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Fatigue specimens of Ni-20 pct Co and Ni-60 pct Co alloys were shot peened to an Almen 
intensity of 0.008N2 and cycled at two levels of alternating stress. The surface residual 
s tress  was monitored during cycling by the two exposure X-ray m$?od. Microhardness 
surveys were made across cross sections of specimens representing each test condition. 
It was found that the surface residual s tress  decayed partially during the plastic cycling 
of the lower strength-higher stacking fault energy (SFE) 20 pct Co alloy and that little such 
decay occurred in either the plastic o r  elastic cycling of the higher strength-lower SFE 60 
pct Co alloy. There was virtually no change of microhardness during cycling in either alloy, 
hence the residual s tress  relaxation in the 20 pct Co alloy is interpreted as a dynamic r e -  
covery process. 

SHOT peening generally improves fatigue resistance 
because of residual compressive stresses created by 
peening in the surfaces of fatigue specimens. Subse- 
quent plastic alternating strains, however, will reduce 
this residual stress. Earlier studies'" have shown 
that the hardness of a material, as measured by static 
compressive or  tensile flow stress, can decrease dur- 
ing fatigue cycling. More recent studies"" have shown 
that broadened X-ray lines from a cold worked mate- 
rial sharpen with subsequent fatigue cycling of the ma- 
terial. Compressive residual stresses induced by shot 
peening decrease both in surface and subsurface layers 
a s  a function of fatigue stress  and surface depth.".' 

The current study sought to ascertain what effects 
SFE and alternating stress  have on surface residual 
s tress  induced by shot peening in two Ni-Co alloys. 
Thus, the aim of our study was not fatigue softening 
per se, a s  referred to above (decrease of hardness), 
but the stability o r  instability of residual elastic 
stress. However, since residual elastic s tress  pro- 
duced by shot peening exists only a s  a consequence of 
plastic (local) deformation, factors which influence 
softening or  in general any dislocation movement, will 
be relevant to present considerations.'.' 

The alloys studled were 20 pct Co-80 pct Ni and 60 
pct Co-40 pct Ni. The SEE of the 20 pct Co alloy i s  
183 ergs per sq cm (0.183 N/m) and the SFE of the 
60 pct Co alloy is 39 ergs per sq cm (0.039 ~ / m ) . '  
The X-ray two angle peak shift method of measuring 
residual surface stress  provided a nondestructive 
method of monitoring this parameter a s  a function of 
the number of fatigue cycles. 

I. EXPERIMENTAL PROCEDURES 

1.1 Specimen Preparation 

The compositions of the nickel-cobalt alloys used 
are presented in Table I. These alloys were prepared 
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Table 11. Shot Pnning Par.mn.n for Almm Intsmity aW8N2 
I 

Rrrmeter 

Shot hameter 0.0032 to 0 M)46 cm 
h r  Prenurc 25 F ~ I  (172.700 N/mZ) 
corersp 2W pct 
Tim pr Reee two min 
Noulc S m  0.95 sm 
An$< of Perung 90 deg 
Rrning Dutanse 10 16cm 

by the International Nickel Company. To facilitate dis- 
cussion, heat number 59809 will be referred to a s  the 
20 pct Co alloy and beat number 59810 will be referred 
to a s  the 60 pct Co alloy. 

Cantilever fatigue specimens were prepared from 
0.203 cm thick sheet material according to Sonntag 
Scientific Corporation hawing  Number 90881-S. 
After shaping the specimens, all surfaces were fin- 
ished with 2/0 emery polishing paper and annealed 
a t  600'C for 1 h in an argon atmosphere. Electropol- 
ishing removed any oxide scale formed during the 
stress-relief anneal. Sbsequently, both alloys were 
glass-bead shot peened to an Almen intensity of 
0.008N2. 

Parameters used to attain the 0.08N2 Almen inten- 
sity a re  listed in Table II. Using the recrystallization 
techniques of valentine," the residual s tress  layer 
was measured and found to be 0.0064 cm deep for 
both alloys. 

