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Abstract 

The threshold fatigue crack gron'th beha\,ior of Alloy 718 forging was in\:estigated from room 
tempel-atuse to 53S°C. For grain sizes equal to or smaller than ASTM GS 10 ( i t . ,  ASTM grain 
size number of 10 or larges). the measured thresholds were insensitive to prior forging 
psocessing history. For a given forginglheat treat practice, the measured threshold stress 
intensities increased with increasing temperature. This temperature effect becamc more 
pronounced with decreasing grain size. The measured threshold stress intensities appear to be 
related to grain size: at a given temperature, the largest value of threshold stress intensity \+'as 
obtained for the c o m e  grain material (ASTM grain size 3). This grain size effect u.as greatest at 
lo\\ temperature. and diminished with increasing temperature. 



Background 

.'\llo\ 718 1s ~ i ide ly  used In a~rcraft englne soto] stsuctuses. Because ot the combin,it~on of 
1111~1 ostructuraI phdses m d  aglng response. Alloq 7 18 forgings can be thermomechmcall y 
\iorl\ed to obtun a ~ t ~ c t e  range of rn~csostructures and r~~ech;ln~c,ll properties.[l] The effect of 
ctimges In thern~omechan~cal processing on the threshold fatigue csack growth beh,l\~or of 
Alloq 7 1 S are descr~bed in this \i ork. 

Materials and Processing 

Thsee psocefilng Lerslons of All01 71s Mere examined in t h ~ s  ~ i o r k :  

Psoce5s Acsonvm 
D~rect  aged "DA" 
M ~ n i  graln '*AMG'' 
Coarse grain "CG" 

Direct aged 
For this ver-sion of Alloy 718, the matesial is direct aged after forging with no intermediate 
solution heat treatment. Large forging reductions at low temperatures are used to achieve a fine. 
unit'orm grain size \trhich is typically finer than ASTM GS 10.[1] The material receives the 
standard duples heat treatment after forging (71SCC/8 hrs + 621°C/8 lirs). '4 typical 
~nicsostsucture can be seen in Figure ](a) .  The grain s i ~ e  is estimated to be ASTM GS 13. 

Mini grain 
This material was forged from u1t1-a fine grain billet [2], solution heat treated at 970°C. and then 
duplex aged (71S°C/8 hrs + 62l0C/S hrs). A typical microstructure can be seen in Figure l (b ) .  
The grain size is a little finer than ASTM GS 10. The grain size of the direct aged (DA) process 
is finer than the grain size of the mini-gain (MG) process. 

C o m e  ga in  
X rcmnant fsom a fine grain forging \\,as solution heat tseated for five hours at 1010°C. and then 
duplex aged (7 18"C/8 hss + 62 1°C/S hrs). A typical r n i c r ~ s t r i ~ ~ t ~ r e  can be seen in Figure l (c) .  
The 1010°C solution heat treatment has caused significant grajn g r o ~ t h  to occiir. The grain size 
is estimated to be ASTM GS 3. 

Specimen Geometry and Test Technique 

Crack y-owth testing was performed using the button head single edge notch (SENBH) 
specimen, which can be seen in Figure 2. The nominal gage section was 10.2 min wide x 2.5 
mm thickness. All of the data were acquired using the direct current electrical potential drop 
technique. This technique is a modification of the method described by Gangloff.[3] The direct 
tun-ent porent~al drop technique has been adapted to the single edge notch geonietsy by Wilcox 
and H e n q . l l ]  The potential solution de\,eloped by Johnson [ S ]  \vas used to conLe1.t potential 
data to crack length data. Csack gro~vth rates n.crc calculated using the seven point polynomial 
method. Stress intensity values for the button head single edge notch specimen wese calculated 
using the Han-is solution [6]. based on the analysis of Gilbert and Malili.[7] 







All testing n,as performed at R ratio = 0 and a frequency of 0.33 Hz. All tests were performed 
using the following procedure, which is sho\+m schematically in Figure 3: 

Step 1: A fatigue precracl<ing segment uhere the specimen \\as cycled at a constant load range. 
Therefore. both Kmax and AK increased as the f a t i g ~ ~ e  crack propagated. 

