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Kinetics of 7' Precipitation and Its Influence on 
Fatigue Crack Growth Behavior of a New 
Single-Crystal Nickel-Based Superalloy 

(CMSX-4G) at Room Temperature 
A. Sengupta and S.K. Putatunda 

A n  investigation was carried out to determine the growth kinetics of I/precipitates in  a newly developed 
single-crystal nickel-base superalloy containing rhenium (CMSX-4G). The investigation also examined 
the influence of'/' precipitates (size and distribution) on fatigue crack growth behavior  of the material in 
a room-temperature ambient atmosphere. The influence of load ratio on fatigue threshold of the material 
and crack growth mechanisms in fatigue was also studied. Compact tension specimens were prepared 
from a single-crystal nickel-base superalloy, CMSX-4G, with the (001) crystal lographic direction. These 
specimens were given two different heat treatments to produce two different 7' size precipitates. Fatigue 
crack growth behavior of these materials was studied at three different load ratios (R = 0.10, 0.50, and 
0.90) in room-temperature ambient atmosphere. The results of  the present investigation demonstrate 
that rhenium additions in CMSX-4G substantially lowers the 7' coarsening kinetics  of this alloy. The 
smaller 7" precipitate size was found to be beneficial for fatigue resistance and has resulted in a higher fa- 
tigue threshold and lower fatigue crack growth rate in the threshold region. The fatigue threshold was 
found to decrease with an increase in load ratio. The crack growth mechanism in the threshold region was 
found to occur by a combination of microvoid coalescence and striations. 
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1. Introduction 

SUPERALLOYSare high-temperature heat-resistant materials 
capable of  retaining very high strengths at elevated tempera- 
tures. These complex alloys have good corrosion and oxidation 
resistance and  superior resistance to creep and stress-rupture at 
high temperatures. In general, there are three basic groups [1] of 
superalloys: nickel-base, iron-base, and cobalt-base. 

Because o f  their superior strength at elevated tempera- 
tures [2,3] compared to cobalt- and iron-base superalloys, the 
most widely used superalloys in high-temperature applications 
are nickel-base. These materials are used extensively in many 
high-temperature applications such as aircraft, marine, and in- 
dustrial gas turbines, space vehicles, rocket engines, nuclear 
reactors, etc. Their applicability is based on the presence of 
chromium, which imparts primarily oxidation and high-tem- 
perature corrosion resistance, and other alloying elements such 
as titanium, aluminum, cobalt, tungsten, etc., which impart 
high-temperature strength and creep resistance. 
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and Materials Science and Engineering, Wayne State University, De- 
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The microstructure of  the nickel-base superalloys consists 
of several phases, [4-6] such as the "/phase, which is a continu- 
ous matrix of face-centered cubic (fcc) structure; the y' phase, 
which is the major precipitation phase; and frequently car- 
bides. These carbides are basically of two types: M23C617] and 
MC [7], where M stands for any metal. 

Most of  the nickel-base superalloys depend on chromium 
additions for their oxidation and  hot corrosion resistance. They 
depend on aluminum and titanium for strength. These elements 
allow the precipitation of  an ordered compound based on the 
formula Ni 3 (AI-Ti). This phase is called ~/phase to distinguish 
it from the fcc matrix yphase. The 7' phase has an ordered L12 
type of structure. It has a unique feature in that its strength in- 
creases [8] at higher temperatures. The I/phase is coherent with 
its matrix. The mechanical properties of  these superalloys de- 
pend on such factors as the amount of 7' phase, its morphology, 
and the elastic strain induced b y  it when it precipitates because 
of the lattice mismatch between ~ precipitate and the y matrix. 

Single-crystal nickel-base superalloys have the highest 
temperature capability [9'10] and  the best combination of ele- 
vated temperature properties o f  any structural material. The su- 
periority of  single crystals over  polycrystalline superalloys is 
due to their very high creep resistance because of  the absence 
of grain boundaries and their higher incipient melting tempera- 
ture above the t /solvus  temperature. This allows the 1/micro- 
structure to be refined through a solution treatment for 
increased creep resistance of  the alloy. 

