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SUMMARY 

3 
3 

An investigation w a s  conducted t o  determine if the  combined stress- 
rupture  plus  fatigue  strengths of three groups of WaspJay  with a f f e r e n t  
aging  treatments and/or molybdenum contents  could  be  correlated  with 
the i r   resu l tan t   s t ress - rupture   duc t i l i t i es  and notch-rupture strengths. 

Y Fatigue tests were run at 150O0 F with  direct   tensfle  cyclic  stresees 
superimposed upon d i r ec t   t ens i l e  mean stresses. Mean t e n s i l e  stresses 
were selected from 1500° F stress-rupture data t o  produce stress-rupture 
f a i lu re  times of about 10, 100, and 500 hours.  Cyclic  tensile stress 
levels were chosen t o  equal 12.5 t o  90 percent of the mean t ens i l e  
stresses. 

A possible   direct   re la t ion between conibined stress-rrrpture plus 
fatigue  strength and s t ress-rupture   duct i l i ty  of Waspaloy was indicated. 
However, no c lear   re la t ion  between combined stress-rupture plus fatigue 
strength and notch-rupture  strength was found, If heat treatment and/or 
composition  alone (i.e., wlthout  regard to t he i r   e f f ec t s  upon ba8ic prop  
erties such as duct i l i ty ,   e tc . )  are considered,  the  results  indicate  that  
the double-aging heat treatment (compared t o  a single age) increases the 
combined stress-rupture  plus fatigue strength of  Waspaloy and that the  
double-aging  treatment  plus  inrzreased molybdenum content  causes  further 
improvement i n   t h e  combined stress-rupture plus fatigue  strength of 
Waspaloy . 

INTRODUCTION * 
Waspaloy is of in te res t   as  a gas  turbine-bucket alloy because of i t s  

I low s t ra teg ic  material content and i ts  r e l a t ive ly  good stress-rupjure 
properties. The developer of t h i s  alloy had investigated  the stress- 
rupture  strength,   stress-rupture  ducti l i ty,  and notch-rupture  strength 
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of  three  lots of Waspaloy;  these  lots  had  different  aging  treatments 
and/or  molybdenum  contents. For 15W0 I?, the  data  revealed  that  the 
three  lots  possessed  fairly  similar  stress-rupture  strengths  but  dip- 
fered in both  notch-rupture  strength  and  stress-rupture  ductility. Two 
of  these  lots,  group A (single  aged)  and  group B (double  aged),  which 
were  from  the same heat  and  contained 3 percent  molybdenum,  were  notch 
strengthened;  the  third  lot  (group C> which was double  aged  and  con- 
tained 7 percent  molybdenuii,  either  had  the  .same  strength  or w a s  slightly 
weaker  when  notched.  The  first  lot of Waspaloy  possessed  the  lowest 
stress-rupture  ductility  whereas  the  third  lot  had  the  highest  stress- 
rupture  ductility.  Since  the  third  lot  had  the  best  stress-rupture  duc- 
tility  but  not  the  best  notch-rupture  strength,  stress-rupture  ductility 
and notch-rupture  strength  might  not  be  directly  related. 
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One  might  hypothesize  that among groups  of  material having cbmparable 
stress-rupture  properties,  the  group  exhibiting  either or both  the  great- 
est  stress-rupture  ductility or notch-rupture  strength wouldhave the 
greatest  time to failure  in  corcibined  stress-rupture  and  fatigue  (partic- 
ularly where  the  fatigue  component  is  quite  large);  hence, a preliminary 
study of the foregoing  three  groups of Waspaloy w a s  carried  out to deter- 
mineif a correlation  might  exist  between  combined  stress-rupture plus 
fatigue  life  and  stress-rupture  ductility  and/or  notch-rupture  strength. 

* 

- 
In this  investigation,  endprance  tests  were run at 1500° F with 

direct  tensile  vibratory  stresses  superimposed  upon.direct  tensile  mean 
stresses for three  lots of Waspaloy. The amplitude  of  the  cyclic  stresses 
was  as  great  as 90 percent of the  mean  stresses. 

Pratt & Whitney  (who  developed  Waspaloy)  furnished  heat-treated 
stress-rupture  specimens.  These  specimens  were Pram the  same  lots  and 
had  the ame heat  treatments  developed by Pratt.8:  Whitney  for  the  speci- 
mens  referred  to  in  the IMTRODUCTION. The  chemical  analyses  and  the de- 
scription of the  heat  treatments  furnished  with.  the speckens are given 
in  tables I and 11, respectively.  Grain  size  and  initial  hardnesses ob- 
tained  at  the MCA Lewis  laboratory  are also presented in table 11. Far 
convenience,  the  designations A, B, and C w i l l  continue to be  used for 
the  single  aged - 3 percent  molybdenum,  double  aged - 3 percent molyb- 
denum,  and  double  aged - 7 percgt molybdenug groups, -respectively  (ta- 
bles I and 11). 