1.2 X-Ray Diffraction Method 

Residual s tress  measurements were made using the 
two-exposure X-ray diffractometer technique." In the 
current work chron~ium KO radiation diffracted from 
the 1200) crystallographic planes provided the best 
resolution and peak heights in the high 22 region be- 
tween 133 and 134 deg 22. 
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Theoretically the s tress  constant, K, is a function 
only of Young's modulus, the Bragg angle, Poisson's 
ratio, and the angle of rotation, J,, during measure- 
ment. However, this relation does not allow for aniso- 
tropy in polycrystalline materials, hence, it i s  gener- 
ally preferable to obtain K experimentally by elastic- 
ally straining an annealed material by known incre- 
ments and measuring the corresponding change in 
Bragg angle. Thus, s tress  always will be proportional 
to A28 for a glven crystallographic reflection and J,  
rotation. Application of only elastic s tress  is impor- 
tant since uniaxially applied plastic s tress  produces 
anomalous residual s tress  when measured with X- 
rays.'""' 

1.3 Testing Procedures 

The X-ray stress  measurements were performed 
on a General Electric XRD-5 diffractometer equipped 
with residual s tress  specimen stage and a proportional 
counter mounted on a radial track support assembly. 
Vanadium filtered Chromium K, radiation (50 kV, 25 
mA) was used. All X-ray residual s tress  measure- 
ments were made with fatigue specimens at normal 
incidence ($ = O'C), and with the specimen rotated 
40 deg from normal incidence ( J ,  = 40°C). Prior to 
each experiment, the X-ray tube and radial track were 
aligned. Measurements were made on an annealed 
sheet of 60 pct Co alloy to determine standard d e ~ i a - ~  
tion of the data. 

The stress  constant, K, was obtained by elastically 
straining an annealed 1 x 3 in. strip of each alloy at 
known strains and measuring the corresponding (28 - 
28$=,0) difference. The elastic strains, measured w f z  
a Magnaflux Series TA-06-250BB strain gage, were 
applied with a four-point bending jig which was capa- 
ble of centering the strips on the X-ray goniometer 
axis (Fig. 1). The indicated strain was converted to 
s tress  using Hmke's Law. 

Before fatigue cycling on a Sonntag SF-2-U constant- 
force fatigue machine, the residual s tress  in each spec- 
imen was measured. Additional s tress  measurements 
were performed at 100, 500, 1000, 5000, 10,000, 50,000, 

Fig. 1-Four point bendin:: jig wp;h lr  to centrrln:: and strain- 
ing r:tlibrxiun strips on the :,xis of the S - m y  goniumctrr. R e -  
ducccl to 50 pet of original sizr. 

200,000, 400,000, and 2,000,000 cycles a s  well a s  after 
failure of each spectmen. To minimize any effects of 
fluctuations in X-ray power level, measurements on 
each specimen between 0 and 400,000 cycles were ob- 
tained during a single day. Maximum fiber stresses 
of +35,000 and i45.000 psi (i241 x 10' and +310 x 10' 
N/m2) were calculated from elasticity and imposed 
during fatigue cycling, and the rate of cycling was 
1800 cycles per minute. 

Determination of the 28 diffraction peak positions 
were performed using the 3-point parabola method of 
Koistinen and Marburger." A Fortran program which 
received uncorrected inverse intensity data, performed 
appropriate Lorentz-Polarization factor and specimen 
absorption corrections, determined the 28 diffraction 
peak positions at J,  = 0 and J,  = 40 deg, and calculated 
surface residual stresses, was used on a Univac 1108 
computer. The inverse intensity data consisted of av- 
erages of ten 100,000 unit counts. 

2.1 Stress h c t o r  Determination 

The stress factors, K, and K,, obtained from the 
least square slopes of the plot in Fig. 2 a re  177,840 
psi per deg 28 (1211.8 x 10' N/m2 per deq 28) and 
320,600 psi per deg 28 (2210.4 X 10' N/m per deg 28) 
for the 20 pct Co and 60 pct Co alloys, respectively. 