The nickel-base superalloy CMSX-4G is a newly developed 
material and is cast in the form of a single crystal. This alloy is 
strengthened by the solid solution strengthening effects of  
tungsten, tantalum, and rhenium. The presence of  rhenium pro- 
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Table 1 Chemical Composition of CMSX-4G 

Composition wt% 

Chromium ............................................................................... 6.0 
Cobalt ...................................................................................... 10.0 
Molybdenmn ........................................................................... 0.6 
Tungsten .................................................................................. 6.0 
Tantalum .................................................................................. 6.0 
Rhenium .................................................................................. 3.0 
Aluminum ............................................................................... 6.0 
Titanium .................................................................................. 1.0 
Hafnium .................................................................................. 0.1 
Nickel ...................................................................................... bal 

Table 2 Heat Treatment Procedures for Kinetics Study 

I. As cast bar: Solution treatment at 2330 ~ for 2 h, at 2350 ~ for 2 h, 
at 2365 ~ for 3 h, at 2380 ~ for 3 h, at 2395 ~ 2 h, at 2400 ~ for 
2 h, at 2405 ~ for 2 h, at 2410 ~ for 2 h and finally air cooled 
Resultant y' size: q~ = 0.0 I.tm 

2. After above solution treatments: High-temperature aging at 1975 ~ 
for 4 h, air cooled, final aging at 1600 ~ for 20 h, then air cooled 
Resultant y" size: rj = 0.3 lain 

3. Solution treated alloy (after Treatment 1 ) at 2354 ~ for 4 h, air 
cooled, solution treatment at 2354 ~ for 2 h, water quench, then high- 
temperature aging at 1975 ~ for 4 h, air cooled, final aging at 1600 ~ 
for 59h 
Resultant y' size: r 2 = 0.54 ~tm 

4. Solution treated alloy (after Step 1 ): High-temperature aging at 1975 
~ 4 h, air cooled, then final aging at 1600 ~ for 150 h 
Resultant y" size: r 3 = 0.8 lain 

5. Solution treated alloy (after heat treatment 1): High-temperature ag- 
ing at 1975 ~ for 4 h, air cooled, then final aging at 1600 ~ for 1000 h 
y" size: i" 4 = 0.9 ~tm 

v ides  increased  creep res i s tance  in t h i s  alloy at  e levated  tem-  
peratures.  Th i s  al loy features  a 64 ~ 1 l, 12]advantag e o v e r  the 

f i r s t -genera t ion  s ingle-crysta l  a l loys  such as  C M S X - 2  and  

C M S X - 3  in s t ress- rupture  t e m p e r a t u r e  capabi l i ty  at  1800 
~ [12] It con ta ins  a reduced level  o f  c h r o m i u m ,  and thus ,  the 

solubi l i ty  o f  t i t an ium and a l u m i n u m  is increased  at h igher  tem-  

peratures.  A t  the  same t ime, any  d e c r e a s e  in the  oxida t ion  res is-  

t ance  due to a reduced  level  of  c h r o m i u m  is offset by  the 

increased  a l u m i n u m  conten t  o f  the a l loy .  

The  p resence  of  rhen ium can[  13] in f luence  the  growth k ine t -  

ics o f  T' p rec ip i ta tes  in n i cke l -base  supera l loys .  However ,  the 

g rowth  k ine t ics  o f y '  in C M S X - 4 G  is n o t  c lear ly known  or  es- 
tabl ished.  Therefore ,  this aspec t  n e e d s  t o  be examined  in detai l .  

Moreover ,  the  size, shape, and  d i s t r ibu t ion  o f  y' can s ignif i -  

can t ly  in f luence  the fa t igue c rack  g rowth  ra te  and fa t igue  

th reshold  of  the  material .  