Step 2: Another fatigue preci-ack~ng segment v, here the specimen mas cycled at a constant \ d u e  
of Kmax. 

Srcp 3: A sesment of decreasing AK L\ here AK is decreased or shed until apparent crack arrest. 
.A K-gwclient (C)  = - 1.1 8Inim \\!as used f a -  all tests. For other nickel-base superalloys ~vith 
sirnilas stsength level, Henry [8] has shown that this shed rate falls within a range of shed rates 
where the near threshold fatigue crack g r o ~ i ~ h  rates are not affected by a variation in C. 

Steps (1) through (3) were repeated for selected expesiments to obtain two thi-eshold 
meusui-ements from a sinele specimen. Crack ai-sest n,as defined to be a crack growth rate of 
;~pproairnately 2 to 4 a 10:" nilcycle. 

Results 

Tensile data nese obta~ned for all three Alloy 718 processes, and are summarized in Table I. 

Table I Tensile Data for Alloy 7 18 
(Units = MPa) 

Direct aged M i n ~  graln Coarse griun 
Te m I> ("DA") (-MG") ("CG") 
("c) 0.2YS UTS 0.2YS UTS 0.2YS LTS 

The largest \.slues of yield strength wese obtained for the DA process. The yield strength \ d u e s  
i'or the CG process were larger than foi the MG pi-ocess, which exhibited the lowest yield 
s t ren~th .  

The \ ,dues  of AK at apparent crack arrest (i.e., the 4K threshold) are listed in Table 11, and 
plotted as a function of temperature in Figure 1. Figure 4 shows that the threshold \ ,dues  
increase \vith increasing temperature. There is a significant temperature effect for the two fine 
:rain \,ersions of Alloy 718; howe\,er. the temperature effect is much smaller for the coarse 
u 

grain Alloy 7 18. 





Table 11 Threshold Values for Alloy 7 18 
( U n ~ t s  = MPax m) 

Discussion 

"Ci-ossok er" i n  fatigue crack ran th rate 

A "crosso\,er" in fatigue crack gi.on.th rate \\.ith increasing temperature was observed for all 
three lessions of Alloy 718. The temperature dependent fatigue crack gron.th rate data are 
plotted for the direct aged, mini grain. and coarse grain processes in Figures 5 ,  6, and 7, 
I-especti\/ely. The observation of the crossover behavior in direct aged Alloy 718 agrees ~vith a 
pre\,ious investigation of direct aged Alloy 718.[9] Examination of Figures 5 through 7 
indicates that the magnitude of the crossover effect is greater in fine grain Alloy 718 (the "DA" 
and "MG" processes) than in coarse grain Alloy 718 (the "CG" process). In the direct aged 
Alloy 718, the 24°C and 232°C results exhibit little difference in Region I and Region I1 
behavior. The threshold \ralue at 232°C is 11 little gseater than the 24°C result. Ho~\,e\ ,er,  there is 
a greater crosso\.er effect between 232°C and 538°C. and a much larger \value of threshold ivas 
obtained at 538°C. 

Temperature dependence of the threshold 

The temperature dependence of the threshold in the t\vo fine grain versions of the alloy are 
similar to the temperature dependence obsen~ed in the previous in\'estigation of direct aged 
Alloy 718.[9] In the pre\,ious investigation of direct aged Alloy 718, i t   as suggested that 
localized crack tip blunting by plasticity and/or creep could account for the increase in threshold 
xith inci-easing temperature. The concept of local crack tip creep contribution to crack tip 
blunting is furtI1e1- supported by the obser\,ation that. at a gi\.en ele\,ated temperature. decreasins 
the test freqiiency results in an apparent increase in thresholds in both Rene'95 and Alloy 
71S.[10] 