- - - "" 

The  specimens  used in this  investigation  are  illustrated  in  figure m 

1. The  surface  finish  of  the  specimen  test  section was 5 to 10 micro- 
inches  root  mean  square. 

c 
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. 
Commercial d i r ec t   t ens i l e  stress fat igue machines operating at ap- 

J 
proximately 2000 rpm (fig. 2)  were used. A description of these machines 
together  with the operating  procedure i s  presented  in  references 1 and 2. 

Combined stress tests w e r e  run a t  the Lewis laboratory on specimens 
at lSOOo F with  direct   tensi le   cycl ic   s t resses  superimposed upon d i rec t  
t ens i l e  mean stresses. The mean tensile s t resses  were se lec ted   to   y ie ld  
E 0 O o  F stress-rupture  Uves of approximately 10, 100, and 500 hours at 

co z e r o  vibratory  s t ress ,  The mean stresses selected to  give these above 
cu approximate Hves differed somewhat f o r  each of the  three groups of spe- 
4 cimens. The amplitudes of the cycl ic   t ens i le  stresses w e r e  chosen t o  
r i  

equal 12.5, 25, 50, 67, and 90 percent of the mean t ens i l e  stresses. The 
stress-rupture  ductility,  the  notch-rupture, and a portion of the  s t ress-  
rupture data used herein are those already referred t o  i n   t h e  INTRODUCTION. 

A statist ical  survey of a l l  tests showed that during any one t e s t ,  
% 
P were generally w i t h i n  1 percent of the desired loads and the extreme 
r;' 

(d 
the  average  values of the  maximum and m i n i m  loads (i. e., mean loads) 

values of the maximum and minimum loads were generally  within 5 percent 
of the desired loads. (In  general,  the extreme values of the maximum or 
m i n i m u m  uni t  stresses were within 1500 p s i  of the  desired values  with 
the greater number of the tests  controlled  within lo00 psi. ) 

x u 

c 

Samples of as-received Waspaloy were examined to determine  the  micro- 
s t ructure  of groups A, B, and C after heat treatment and pr ior  to tes t ing.  

Fractured specimens were examined macroscopically and classified 
according to the  type of failure (stress-rupture,  stress-rupture  plus 
fatigue, and fatigue) as described in  reference 2. Microspecimens were 
mounted t o  show typical  intergranular or transgranular  cracking and t o  
show fracture   surface appearance f o r  each of the three groups of Waspaloy. 

Diameters of the f a i l e d  specimens w e r e  determined at the   fa i lure  
zone. These data w e r e  used t o  compute the  percent  reduction  in mea at 
failure. Hardness  measurements, obtained i n  Rockwell-A uni t s  and con- 
ver ted   to  Rockwell-C units,  were taken on a  transverse  section 1/16 t o  
1/8 inch below the rracture  surf ace. 

RESULTS AM3 DISCUSSION 

Combined Stress-Rupture Plus Fatigue Tests 

The metallurgical data presented i n  table I1 show t ha t  group C 
Waspaloy (7 percent molybdenum and double  aged) had higher  stress-rupture 
ductility a6 mentioned previously and somewhat higher  hardness  than  groups 
A and B (3 percent molybdenum alloy, single  aged  and double aged, 
respectively). 
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Both 1500° F stress-rupture and notch-rupture data a re   p lo t t ed   i n  
figure 3. It can be noted frm'this f igure that the NACA stress-rupture 
data tend t o  l i e  somewhat above the   Pra t t  & Whitneg data fo r  groups A i 

and C, whereas fo r  group B the data l i e  on the same curve. The differ- 
ence in   the  case of groups A and C a re   l ike ly  random effects. Hence, a 
single  rupture  curve has been drawn for  each group. A study of t h i s  
f igure  indicates that groups A and B are notch  strengthened i n  stress 
rupture,  while group C is either unaffected or slightly notch weakened. 
The stress-rupture  properties of the three groups  can  be  considered  es- 
sen t ia l ly  the same i n  view of the small observed  differences. 

The re su l t s  of this investigation are presented  in figure 4 as a 
plot  of the mean stress against time t o  failure a t  &50Q0 F with the 
cyclic  stress  ratio  held  constant.  (The kyc l lc   s t ress   ra t io  is defined 
as the r a t i o  of the  amplitude of the cyclic stress t o  the mean stress.} 
I n  order t o  conveniently  evaluate the data presented i n  ligure 4, the 
data have  been cross-plot ted  in   f igure 5 as cyclic stress &io against 
time t o  failure at EOOO F and constant mean stress. A study of figure 
5 indicates that for  the conditions  studied, stress ra t ios  of a given 
magnitude generally  caused  greater  reductions  in the l i f e  of group A 
(notch  strengthened)  than i n  group B (notch  strengthened} and ha& l e a s t  
e f fec t  upon group C (slightly  notch weakened or unaffected}. A t  the l o w  
mean stress (20,000 psi)  and high cyclic stress ra t io s  (0.50 t o  0.90) 
groups €5 and C appeared t o  have  considerably better res i s tance   to  com- 
bined stress than group A. 