The  p r imary  objec t ive  of  the  p r e s e n t  invest igat ion was  to 

de te rmine  the  g rowth  k ine t ics  of  y' p rec ip i t a t e s  in the s ing le-  

crystal  n i cke l -base  superal loy C M S X - 4 G  in presence  o f  rhe-  
n ium.  The seconda ry  ob jec t ive  of  t h i s  invest igat ion was  to 

examine  the in f luence  of  y" p r e c i p i t a t e s  (size and  d i s t r ibu t ion)  
on fat igue c r a c k  growth  rate and  f a t i g u e  threshold  of  the  ma te -  

rial in room- tempera tu re  a m b i e n t  a t m o s p h e r e .  The fa t igue  
c rack  growth  da ta  of  the mater ia l  at e l eva t ed  t empera tu re  will 

be repor ted in a la ter  publ ica t ion .  

Table 3 Heat Treatment Procedures for Compact Tension 
Specimens 

Heat treatment condition A: As-received bar was solution heated at 2330 ~ 
for 2 h, at 2350 ~ for 2 h, at 2365 ~ for 3 h, at 2380 ~ for 3 h, at 2395 ~ 
for 2 h, at 2400 ~ for 2 h, at 2405 ~ for 2 h, at 2410 ~ for 2 h, and finally 
air cooled 

High-temperature aging at 1975 ~ for 4 h, then air cooled, finally aged at 
1600 ~ for 20 h, and air cooled 
7' size: 0.3 pm 

Heat treatment condition B: Two-step aging ('after heat treatment condition 
A) aged at 2085 ~ for 6 h, air cooled, then finally aged at 1600 ~ for 100 h 
and then air cooled 
7' size: 0.5 jana 

2. Experimental Procedure 

2.1 Material 

The  ma te r i a l  used  in this inves t iga t ion  was the  s ing le -c rys -  
tal n i c k e l - b a s e  superal loy C M S X - 4 G .  The  chemica l  c o m p o s i -  
t ion  o f  the  mate r ia l  is g iven  in Table  1. The  mas t e r  a l l o y  was 
v a c u u m  cas t ,  and s ingle  crys ta ls  were  g rown  by the  m o d i f i e d  
B r i d g m a n  techn ique .  Crysta ls  were  g rown para l l e l  to the 
(001)  d i r ec t ion .  T h e i r  o r ien ta t ion  was ver i f ied  by the  b a c k  re- 
f l ec t ion  L a u e  technique.  The  crys ta ls  were g rown  s u c h  that 
(100)  p l a n e s  were paral lel  to the spec imen  faces.  

2.2 Heat Treatments 

For  k i n e t i c s  study, me ta l log raph ic  spec imens  w e r e  cut in 
the size o f  0 . 2 5  in. round  and  0.1 in. th ickness  f rom s ing le -c rys -  
tal a l loy in t h e / 0 0 1 )  or ientat ion.  These  spec imens  w e r e  given 
a ser ies  o f  sequen t ia l  i so thermal  hea t  t r ea tments  f o l l o w e d  by 
ag ing  at s eve r a l  t empera tures  for  a p rede t e rmined  t ime.  T h e  de- 
tai ls  o f  t h e s e  heat t r ea tments  are g iven  in Table  2. 

Sec t i ons  o f  the hea t  t reated samples  were e x a m i n e d  b y  scan- 
n ing  e l e c t r o n  microscopy (SEM) .  The  precipi ta tes  e x a m i n e d  in 
this  s tudy w e r e  cuboidal  in na ture .  Precipi ta te  size d e t e r m i n a -  
t ion  was m a d e  f rom the mic rog raphs  such that  c u b e  edge 
l eng ths  in t w o  direct ions were  measured  for  at leas t  2 0 0  pre- 
c ipi ta tes .  P rec ip i t a t e  d imens ions  were  taken  to be  h a l f  of  the 
cube  edge  o f  y' precipi ta tes .  The  y' size m e a s u r e m e n t s  were 
done  on  op t i ca l ly  po l i shed  s p e c i m e n s  after e t ch ing  w i th  kai l in~ 

