel-based superalloy. This alloy has poten- 
tial applications in many critical high-temperature applications 
such as turbine blades, rotors, nuclear reactors, etc. The fatigue 
crack growth rate and the fatigue threshold data of this material 
is extremely important for accurate life prediction, as well as 
failure safe design, at elevated temperatures. 

The present investigation was undertaken to determine the 
influence of) '  ' precipitates on the fatigue crack growth rate and 
the fatigue threshold of the single crystal nickel-based superal- 
loy CMSX-4 at a temperature of 650 ~ Detailed fractographic 
studies were carried out to determine the crack growth mecha- 
nism in fatigue at both the threshold and high AK region in this 
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Fig. 1 (a) Microstructure of the material in heat treated condition A. (b) Microstructure of the material in heat treated condition B. (c) Mi- 
crostructure of the material in heat treated condition C 

alloy. The influence of load ratio or mean stress on the fatigue 
crack growth rate and the fatigue threshold was also examined. 

2. Experimental Procedures 

2.1 Mater ia l  

The material used in this investigation was the single crystal 
nickel-based superalloy CMSX-4. The chemical composition 
of the material (in wt%) is 6.5 Cr, 10.0 Co, 0.6 Mo, 6.5 W, 6.5 
Ta, 3.0 Re, 5.5 A1, 1.0 Ti, 0.1 Hf, and the balance nickel. The 
master alloy was vacuum cast and single crystals were grown 
by a modified Bridgemann technique (Ref 9). The crystals were 
grown in [001] orientation. The orientation of these crystals 
was verified by the back reflection Laue method. 

2.2 Specimen Preparation 

The cast alloy was available in the form of a 62.5 mm • 62.5 
mm • 12.5 mm block. For fatigue testing, 2 (T) compact ten- 
sion specimens were prepared following ASTM Standard E- 
647 (Ref ! 0). The specimens were fabricated using an electrical 
discharge machine (EDM). The loading axis of these speci- 
mens was kept in [001] direction. The width of the specimens 

was kept at 50.8 mm (2 in.) and the thickness to 6.25 mm (0.25 
in.). The aspect ratio was kept at a/W = 0.30. Standard back re- 
flection X-ray diffraction (Lane) was performed on all these 
specimens after machining to verify their orientations. The 
crack growth direction was in [ 100] direction. 

2.3 Heat Treatments 

After fabrication, the specimens were subjected to three dif- 
ferent heat treatments. These heat treated conditions are termed 
as heat treated contition A, B, and C respectively. The details of 
these heat treatments are listed below. 

�9 Heat treated condition A: As-received bars were solution 
treated at 1276 ~ for 2 hours; at 1287 ~ for 2 hours; at 
1296 ~ for 3 hours; at 1304 ~ for 3 hours; at 1315 ~ for 
2 hours; at 1315 ~ for 2 hours; at 1321 ~ for 2 hours; at 
1324 ~ for 2 hours; then finally air cooled. Following this 
solution treatment the bars were subjected to high tempera- 
ture aging at 1080 ~ for 4 hours, then air cooled. Final ag- 
ing at 871 ~ for 20 hours, then finally air cooled. Resultant 
average 7 '  size is 0.3 ~tm. 

�9 Heat treated condition B: Two step aging (after heat treat- 
ment condition A). Aged at 1140 ~ for 6 hours, then air 

Journal of Materials Engineering and Performance Volume 3(4) August 1994----541 



Table 1 Mechanical properties of  the material 

Material Ultimate tensile Young's 
condition Temperature, ~ Yield strength, MPa strength, MPa modulus, GPa Elongation, % 

A 24 888 894 133 22.0 
B 24 942 942 133 17.5 
C 24 934 934 133 24.3 
A 650 920 1016 100 11.4 
B 650 947 1064 100 11.8 
C 650 1024 1128 I00 7.5 

cooled; final aging at 87i ~ for 100 hours, then finally air 
cooled. Resultant average T" size is 0.5 lxm. 
Heat treated condition C: After heat treatment A, 1290 ~ 
for 4 hours, then air cooled, solution treated at 1290 ~ for 
2 hours, followed by water quench, then high temperature 
aging at 1080 ~ for 4 hours, then air cooled; final aging at 
871 ~ for 1000 hours, then finally air cooled. Resultant av- 
erage ~/' size is 0.9 I.tm. 