" 

? 

" 
I. 

Consideration of the foregoing  results  suggests that a capacity for 
notch-rupture  strengthening doea not  necessarily  result i n  improved com- 
bined  stress-rupture plus fatigue  strength.   In  fact ,  a tendency  towards 
notch weakening may not  necessarily be expected t o  be  harmful. 

As can  be  noted from table JI, the  stress-rupture  ducti l i ty of group 
C was appreciably better than of groups A or B and B was s l igh t ly  better 
than A. Further, as indicated  previously, group C had the best combined 
stress-rupture  plus  fatigue  strength, group B had intermediate  strength, 
and  group A had the  lowest strength. Thus,. there i s  indication of a pos- 
s ib le   re la t ion  between stress-rupture  ductility-.Gnd. ccrmbined stress- 
rupture plus fatigue  strength. 

" - .. . " 

Reductions in   a r ea   a t  failure (dynamic d u c t i l i t y )   i n  combined s t ress -  
rupture plus fa t igue   t es t s   p lo t ted  against time t o  failure axe presented 
in   f igure  6. A study of this figure  indlcatkb  tha€ group C i s  generally 
most ducti le  followed  in  ducti l i ty by groups B and A over the range of 
cyclic stress r a t i o s  and mean stress  levels  studied. Further, it can  be 
noted that the d u c t i l i t i e s  of the three groups decreased as cyclic 
stresses  increased and  tended t o  become quite small (1 t o  2 percent) and .. 
about the same order of magnitude at the  higher   cycl ic   s t ress   ra t ios .  
This particular  behavior i s  qui te   interest ing  s ince it demonstrates  that 

.. - 

J 
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while  differences  in dynamic duc t i l i t y  (as measured herein) become very 
small, combined stress-rupture  plus  fatigue strengths s t i l l  may differ 

bined  stress-rupture  plus  fatigue strength i s  not  directly related t o  
dynamic duc t i l i ty .  

considerably  for the three groups. Hence, one might  conclude that cum- 

If the heat treatment and/or composition of the  a l l o y s  s tudied   in  
this investigation are considered  alone (i.e., without regard t o  their  
resul tant  effects upon the basic  properties of duct i l i ty ,   e tc .  1, the  fo l -  
lowing observations may be made: Double aging has improved the combined 
stress-rupture plus fa t igue  strength of the Waspaloy w i t h  the 3 percent 
molybdenum content. Additional molybdenum i n  conjunction with the 
double-age heat treatmeht further improved the combined stress-rupture 
plus  fatigue  properties.  

Metallurgical  Evaluation of Failed Specimens 

The structures  of the three groups of Waspaloy after heat treatment 
W and p r i o r   t o  testing are presented i n  figure 7. Groups A and B have 

about the same grain  size,  while group C average  grain  size is slightly 
f i n e r ,  Group C has a duplex grain st ructure  and pronounced apheroidizs- 

ture has generally been  considered t o  cause reduced life i n   t u rb ine  
buckets, the poss ib i l i ty  of a duplex grain structure causing reduced 
l i f e  under conditions of  combined stress-rupture  plus  fatigue may be 
raised. However, group C w i t h  a duplex grain  s t ructure  i s  indicated as 
having as good or better strength than the groups w i t h  a uniform grain 
structure.  

- t i on  of the  grain  boundaries. Inasmuch as a nonunfform gra in   s ize  struc- 

The macroscopic  appearance of the specimens at failure is  sumnarized 
i n  table 111. Photomicrographs i l l u s t r a t ing   t he  three types of failure 
are presented  in   f igure 8. There did not  appear t o  be any signif icant  
difference in the macroscopic failure behavior associated with the three 
groups of Waspaloy . 

Stress-rupture fracture appears to have  been initiated intergranu- 
1a;rI-y and then  progressed i n  a predominately transgranular  fashfon. This 
w a s  the case  for all three groups of Waspaloy. 1ntergranuls;r  initiation 
of fracture i s  i l l u s t r a t e d   i n  figure 9(a)  for groups A and Bj figures 
9(b) and (c) i l l u s t r a t e   i n t e rg ranu la r   i n i t i a t ion  of cracking i n  group C, 
where the surface  grains were  f i n e  and coarse,  respectively. The progres- 
s ion of fracture through  groups A and B and through group C i s  illustrated 
in   f igures  10(a) and (b) , respectively. . 