3 r eagen t  (25 g copper  chlor ide,  55 cm- e thanol ,  and  5 0  cm 
HC1). S ta t i s t i ca l  analys is  was  car r ied  out  to d e t e r m i n e  t h e  size 
d i s t r ibu t ion  o f ' / '  precipi ta tes .  F o u r  different  s ize y" p rec ip i t a tes  
were  p r o d u c e d  as a resul t  of  the hea t  t rea tment  p r o c e s s e s ,  and 
these  are s h o w n  in Fig.  l(a) t h r o u g h  (d). The  ave rage  s i z e  of y' 
p rec ip i ta tes  a s  a resul t  of these  hea t  t rea tments  also are l i s ted  in 
Table  2. 

2.3 Fatigue Testing 

For  f a t i g u e  threshold test ing,  2(T) compac t  t en s ion  speci- 
mens  were  p repa red  from s ingle-crys ta l  C M S X - 4 G  mate r ia l  
wi th  (001)  t ens i l e  o r ien ta t ion  in accordance  wi th  A S T M  Stand-  
ard E-647. [  14] The wid th  of  the  spec imens  was kept  at 5 0 . 8  mm 
and t h i c k n e s s  about 12 ram. The  aspect  rat io was kept  at  a/W= 
0.40. F a b r i c a t i o n  o f  spec imens  f rom test b locks  was  d o n e  by 
the e lec t r ic  d i s cha rge  mach ine  ( E D M )  procedure .  A s c h e m a t i c  
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Fig. 1 Microstructure of the material indicating different y" precipitates. (a) Microstructure after heat treatment 1 (Table 2). Resultant 7' 
size: 0.3 pm (magnification, 2500• (b) Microstructure after heat treatment 2 (Table 2). Resultant 7' size: 0.54 ~tm (magnification, 2500• 
(c) Microstructure after heat treatment 3 (Table 2). Resultant 7' size: 0.8 pm (magnification, 2500x). (d) Microstructure after heat treatment 
4 (Table 2). Resultant 7' size: 0.9 ~tm (magnification, 2500x). 

of the compac t  tension specimens used in this study is shown in 
Fig. 2. The loading direction was (001). 

After fabrication, the compact  tension specimens were 
given two different heat treatments to produce two different ~' 
precipitate sizes. These two heat treated conditions are identi- 
fied as condit ion A and B, respectively. The microstructures of 
the heat t reated compact tension specimens are shown in Fig. 
3(a) and 3(b).  The details of the above heat treatments are  given 
in Table 3. 

After hea t  treatment, the compact  tension specimens were 
ground on both  surfaces and then polished with 600-grit  emery 
paper to a mirror-finished surface. Finally, they were cleaned 
and degreased  in acetone. These procedures were helpful  in lo- 
cating the crack  tip during fatigue testing. 

The specimens were in i t ia l ly  precracked in fatigue at a AK 
level of  AK _-- 20 MPa ~m- to produce a 2-ram tong sharp crack 
front in accordance with A S T M  Standard E-647. [ 14] After pre- 
cracking, fatigue testing was carried out  using a servohydraulic 
MTS test machine in the load control mode. The crack lengths 
were monitored with the he lp  of an optical traveling micro- 
scope. The crack lengths and number of  cycles were continu- 
ously recorded. All tests were carried out in room-temperature 
ambient atmosphere in tension-tension mode. A constant-am- 
plitude sinusoidal waveform was applied, and tests were car- 
ried out at three different load ratios (R = 0. l, 0.5, and 0.9). 

The fatigue threshold was determined using the load-shed- 
ding technique per ASTM Standard E-647. [14] For this, the 
load values were slowly decreased, and crack growth rates 
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were continuously recorded. This load  reduction at any AK 
level was done up to a maximum of  5 % and only after the crack 
had grown by at least 2 mm at any AK level. In this manner, any 
retardation effect due to prior over load  was avoided. The crack 
growth rate ( d a / d N )  and AK was plot ted  in terms of log d a / d N  
versus log AK, and the threshold was  identified graphically 
from this plot per ASTM Standard E-647.[14] The threshold 
was identified as the AK level at which  the crack growth rate 
was on the order of 10-10m/cycle. Three  specimens from each 
heat treated condition were tested at each load ratios (R = 0.10, 
0.5, and 0.90), and the average values  from these three speci- 
mens were taken as representative o f  crack growth rate data 
and fatigue threshold. 