The resultant microstructures are shown in Fig. 1 (a), (b), and 
(c). Heat treatment A resulted in an average T'  precipitate size 
of 0.3 lam. Heat treatments B and C produced average T '  sizes 
of 0.5 ktm and 0.9 lam, respectively. The volume fraction and 
size of  T '  precipitates were determined using an, image ana- 
lyzer (Ref 11-13). The T '  precipitates produced by the heat 
treatments were cuboidal in nature. The volume fraction of T '  
precipitates was in the range of 65 to 70 percent (Ref 11-13) in 
all these specimens. The mechanical properties of these materi- 
als at room temperature and at 650 ~ were determined by ten- 
sile testing of  three to four identical test samples (also of [001 ] 
orientation) in each heat treated condition at room temperature 
and 650 ~ The average values from these specimens are re- 
ported in Table 1. 

2.4 Fatigue Testing 

After heat treatment, the compact tension specimens were 
polished on both surfaces with 600 grit emery paper. Then they 
were cleaned and degreased in acetone. This procedure was 
very helpful in locating the crack tip during the fatigue testing. 

The specimens were initially precracked in fatigue at a AK 
level of  20 MPa.  m t/2 to produce a 2 mm long sharp crack front 
in accordance with ASTM Standard E-647 (Ref 10). After fa- 
tigue precracking, fatigue testing was carried out in a servohy- 
draulic MTS test machine using the load control mode. The 
crack lengths and number of cycles for crack growth were re- 
corded continuously. A constant amplitude sinusoidal wave 
form was applied and the tests were carried out at various load 
ratios, such as R = 0.1,0.3 and 0.5. All  tests were carried out at 
a constant cyclic frequency of ten cycles per second in the 
threshold region in ambient atmosphere at 650 ~ 

The specimens were enclosed in a high-temperature envi- 
ronmental chamber. The temperature of the chamber was con- 
trolled within + 2 ~ with the help of  a temperature controller. 
This chamber was equipped with a transparent quartz window. 
Crack lengths on the surface of the test specimens were moni- 
tored through this window with the help of an optical traveling 
microscope. A photograph of the experimental setup is shown 
in Fig. 2. All  tests were carried out in air at 650 ~ 

Fig. 2 Environmental chamber used for high temperature fa- 
tigue studies 

The fatigue threshold was determined using the load shed- 
ding technique as specified in ASTM Standard E-647 (Ref 10). 
For this purpose, the load values were gradually decreased and 
the crack growth rates were continuously recorded. This load 
reduction at any AK level was done only up to.a maximum of 
5%, and also only after the crack had grown by at least 2 mm at 
the previous AK level. In this way, any retardation effect due to 
the prior AK was avoided. 

The crack growth rate (da/dN) and AK were determined us- 
ing the incremental polynomial method of ASTM Standard E- 
647 (Ref 10). These were then plotted in terms of  log da/dN 
versus log AK. The threshold was identified graphically from 
these plots following ASTM Standard E-647 (Ref 10). The 
threshold was identified as the AK level at which crack growth 
rate was of the order of 10--l~ m/cycle as per ASTM Standard E- 
647 (Ref 10). Three to four identical test specimens were tested 
from each heat treated condition A, B, and C at each load ratio 
(R = 0.1,0.3 and 0.5) at 650 ~ The average values from these 
specimens were then taken as the representative of  the crack 
growth rate data and the fatigue threshold. 