2.2 Standard Deviation of X-ray Residual 
Stress Measurements 

X-ray residual stress measurements on the an- 
nealed 60 pct Co sheet produced a standard deviation 

Fly. :!-Plot of applied stress  vs angular position of c220) dif- 
fr.:wtiun peak during c~librntion of alloys. 
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Average 
Initial Surface Change in 

Surface Residual Surface 
Fatigue Alternating Reridud Stnu a1 Residual 

Speimen Streu (hi) Stress Saturnlion Stresr Rt Failure 
No. (Calcuhled) (psi) (psi) (psi) Change (Cycler1 

20pct Co-Wpct Ni 

F.2 45 -62.000 -24,000 -38,000 -61.4 76,WO 
F-5 45 -60,000 -38.000 -22,000 -36.8 99,000 
Fd 35 - 2 1 . W  - + 5 . W  -26,000 -124.0 2.19l,WO 
F-7 45 -37,000 -5,000 -32,000 -86.1 76.000 
F-8 35 -40,000 -21.000 -19,000 -47.5 No Failure 
F.9 45 -52,000 -34.000 -18,000 -34.6 354,000 
F-10 45 -48,000 -32 .W -16.W -33.2 129 .W 

60 pst Co-40 pct Ni 

F.2 35 -121,000 -123,000 t2.000 +1.7 NoFaiiurc 
F 4  45 -119.W -1M.000 -15.000 -12.6 PloFailurc 
F-5 45 -129.000 -119,WO -10 .W -7.5 No Failure 

* i  pi= 6.89X 103N/m'. 
IN-lWOpri.  

+o I , . .,..,.I 1 1 , r  ,.,, 1 , , . 1 ,,,, 1 , , . 
0 10 LO1 0' 10' 10, 

FATICUE CYCLES 

Flg. 3-Resldual stress as a funct~on of cycles at *35.000 psi 
(t241 x id N per sq m) for the 2 0  pct Co alloy. 

of A28,,a, = +0.03 deg 28 for the series of s tress  
measurements. This deviation corresponds to s tress  
deviations of *5300 psi (k36.5 x 10' N/mq and i9600 
psi (a66.2 X 10' N/m2) for the 20 pct Co and 60 pct Co 
alloys, respectively. 

2.3 Residual Stress and Hardness 

The residual s tress  data resulting from cycling the 
shot-peened fatigue specimens a r e  given in Table In. 
The method of plotting i s  illustrated by Fig. 3. The 
"Change in Surface Residual Stress" values in Table 
III are  the difference between the average plateau re- 
sidual s tress  values and the initial residual s tress  val- 
ues. The negative and positive signs in Columns 3 and 
4 of Table III indicate compressive and tensile residual 
stresses, respectively. 

Fig. 3 depicts the surface residual s t ress  data for 
the 20 pct Co fatigue specimen F-8 cycled at an alter- 
nating stress  of 35,000 psi (241 x 10' ~ / n ? ) .  The bands 
represent the standard deviation of +5300 psi (*36.5 
X 10' ~ /m ' )  whlle the arrow indicates a fatigue life of 
greater than 10' cycles. The uncertainty of surface re- 

o d di5 OdtO Od25 OD35 
OISTUICE F R W  SHOT PEEMD SURFICE i8mCh.s) 

Fig.  4-Dlamond pyramid hardness vs depth below peened sur- 
face for the 20 pct Co alloy before and after fatrgue. 

sldual s tress  behavior between 0 and 100 cycles is rep- 
resented by the dashed portion of the standard deviation 
line. Stress relaxation is evident in that the magnitude 
of the surface residual s tress  decreases as a function 
of cycling. For this particular specimen, the surface 
residual s tress  decreased 19,000 psi (131 x 10' N/m3 
with the greatest percentage of this decrease occur- 
ring during the first 100 cycles. The slope of the six 
points in the saturation o r  plateau region indicate 
:stress relaxation is continuing with cycling although 
not a t  as  rapid a rate as in the first 100 cycles. 