Fig, 2 Compact tension specimen, full scale. All dimensions in 
millimeters. 

3. Results and Discussions 

3.1 Coarsening Kinetics of]/ 

As mentioned earlier, Fig. 1 (a) through (d) and Table 2 show 
the T' precipi tate size. The precipitates were cuboidal in  shape, 
and the s ize of these precipitates increases with an increase in 
aging time at a particular temperature. With an increase  in ag- 
ing time, precipitate coalescence has been observed as a result 
of  loss of  coherency between precipitates and matrix at  longer 
aging periods.  The coarsening of  the T' precipitates in nickel- 
aluminum binary alloys has been shown to obey theoretical 
predict ions o f  known theories.[ 15] Lifshitz and Slyozov [ 16] and 
later Wagner  [17] proposed that the average particle radius  in- 
creases l inear ly with time and the governing equation is given 
by: 

rn - r~o = K t  [1] 

where r is the  average radius of  the particle at any given instant; 
r o is the ini t ia l  particle radius; and K is rate constant, g iven  by: 

K = 8 D g C V Z m  [2] 
9 R T  

where D is the  diffusion coefficient; g is the interfacial free en- 
ergy for precipitates/matrix interface; t is aging time; C is the 
equil ibr ium molar concentration of  solute in matrix; R is the 
gas constant;  T is temperature; and V m is the molar  volume of 
precipitates.  

The above  theory is known as the LSW theory for coarsen- 
ing ofT' and predicts a value o fn  = 3 for a lattice diffusion-con- 
trolled process.  From the experimentally determined values of 
the size of  the  7' precipitates, the mean values r of  these T' pre- 
cipitates were  calculated for each distribution. To determine 
the best  f i t t ing values of the constants n and K in Eq 1, a least- 

Fig. 3 Microstructure of fatigue samples. (a) Heat treated condition A. Resultant 7' size: 0.3 ~m (magnification, l 0,000x). (b) Heat treated 
condition B. Resultant 7' size: 0.5 ~tm (magnification, 10,000x). 
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Fig. 4 Plot of log (r n - ~) versus time t, using best-fit values 
of n. 

square technique was used. A logarithmic form of Eq 1 was 
taken such that: 

log (r n - rno) = logK + logt 

The values ofn and K were then calculated using an iterative 
computer procedure such that the function 

w 

~, log  [r n - ~l  - [ logK- logt] 2 

i=1  

was minimized  with respect to n and K. Here, w stands for num- 
ber of data points recorded for each temperature. These values 
were then plotted in a log-log scale in Fig. 4. The bes t  fit 
straight line gives a value ofn  = 3.6911, as shown in Fig. 4. 

This value of n is different (3.691) from the theoretically 
predicted value  of n = 3 for lattice diffusion-controlled coars- 

n [15 17] e ing,process, - as discussed above. Some earlier work- 
ers[13j also have found similar values for the exponent n in a 
rhenium-containing experimental alloy. Thus, the present  test 
results indicate that growth kinetics of 7' in this alloy do  not 
obey the cubic  growth law and as such is not a purely lattice dif- 
fusion-controlled process. An exponent of n = 4 or 5 is pre- 
dicted when diffusion along grain boundaries or subgrain 
boundaries [181 are the rate-controlling processes for Oswald 
ripening. However, these models are inapplicable in this alloy 
because of the  single-crystal nature of the present a l loy (no 
grain boundaries), and moreover, this alloy had a very low 
grown-in dislocation density, which precludes any significant 
diffusion a long  the subgrain boundaries. 