3. Results and Discussion 

3.1 Influence ofT" Precipitate Size on the Fatigue 
Crack Growth Rate and the Fatigue Threshold 

Tensile test results reported in Table 1 show that both yield 
and tensile strength of the material increase with an increase in 
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)," precipitate size. Furthermore, the test results show that there 
is a significant decrease in ductility and an increase in ultimate 
tensile strength at 650 ~ compared to room temperature. This 
behavior is indicative of  dynamic strain aging (Ref 12) in this 
material at 650 ~ 

Figure 3 compares the fatigue crack growth behavior of 
CMSX-4 for heat treated conditions A, B, and C at 650 ~ at the 
same load ratio o fR = 0.1. Similarly, Fig. 4 and 5 compare the 
fatigue crack growth behavior of  the material at heat treated 
conditions A, B, and C at load ratios o fR  = 0.3 and R = 0.5, re- 
spectively. In Table 2, the fatigue threshold data of  these mate- 
rials are reported at 650 ~ 

It is evident from Fig. 3, 4, and 5 that the fatigue crack 
growth rate of heat treated condition A material is higher than 
heat treated conditions B and C materials. In the threshold re- 
gion, the difference in the crack growth rates is significant. 

Material : CMSX-4 (Single Crystal) 
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Fig. 3 Fatigue crack growth behavior at 650 ~ 
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Fig. 4 Fatigue crack growth behavior at 650 ~ 

Table 2 Fatigue threshold of the material 

Material Load Fatigue threshold, 
condition ratio, R MPa m ~ 

A O. l 8.49 
0.3 5.92 
0.5 4.66 

B 0.1 10.45 
0.3 7.09 
0.5 5.57 

C 0.l  15.04 
0.3 11.74 
0.5 9.76 
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Fig. 6 Influence of 7' precipitate size on fatigue threshold, AKth 
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However, this difference in crack growth rates decreases 
gradually as AK increases. In the very high AK region, the 
crack growth rates for A, B, and C specimens are very similar. 
Thus, the present test results indicate that as the 2" size in- 

Fig. 7 Optical micrograph showing smooth fracture surface in 
the threshold region (heat treated condition A) 

creases, the near-threshold fatigue crack growth rate decreases 
at 650 ~ In Fig. 6, the fatigue threshold data of these materials 
are plotted against 2' ' precipitate size. This figure clearly shows 
that as 2' ' precipitate size increases the fatigue threshold value 
increases at 650 ~ in CMSX-4. Hence, it is obvious that a 
larger y ' precipitate size is beneficial and will provide better fa- 
tigue crack growth resistance in the form of a higher fatigue 
threshold at 650 ~ 

Figure 7 shows a macroscopic cross-section of  the fracture 
surface along the thickness direction in the threshold region for 
heat treated condition A material. It shows a smooth fracture 
surface. Other specimens (Heat treated conditions B and C) 
also had similar smooth features on the fracture surface in the 
threshold region. Hence, these are not reported here. This rela- 
tively smooth and flat fracture surface (along the thickness di- 
rection) indicates stage II type of crack growth. This is 
indicative of a very homogeneous slip for all three heat treated 
conditions in the threshold region. This is also indicative of the 
predominantly stage II type of crack growth at the microscopic 
level. 

Fractographs of these materials (A, B, and C) in the thresh- 
old region at 650 ~ at load ratio R = 0.1 are showo in Fig. 8(a), 
(b), and (c), respectively. These figures indicate that the crack 
growth mechanism is basically the same (i.e., non-crystal- 

(a) (b) 

(c) 

Fig. 8 Fractograph of heat treated condition A in the threshold region at 650 ~ (b) Fractograph of heat treated condition B in the threshold 
region at 650 ~ (c) Fractograph of heat treated condition C in the threshold region at 650 ~ 
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lographic) in all these materials at 650 ~ in the threshold re- 
gion. Figure 9 is an optical micrograph of the fracture surface 
(along the thickness direction) in a high AK region for heat 
treated condition A material at load ratio R = 0.1. The optical 

Fig. 9 Optical micrograph showing fracture along { 111 J planes 
in the high AK region (heat treated condition A) 

micrograph of  the other specimens (B and C) in the high AK re- 
gion also had a similar appearance. The angular measurement 
of the angles between the crystal planes in Fig. 9 gave a value 
of 70.5 ~ . This is one of  the angular relationships, between 
{ 111 } type of crystal planes. 

The optical micrograph in Fig. 9 thus shows that the crack 
has propagated along { 111 } type of crystal planes in the high 
AK region. Fractographs at high AK region are shown in Fig. 
10(a), (b), and (c). These also show a transition from stage II to 
stage I type of fracture in the very high AK regions, where 
cracks have been found to propagate in multiple { ! 11 } types of  
crystal planes. Some earlier work (Ref 14) has also reported 
similar phenomenon in PWA 1480 single crystal nickel-based 
superalloy. 