Coxse  grain \'s fine grain behavior 

The coasse grain Alloy 718 exhibited lower Region I and Region I1 crack grou.th rates than the 
i'ine gi-;tin \,ersions of Alloy 718 at each temperatuse. The crack growth data for each of the 
three procesxs are plotted in Figures 8 and 9 for 232°C and 538"C, respectively. These results 
ase in agreement with a pre\,ious in\,estigation of the effect of grain size on the fatigue crack 
y o \ \ t h  beha~~ io r  of Alloy 718 at 427"C.[1 11 In that in\estigation, the impro\red fatigue csack 
ysowth resistance of the coarse grain inicrostructuse \ \as explained on the basis of slip cliasactes 
and dislocation reversibility. The longer slip bands in the coarser microstructure were belie\,ed 
to better accommodate dislocation re\~ersal since the distance between dislocation pile-up 
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obstacles is greater. In a re\,iew paper on the effect of microstructure on fatigue crack growth 
hehai~ior, this mechanism was cited as one of thc niicromechanisms identified ~vith lo\t.er 
fatisue crack growth rates in structural alloys. [ 121 

With respect to the fatigue crack growth threshold. the coarse grain \,ersion of Alloy 718 
exhibits the greatest increase in threshold over fine grain Alloy 718 at low temperatures; the 
effect diminishes with increasing temperature. 

Potential contribution of crack closure 

As mentioned pre\~iously, t\vo K-decreasing segments were performed on se\,eral specimens to 
obtain t ~ v o  threshold values from a single specimen. In Figure 10. duplicate K-decreasing 
segments are plotted for a mini-grain specimen tested at 538°C. Excellent agreement is obtained 
in both Region 1 and Region I1 crack growth rates. A threshold value of 9.3 ~ ~ a \ / m  was 
obtained for both K-sheds. The same approach \vas used for a coarse grain specimen that was 
also tested at 538°C. The data for the coarse grain specimen are plotted in Figure 11: again, 
cxccllent agreement is obtained in both Region I and Region I1 crack growth rates. Threshold 
\.slues of 11.5 and 12.4 MPa\'m were obtained for the two K-sheds (less ~ h a n  10 percent 
difference). These results suggest that crack closure is not contributing to the obser\,ed 
differences in beha~~ io r  be t~ . een  fine grain and coarse grain material. Krueger and co-workers 
~cported that crack closure could not account for the difference between fine grain and coarse 
grain Alloy 718 beha\,ior at 300°C [9] and at 127°C.[11] In the study of Alloy 718 at 3 2 7 T .  the 
gsain size effect was nearly identical for both R=0.05 and R=0.75 threshold testing. In addition. 
there was no co~~e l a t i on  betbyeen fracture surface roughness and the measured thresholds. 

The results in this investigation contrast with those reported by James [13] on Alloy 718. He did 
not obtain repeatable threshold values at 427°C ~vhen performing multiple crack arrest 
experiments on large specimens. Howe\,er. use of the button head single edge notch (SENBH) 
specimen in this investigation permitted crack arrest to be obtained at small crack lengths. 
T),pically. crack arrest occurred at a crack length of less than 2 mm for the first shed, and at a 
crack length of less than 4.5 mm for the second shed. Using fatigue crack growth threshold data 
obtained from single edge notch specimens, VanStone and Krueger [9] predicted the "critical" 
surface flaw size required for crack groivth to occur in a round bar geometry in a companion 
series of LCF tests. Following testing, the fatigue origin sites were found to occur at surface 
carbonitrides, The "critical" surface flaw size from the fracture mechanics prediction was 1.5E- 
03 mm', within the range of carbonitride sizes that were measured (1.3E-04 to 4E-04 mm'). 
These observations suggest that the threshold values obtained from single edge notch specimens 
are an accurate value of the ,411oy 7 18 threshold. 

Summary 

A "csossove~-" in fatigue crack growth rates \vas observed for the coasse grain and the two fine 
p i n  versions of Alloy 7 1s. where the value of AK threshold at R=O increases with increasing 
temperature. This teniperature effect u.as greater for the two fine grain processes. The fatigue 
crack g~-o\+rth threshold of coarse grain Alloy 718 (ASTM GS 3) was greater than for two 
process versions of fine grain Alloy 7 18 (finer than ASTM GS 10) at temperatures from 33°C to 
53S°C. The difference in the valiie of the fatigue crack growth threshold between fine grain and 
coarse grain material decreased with increasing temperature. Using the single edge notch 
specimen geometry. the threshold value \,as shown to be repeatable in both the coarse grain and 
mini grain processes at 538°C. 
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