A 
sO== 

o 
t -  
o 

o"  
@ 
L .  

M A T E R I A l .  : C M S X  - 4 G  

8 

4 

/ X 
/ \ 

/ \ 
, \ 

\ 
/ 1 / 

/ 

/ \ 
t \ 

l 

I 
I 

I ,\ 
! 
t \ 

" r' t / ! 
/ \ 

/ i 

/ i 
"." "." "." "." i | 

0 . 1 7 8 5  0.238 0 . 2 9 7 6  0 . 3 5 7 1  0 . 4 1 6 7  0 . 4 7 6  0 .5357  

P a r t i c l e  size(X, pm)  

Fig. 5 Precipitate size distribution for heat treatment 1 (Ta- 
ble 2). 

This apparent discrepancy i n  the value of exponent n (other 
than 3 as observed in the present  study) is probably related to 
the large volume fraction ofT' as observed in this alloy. Volume 
fraction of 7' in this alloy was more than 70%, as evident from 
our micrographs. Ardell [19] a nd  McLean [20] have shown that 
the LSW theory can adequately characterize the coarsening ki- 
netics of "/' precipitates in nickel-aluminum binary alloys 
where the volume fraction ofy '  is relatively low and the volume 
fraction of 7' has negligible influence on the rate constant K. 
However, if the volume fraction o f f  is large as in the present 
alloy (over 70%), this can significantly influence [20] the rate 
constant K and could possibly have an influence on the expo- 
nent n. Furthermore, if different mechanisms of coarsening oc- 
cur concurrently then that can  influence the exponent n. [18] 
Further studies are necessary to resolve this issue. 

The activation energy for coarsening in CMSX-4G was cal- 
culated from Eq 2. Our preliminary study shows that this vol- 
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ume is approximately 320 kJ/mole. The  activation energy for 
the coarsening of 7' in the nickel-aluminum binary system has 
been found to be 280 kJ/mole. [21] This  value is approximately 
15% lower than the value obtained in  CMSX-4G (280 versus 
320 kJ/mole). This higher activation energy in CMSX-4G ob- 
viously indicates that the coarsening rate of ]" will be lowered 
in the presence of rhenium. Thus, the addition of rhenium has 
resulted in a lower coarsening rate for  T'- The reason for the 
lower coarsening rate o f y '  in this a l l oy  in the presence of rhe- 
nium can be explained as follows. Fo r  the ~' precipitates to 
coarsen, rhenium has to diffuse away[  13] from 7-  Y' interface. 
Rhenium is a massive atom compared  to nickel, therefore, 
the diffusion coefficient of  rhenium is small. The diffusivity 
o f  nickel in a single crystal of  nickel  is on the order of  1.56 • 
10-14 m2/s at 1200 ~ whereas that o f  rhenium in nickel at the 
same temperature is 0.6 • 10-16 m2/s. Rhenium also tends to in- 
crease the lattice parameter of  y. 

Rhenium also introduces a negat ive misfit [20] between ~, 
and T'. This negative misfit results in a higher concentration of 

rhenium in the T- ~ ' interface.[l 3] Hence, for the T ' particle to 
coarsen, rhenium must diffuse away from the interface.  Since 
rhenium is a refractory element, its melting point  is very 
high and, consequently, the diffusion coefficient of  rhenium 
(DRe_Ni) is  significantly lower [13] than the self-diffusion 
coefficient of nickel. Hence, this lower diffusion coeffi- 
cient (DRe_N~ has contributed to the lower coarsening rate of  
y' in this alloy. 

3 . 2  Precipitate Size Distribution 

Precipi ta te  size measurements were made from microstruc- 
tures produced by aging at various temperatures for different 
times. The size distribution of  the precipitate particles are  plot- 
ted in Fig. 5 to 8 for various aging temperatures. The dashed 
line in these  figures indicate the theoretical distr ibution pre- 
dicted by the  LSW theory for precipitate coarsening. 
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Effect of ' / '  size on fatigue crack growth behavior of 
single-crystal nickel-base superalloy CMSX-4G at load ratio 
R=0.1.  