This stage II type of crack growth in the threshold region, as 
observed in the present material, is related to the slip charac- 
teristics of  the material. In single crystal nickel-based superal- 
loys, high temperatures and low strain rates result in wavy, 
homogeneous slip (stage II), whereas low temperatures and/or 
high strain rates often produce planar heterogeneous slip (Ref 
15) and crystallographic fatigue crack growth along { 111 } type 
of crystal planes (stage I). As the temperature increases, the 
transition from stage I to stage II crack growth occurs in the low 
AK region, and as a result smooth fracture surfaces are formed. 

(a) (b) 

(c) 

Fig. 10 (a) Fractograph of heat treated condition A in the fast fracture region at 650 ~ (b) Fractograph of heat treated condition B in the 
fast fracture region at 650 ~ (c) Fractograph of heat treated condition C in the fast fracture region at 650 ~ 
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A thermally activated deformation process is involved, and 
planar slip bands of  dislocations generate and are dispersed by 
thermally activated recovery processes such as dislocation 
climb or cross slip (Ref 15). The rate of this recovery process 
can be expressed by an Arrhenius-type relationship, i.e., 
ra te-exp (-AH/RT), where AH is the activation energy for the 
recovery process, R is the universal gas constant, and T is the  
temperature (in degree Kelvin). The value of this activation en- 
ergy has been found to be comparable to the activation energy 
for creep processes in Ni-alloys (Ref 16, 17), as well as in sin- 
gle-phase y, where diffusion-controlled climb was the rate con- 
trolling process. 

At higher temperatures of 650 ~ and lower AK (threshold 
region), this recovery process has led to stage II type of  crack 
growth along { 100} type of  crystal planes in this material. With 
increasing AK, a large number of such bands can form on { I l I } 
type of slip planes (easy glide). At very high AK levels, higher 
crack growth rate limits the probability of dispersion of  these 

dislocations, and this has led to stage I type of  fracture in the in- 
tense slip bands along I i ! I } type of planes as found in the pre- 
sent investigation. This also indicates that at very high 
temperatures, (T>800 ~ more thermal energy will become 
available for the dispersion of these dislocations and will result 
in homogeneous slip. This should again result in stage II type of 
fracture for the entire AK region. In fact, this has been found to 
be true in fatigue tests done at 800 ~ on this material by the 
present investigators (Ref 18). : 

Since the fracture surface was relatively smooth at 650 ~ in 
the threshold region, there was no significant roughness-in- 
duced crack closure (Ref 19) for all these specimens. More- 
over. as reported in Table 3, the yield strengths of the heat 
treated conditions B and C materials were higher than for con- 
dition A material at this temperature, Hence. cyclic plasticity- 
induced crack closure (Ref 20) was lower for B and C materials 
compared to A material at 650 ~ Moreover. oxide-induced 
crack closure is expected to be similar for all these materials (A. 

(a) (b) 

(e) 

Fig. 11 (a) Transmission electron micrograph at 650 ~ for heat treated condition A (in the threshold region). (b) Transmission electron mi- 
crograph at 650 ~ for heat treated condition B (in the threshold region). (c) Transmission electron micrograph at 650 ~ for heat treated 
condition C (in the threshold region) 
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B, and C) at 650 ~ From this, one would expect a lower crack 
growth rate and higher fatigue threshold for heat treated condi- 
tion A material than for B and C materials. However, as men- 
tioned earlier, present test results show the opposite trend, i.e., 
the crack growth rate of material A was higher than B and C ma- 
terials at this temperature. The reason for this behavior is dis- 
cussed below. 