The data for the 20 pct Co specimens cycled a t  the 
higher s tress  level of 45 ksi (310 x lo6  N/m? also show 
the occurrence of fatigue caused stress  relaxation. 

Residual s t ress  data for the 60 pct Co fatigue speci- 
mens cycled a t  alternating stresses of 35 ksi (241 x 10' 
~ / m 3  and 45 ksi  (310 x 10' N/m? showed little s tress  
relaxation during fatigue compared with the 20 pct Co 
alloy. It is of interest that none of the three 60 pct Co 
specimens failed in cycling through 2 x 10' cycles. The 
F-5 specimen was cycled through 11.7 x 10%ycles at 
45,000 psi (310 x 10' N/m4 without failure. 

Diamond pyramid hardness (DPH) traverses (0.100 
kg load) were made perpendicular to shot-peened sur- 
faces on cross sections of fatigue specimens in both 
cycled and uncycled regions. Plots of traverses a re  
presented in Figs. 4 and 5. In Fig. 4 the uncycled con- 
dition for the 20 pct Co alloy shows a hardness de- 
crease with increasing depth. It is apparent that shot 
peening affected the material surface to a depth of 
0.006 in. (0.015 cm) which is deeper than first deter- 
mined by metallography. The traverses for cycled . 
specimens are  identical to a depth of 0.003 in. (0.008 
cm), indicating that a change in hardness at the surface 
did not occur due to fatigue cycling. Of interest is the 
region between depths of 0.003 in. (0.008 cm) and 0.010 
in. (0.025 cm) where the hardness of the cycled condi- 
tion is higher than for  the uncycled condition. From 
the 0.010 in. (0.025 cm) depth to the approximate cen- 
ter of each specimen (0.035 in., 0.089 cm), the t ra-  
verses approach a conlmon hardness. 

Hardness traverses for the 60 pct Co fatigue speci- 
ments are presented in Fig. 5. Again the traverse for 
the shot-peened uncycled condition shows an affected 
layer 0.00G in. (0.015 end in depth. Traverses of the 
cycled and uncycled specimens are  similar. The ab- 
sence of deviation between the three traverses indl- 
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SO 1 J 
0 0 M 1 O  0 0  M 2 0  0025 a30 0.0ls 0.040 

DSTANCE FROM SHOT-PEENED SURFACE I lnrhwl  

Fig. 5-Diamond pyramid hardness vs depth below peeaed sur- 
face for the 60 pct Co alloy before and after fatigue. 

Gates fatigue cycling did not affect the specimen hard- 
ness in the 60 pct Co alloy. 

In the 20 pct Co alloy, fatigue stress  relaxation oc- 
curred without sensible heating during cycling. Further- 
more, identical hardness traverses were obtained from 
the surface to a depth of 0.003 in. (0.008 cm) on cycled 
and uncycled specimens. The reduction in surface re-  
sidual stresses wifhout a simultaneous reduction in 
hardness indicates that s tress  relief, similar to that 
which occurs during recovery annealing, occurred. 
Recovery during fatigue cycling has been reported by' 
others in that X-ray Hne~ ,~""~bradened  by cold work- 
ing, became sharper with cycling. An interesting fea- 
ture of the current results is that the recovery occurs 
only in the 20 pct Co alloy. This point will be discussed 
in terms of SFE and yield s tress  levels. 