- The fatigue areas fractured  transgranularly  in a l l  three groups  of 
Waspaloy. Fatigue  fracture of groups A and B is i l l u s t r a t e d   i n  figure 
l l ( a )  and of group C i n  figure l l ( b ) .  Intergranular failure along the 
sides of fatigue-failed specimens was  quite  prevalent. 
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Stress-rupture  plus  fatigue  failures  combined  the  metallographic 
features  of  both  stress-rupture  failed  specimens  and  fatigue  fafled 
specimens. 

. .  ._ - .  
N 

The  microstructures  of  the  failed  specimens  do  not  offer  any  appar- 
ent  explanation  for  the  differences in  the  combined  stress  strengths of 
the  three  groups  of  Waspaloy. 

The  hardnesses  at  failure  are  presented  in  figure 12. These  data 
do not  show any pronounced  trend  between.the  hardness  at  failure  and 
cyclic  stress  ratio;  however, group C hardness  values  are  higher  than 
groups A and B. 

t? 

I- 
n 
0: 

This  investigation,  conducted*to .dete-ne  if  the  combined  stress- 
rupture  plus  fatigue  strengths of ihree  groups  of  Waspaloy  could  be  corre- 
lated  with  either  their  stress-rupture  ductilities  or  notch-rupture 
strengths,  yielded  the fallowing results : s 

1. No clear  relation._oc.c~red betweencm,ined stress-rupture  plus 
fatigue  strength  and  notch-rupture  strength.  Contrary  to  what  might be 
expected, 8 group of specimens with least-notch-rupture.  strength proper- 
ties  (slightly  notch  weakened.  or  unaffected)  had  the  best  combined 
stress-rupture  plus  fatigue  gropert-ies. 

" ... " 

c 

. .  
" - 

2. A possible  relation  between  combined  stress-rupture  plus  fatigue 
strength  and  stress-rupture  ductility w a s  observed.  However, no relation 
between  combined  stress-rupture  plus  fatigue  strength  and  dynamic  ducti- 
lity  (ductility at failure  in  combined  strese)  was  observed. . " 

3. If the  heat  treatments  and/or  compositions  of the alloys studied 
in this investigation are considered  alone  (i.e.,  without  regard  to  their 
resultant-effects  upon  the  basic  properties of ductility,  etc.),  the 
following may be  observed:  Double aging has  improved  the  cabiried stress- 
rupture plus fatigue  strength  of.  the  Waspaloy  with  the 3 percent molyb- 
denum content. Additional~molybder, in conjunction..yith  the  double- 
aging  treatment  further  improved  the  combined  stress-rupture  plus  fatigue 
properties. 

. .~ " " 

. .  

4. The  high  molybdenum (7 percent) Waspaloy group  had a duplex  grain 
structure;  this  type  of  structure  might  be  questioned a& having a dele- 
terious  effect  upon  resistance  to cmbinedstress-rupture plus fatigue. 
However,  this group generally  exhibited.  best  conibined  stress  strength. 

8 

" 

.. 
Lewis  Flight  Propulsion  Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, December 10, 1957 

. .  
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" (6 )  Grow A (3 percent molybdenum, single aged). 

(b) G r o q  E (3 percent molybdenum, double aged). 
x 

. 

t 

" 

4 6 8 1 0  20 40 60 100 200 400 600 ux)o 
Tima to  failure, hr 

(c) ~ o q  c (7 percent momdenmn, -le aged). 

Figure 3. - Varia t ion  of time to failure at 1m0 F with stattic etrese. 

. 
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- (a) (Iraq A (S peraent molybdenum, single aged). 

G- (a) clroup B (3 percent molybdenum, double aged). 
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'Figure 5 .  - Varlatlon of time t o  fai lure Hlth oyclic r t r e a s  for constant mean atreso and 1500' F. 
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(a) Group A; transverse section; q50 (b) G r o u p  Bj transverse  section; mS0 
- -. "" -t"3 -". - 

(a) Group C; longitudinal section; XlOO (a) Group C; longitudinal section; X250 

Figure 7. - Structure after heat  treatment and prim to testing; electrolytically 
etched with EL+RTTO3+H2O. Magnification reduced 42 percent Fn reproduction. 

h 
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(c) Fatwe failure; ~3.5 

Figure 8 .  - W e e  types of fai lme of Waspalloy. MagnFfication 
reduced 17 percent in repduction. 

C-46623 
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(a) Specimens of groups A and E. . .  - 

P '. 
I 

. -  -- 

.. . 

I 

Figure U. - Fatigue fracture surfaces. Electrolytically etched with 
mL+HMo+H#; X250. Magnification reduced 6 percent in reproduction. 
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