Figures 1 l(a), (b), and (c) show transmission electron mi- 
crographs for A, B, and C materials. Heat treated condition A 
shows the presence of  dislocations at the ~---y" interface, 
whereas heat treated condition B (Fig. 1 lb) shows the presence 
of dislocation dipoles and superdislocations besides looping of 
dislocation around T '  precipitates. In addition, both of these 
figures show some cutting of the y '  precipitates by disloca- 
tions. On the other hand, the transmission electron micrograph 
of heat treated condition C material shows the breakdown of 
the y" precipitates into smaller spherical shapes. In heat treated 
condition A, the presence of dislocations at y - - y '  phase 
boundaries indicates that climbing mechanisms are active (Ref 
21-23). As the T '  precipitate size increases, the loop formations 
by dislocations around these T ' precipitate particles become in- 
creasingly more difficult (Ref 24). The presence of dislocation 
dipoles and superdislocations in heat treated condition B (Fig. 
1 lb) confirms this (Ref 25, 26). Furthermore, as the Y' precipi- 
tate size increases, the shear stress necessary for shearing 
the Y' precipitates also increases (Ref 27). Presence of the in- 
terracial dislocations [28] also indicate some dislocations more 
through the Y matrix by forced Orowan bowing, and this in- 
creases the resistance. The combined effect is increased resis- 
tance to dislocation motion as T '  size increases, and thereby 
increased fatigue crack growth resistance for heat treated con- 
dition B material compared to heat treated condition A mate- 
rial. Thus, the fatigue crack growth rate is lower and the fatigue 
threshold is higher for heat treated condition B material com- 
pared to heat treated condition A material at this temperature. 

As mentioned earlier, the transmission electron micrograph 
for the heat treated condition C shows breakdown of 
cuboidal T" and formation of smaller spherical Y' precipitates. 
It also shows the presence of homogeneous distribution of dis- 
locations around precipitates (i.e., looping). Furthermore, 
some cutting of T ' precipitates by dislocations is also visible in 
this micrograph (Fig. 1 lc). During the thermomechanical proc- 
ess of high temperature fatigue, stress-induced diffusion can 
cause the breakdown (Ref 29) of Y' precipitates. In heat treated 
condition C, this breakdown has taken place. In this way the Y' 
precipitate structure has rearranged itself drastically in the 
form of coarsening of primary and formation of secondary pre- 
cipitates during thermomechanical fatigue. 

Due to this stress-induced breakdown, the y" precipitates 
have taken predominantly spherical shapes. These spherical 
precipitates increase the resistance (Ref 29) of dislocation mo- 
tion significantly. Furthermore, heat treated condition C had 
the highest yield strength, which is again indicative of high re- 
sistance to dislocation motions in this material. This increased 
resistance for dislocation motion in heat treated condition C 
will reduce its crack growth rate and has compensated the ef- 
fect of  lower crack closure due to its highest yield strength. 

Thus, a combination of  all these factors has resulted in the 
highest fatigue crack resistance at 650 ~ for heat treated con- 
dition C material. The ultimate result is the lowest fatigue crack 
growth rate and highest fatigue threshold for heat treated con- 
dition C material compared to all other heat treated conditions. 
It is also interesting to note that this breakdown of cuboidal y ' 
into spherical y '  was not observed at 650 ~ or at 800 ~ (Ref 
18) in either heat treated condition A or B material. Hence, it ap- 
pears that there is a critical cuboidal size for y '  beyond which 
cuboidal T '  precipitates can break down due to stress-induced 
diffusion into smaller spherical particles. It appears such me- 
tastable y" precipitate size will be highly desirable for maxi- 
mum high temperature fatigue crack growth resistance and the 
fatigue threshold. 
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3.2 Influence of Load Ratio on Fatigue Threshold and 
Crack Growth Rate 

Figures 12, 13, and 14 report the fatigue crack growth be- 
havior for heat treated conditions A, B, and C materials at 650 
~ at load ratios o f R  = 0.1, R = 0.3, and R = 0.5, respectively. 
These diagrams indicate that the load ratio has a significant in- 
fluence on the near-threshold crack growth rate in CMSX-4 at 
650 ~ The crack growth rate appears to increase with in- 
creases in the load ratio in threshold region at high temperature, 
unlike some other single crystal nickel-based superalloys (Ref 
30,31). 