Table 4 Effect  of  Load Rat io  o n  Fatigue Threshold 

Material Load AKth, Paris constants 
condition ratio (R) M P a ~ m  C m 

A ..................... 0. [ 14.09 L5 -14 4.6567 
A ..................... 0.5 1 t .45 9.5 14 3.9886 
A ..................... 0.9 7.38 1.8 -a3 4.8558 
B ..................... 0.1 10.86 5.0 -13 3.7375 
B ..................... 0.5 10.36 6.0 14 4.4203 
B ..................... 0.9 6.55 2.6 -15 6.3644 

After a relatively short period of aging, there is a good cor- 
respondence between the shapes of the experimental distribu- 
tions and those predicted by the LSW theory at each 
temperature. After longer aging times, the experimental distri- 
bution becomes broader than the theoretical distribution. Some 
earlier workers[ 17] also have observed similar deviations from 
the LSW theory after a longer aging period. 

This deviation from the LSW theory for size distribution is 
apparently related to the large volume fraction ofT' precipitates 
observed in this alloy. Ardell [22] and Brailsford and Wyn- 
blatt [23] have shown that when the volume fraction of y" pre- 
cipitates was very large, such deviations from the theoretically 
predicted values are observed. Davies et a/., [22] on the other 
hand, pointed out that coalescence of the precipitates would 
have a s imilar  effect on the observed distributions. Because 
both coalescence of precipitates as well as large volume func- 
tion of 7 ' were observed in this alloy, it is very difficult to  say 
which is the cause of the above deviations. 

3.3 Influence of  7" Precipitates on Fatigue Crack 
Growth Rate and Fatigue Threshold 

Figure 9 compares the fatigue crack growth behavior of ma- 
terial in heat treated condit ions A and B at the same load ratio 
ofR = 0.10. In Fig. 10 and 11, fatigue crack growth behavior of 
the materials in heat treated conditions Aand B are compared at 
the same load ratios ofR = 0.5 and 0.9, respectively. Table 4 re- 
ports the Paris constants C and m of the materials and fatigue 
threshold values of the materials at different load ratios. As re- 
ported in Table 4, the fatigue threshold values of this material 
are significantly higher than other single-crystal materials. [25] 

It is also evident from these figures that fatigue crack 
growth rate is higher in heat treated condition B compared to 
heat treated condition A at same load ratios. Consequently, the 
fatigue threshold values are lower in heat treated condition B 
compared to heat treated A. Thus, it appears from the current 
test results that the smaller T' precipitate size is beneficial as far 
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Fig. 15 Effect of load ratio (R) on fatigue crack growth rate in 
CMSX-4G, heat treated condition A. 

results in a significantly higher value of fatigue threshold in 
CMSX-4G compared to other [30] single-crystal nickel-base 
superalloys. 

The smaller 5/particles cause the crack to follow a more tor- 
tuous crack path in heat treated condit ion A material compared 
to heat treated condition B materials. Furthermore, extensive 
crack branching observed in threshold region caused a signifi- 
cant reduction in crack driving energy, which consequently 
leads to a higher value of fatigue threshold in heat treated con- 
dition A compared to heat treated condition B. The frac- 
tographs of the fast fracture regions are shown in Fig. 14(a) and 
(b), respectively. This region is characterized by dimples cre- 
ated by microvoid coalescence besides the presence of stria- 
tions. 

One interesting feature of this study is that, in the heat 
treated condition B material, the fatigue threshold values are 
similar at the load ratio ofR = 0.1 and 0.5. This is related to the 
fact that the roughness-induced crack closures produced in this 
material are similar at these load ratios. Earlier workers [30] 
have also shown that a significant amount of roughness-in- 
duced crack closure can be produced in  single-crystal nickel- 
base superalloys even at high load ratios such as R = 0.5. 