Generally, at high temperatures both creep and environ- 
mental interaction may occur, and as a result the mean stress or 
the load ratio has more influence on the crack growth rate than 
at room temperature (Ref 29, 30). At room temperature, a 
higher load ratio usually has the most influence on regions I and 
III of the Paris curve, and relatively little influence in the linear 
region. The load ratio usually increases the crack growth rate 
(da/dN) in the threshold region at room temperature as a result 
of the reduced crack closure effect, and enhances the early on- 
set of region III crack growth. 

The results reported in the above figures indicate that there 
is a considerable increase in crack growth rate with increases in 
load ratios at 650 ~ for all these specimens. It has been sug- 
gested (Ref 32) that creep and environmental interactions can 
occur at higher temperature, and since the creep process is 
more dependent on maximum load, in a loading cycle, higher 
load ratios will increase the crack growth rate. The creep effect 
on this alloy at 650 ~ is very small. This is due to the presence 
of rhenium in this alloy (Ref 33), which reduces the creep rate 
significantly. Therefore, it appears that the load ratio effect on 
the present material is due to the environmental interaction ef- 
fect; i.e., a similar phenomenon like stress corrosion cracking 
superimposed on pure fatigue at this temperature increases 
(Ref 33) the overall crack growth rate. 

Oxygen can diffuse into this alloy from the crack tip region 
(Ref 30). At 650 ~ this oxygen diffusion can occur along the 
dislocations, which in turn can pin these dislocations down and 
cause oxidation embrittlement. Since the embrittlement effect 
is strongly dependent on the maximum load, a higher load ratio 
increases the maximum load for a given stress intensity range 
and can increase the overall crack growth rate at 650 ~ by in- 
creasing the embrittlement contribution. At room temperature, 
contributions due to oxidation embrittlement are negligible. 
Hence, such dramatic effects of load ratio were not observed in 
this material (Ref 11). 

Figure 15 shows the influence of load ratio, R, on the fatigue 
threshold, AKth, at 650 ~ for heat treated conditions A, B, and 
C materials at 650 ~ This figure shows a linear relationship 
between the fatigue threshold and the load ratio�9 

Vosikovosky (Ref 34) analyzed the data from the literature 
concerning the effect of load ratio on the fatigue threshold, and 
found that in most cases the threshold decreases linearly with 
increases in load ratio. He proposed an empirical relationship 
of the nature AKth = AKth 0 (1-bR), where AKth 0 is the value of 
the threshold at load ratio R = 0, and b is a material constant. He 
also noted that both AKth 0 and b increase with increases in the 
yield strength of the material. Barsom (Ref 35) has also ob- 
served a similar linear relationship between fatigue threshold 
and load ratio. 

Knelsil and Lucas (Ref 36), on the other hand, observed a 
nonlinear power-law relationship between the threshold and 
the load ratio, and proposed a relationship of the nature AKth = 
AKth 0 ( l - R )  a where (~ is a constant whose value depends on the 
environment. The present test results show that a linear rela- 
tionship exists between the fatigue threshold and the load ratio 
in these materials, and therefore that Barsom or Vosikovosky's 
(Ref 34, 35) relationships are more appropriate for charac- 
terizing the influence of load ratio on the fatigue threshold in 
this material. 
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4. Conclusions 

�9 The near-threshold fatigue crack growth rate in CMSX-4 
has been found to decrease with increases in ), '  precipitate 
size at 650 ~ 

�9 Fatigue threshold values have been found to increase with 
increases in 7 '  precipitate size at 650 ~ This indicates that 
a larger 7 '  precipitate size is beneficial for fatigue crack 
growth resistance at elevated temperature. 

�9 Fracture surfaces in the threshold region show stage II type 
of crack growth along { 100 } planes for all three heat treated 
conditions, whereas fracture occurs along { 111 } type of 
planes in the high AK region. 

�9 For heat treated condition C, breakdown of the precipitates 
from cuboidal into spherical occurs due to stress-assisted 
diffusion. This results in the highest fatigue crack growth 
resistance in this alloy, reflected by the lowest fatigue crack 
growth rate in the threshold region and the highest fatigue 
threshold. 

�9 There is a critical cuboidal size for 7" precipitates beyond 
which stress-induced diffusion can cause breakdown of the 
cuboidal precipitate. This metastable precipitate size will 
be ideal for fatigue crack growth resistance at elevated tem- 
perature. 
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