The fatigue crack growth in single-crystal CMSX-4G was 
observed to occur along crystallographic planes of the type 
{ l 11 }. The crystallographic planes where the resolved shear 
stresses were maximum were the planes along which fracture 
occurred first. Cracking along { 111 } type planes continued 
throughout the crack growth process until final fracture oc- 
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Fig. 16 Effect of load ratio (R) on fatigue crack growth rate in 
CMSX-4G, heat treated condition B. 

curred. Chan et al. [30] have also observed similar phenomenon 
in MAR-M200 single crystal. 

3.4 Influence of Load Ratio on Fatigue Crack Growth 
Rate 

Figures 15 and 16 report the effect of load ratio on fatigue 
crack growth behavior of the material in heat treated conditions 
A and B. It is obvious from Fig. 14 and 15 that fatigue crack 
growth rate increases with an increase in load ratio in  heat 
treated conditions A and B, and consequently, fatigue threshold 
values decrease as the load ratio increases. This higher crack 
growth rate at higher load ratios can be explained on the basis 
of crack closure phenomena. At higher load ratios, the crack 
closure effect is significantly reduced and mechanical driving 
force for propagation of crack is higher. As a result o f  this, 
crack growth rate increase significantly with load ratios i n  both 
of these materials (heat treated conditions A and B). 

Vosikovosky [31] analyzed the data from the literature con- 
cerning the effect of  load ratio on fatigue threshold and  have 
found that threshold decreases linearly with increase in load ra- 
tio. He proposed an empirical relationship of the nature AKth --- 
AKtho (1 - bR) ,  where AKthoiS the value of threshold at load ra- 
tio R = 0 and b is a material-dependent constant. He also noted 
that both AKth o and b increase with an increase in yield strength 
of the material.  Barson [32] has also observed a similar l inear re- 
lationship between fatigue threshold and load ratio. Klensil 
and Lucas [33] on the other hand observed a nonlinear power- 
law relation between threshold and load ratio, and they pro- 
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Fig. 17 Effect of load ratio (R) on fatigue threshold (AKth). 

posed a relationship of AKth = AKth o (1 - R)Y, where y is a con- 
stant whose value depends on the material. 

The current  test results show that none of the above models 
can accurately characterize the effect of load ratio on fatigue 
threshold in this material. Based on the above fact the data 
were analyzed with respect to a relationship developed ear- 
lier. [34] The developed model predicts a relationship between 
threshold and  load ratio of the nature AKth--(AKtho )nmR 
where n is the strain-hardening exponent of the material, m is a 
material constant, and R is the load ratio. Based on this equa- 
tion, when the test results were plotted on a log-log scale in  Fig. 
17, a linear relationship was observed between log AKth and R, 
which validates the above relationship. 

4. Conclusions 

The coarsening rate of y '  in single-crystal nickel-base su- 
peralloy CMSX-4G does not obey the cubic growth law. This 
deviation from the cubic growth law is apparently due to the 
presence of rhenium in this alloy and very large volume frac- 
tions of T '  in  this alloy. The fatigue crack growth rate in 
CMSX-4G was found to increase with an increase in Y" pre- 
cipitate size. Fatigue threshold values in single-crystal nickel- 
base superalloy CMSX-4G was observed to be higher in heat 
treated condit ion A compared to heat treated condition B at all 
load ratios in room-temperature ambient atmosphere. This  in- 
dicates that the smaller y '  size is beneficial as far as the AKth 
values are concerned. 

Fatigue threshold values decrease with an increase in  load 
ratios, and a previously developed model was found to b e  ap- 
plicable to characterize the influence of load ratio on fatigue 
threshold in this material. Scanning electron fractographs 

show the presence of stage I type of crack growth, 45 ~ to the 
tensile axis, in CMSX-4G. The crack path was mostly zigzag in 
this alloy. One interesting observation was that, in heat treated 
condition B material, AKth values atR = 0.1 and 0.5 are almost 
similar. This is apparently due to the similarity in roughness-in- 
duced crack closure in these specimens, which may be intro- 
duced by out-of-plane secondary slip. 
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