It is important to point out that the yield stresses of 
the two alloys (without shot peening) a re  18 and 43 ksi" 
for the 20 pct and 60 pct Co alloys, respectively (124 
X 10' ~ / m ~  and 296 x 10' ~ / m ~ ) .  Thus for the 20 pct 
Co alloy, bath applied alternating stresses were above 
the (unpeened) yield point. For the 60 pct Co alloy one 
alternating stress  (35 ksi) was below the yield s tress  
and the other alternating stress  (45 ksi) was above the 
yield stress. Shot peening should have had little effect 
on the yield s tress  of either alloy, because as is seen 
in Mgs. 4 and 5, the effects of the peening were local 
to the surfaces. Another problem, however, is intro- 
duced by the now known fact" that the alloys (unpeened) 
fatigue harden so as  to give Rockwell B hardness in- 
creases of 33 pct and 29.4 pct for the 20 pct and 60 pct 
Co alloys, respectively, when cycled to failure at an 
alternating stress  of 45 ksi. Thus it is not surprising 
that the alternating plastic strains at both applied 
stress  levels caused "shake down" or  reduction in 
residual stress. In this regard, however, it is to be 
noted that for the 60 pct Co alloy little change of re- 
sidual s tress  occurred even a t  the higher alternating 
stress  of 45 ksi. 

In addition to the fact that the two alloys have differ- 
ent yield points, use would like to suggest that another 
parameter of importance here is the stacking fault 
energy. 

The 20 pct and 60 pct Co alloys have SFE values* of 
183 and 39 ergs per sq cm, respectively (0.183 N/m 
and 0.039 N/m). This difference i s  in a direction such 
a s  to make dislocation motion, whether by planar slip, 
cross-slip, o r  even climb, much easier in the 20 pct 
Co alloy than in the 60 pct Co alloy. The influence of 
SFE on work hardening in the Ni-Co system has been 
studied by several groups'"'""' and the outcome has 
been that the rate of work hardening increases with 
increasing percentages of Co or  decreasing SFE. This 
energy therefore bas a strong influence on the work 
hardening which accompanies each of shot peening and 
fatigue. It is qualitatively understandable then that both 
the yield s t ress  before peening and the residual s tress  
after peening are  higher in the 60 pct Co (lower SFE) 
alloy. The relaxation of long range residual s tress  
also should be facilitated by easier dislocation motion; 
i.e., in the 20 pct Co alloy. 

In Cu which has a SFE of about 40 ergs per sq cm" 
(0.040 N/m), softening occurs at strain amplitudes pro- 
ducing failure in less than lO%y~les. '~ At similar 
strain amplitudes, Cu-7.5 pct Al, a material in which 
the SFE is about 1.7 ergs per sq cmm (0.0017 N/m), 
experiences incomplete softening. Copper, interest- 
ingly, is a wavy slip mode material while Cu-7.5 pct 
A1 is a planar slip mode material. Considering the 
current alloys, the 20 pet Co alloy shows far  more 
metallographic evldence2' of cross slip than does the 
60 pct Co alloy although both alloys a r e  more nearly 
planar slip than wavy slip type materials. 

Neither alloy showed an appreciable change in mi- 
crohardness during cycling in the outermost 0.01 cm. 
According to Manson and ~ i r s c h b e r ~ ~ ~  any material 
with a ratio of U.T.S./Y.S. > 1.4 will cyclically harden 
rather than soften. In the unpeened condition both al- 
loys have ratios of U.T.S./T. S. far  in excess in 1.4 " 
and more to the point, are known to fatigue harden." 
If then, due to shot peening, the outer regions of a 
specimen attain the s t ress  level of the U.T.S., then 
further fatigue hardening in that location cannot occur. 
It is quite possible, however, that some subsurface 
fatigue hardening can occur, especially in the softer 
20 pct Co alloy. This would account for the subsurface 
hardening noted in Fig. 4 between 0.008 and 0.025 cm. 

Since we find relaxation of residual s tress  in the ab- 
sence of any hardness decrease in the 20 pct Co alloy. 
it is appropriate to describe the process a s  dynamic 
recovery in the same sense a s  the recovery produced 
in s tress  relief a ~ n e a l s  prior to recrystallization. It 
is to be noted in this connection that there were no 
significant changes in microstructure which would 
preclude a recovery interpretation. 

3%'. CONCLUSIONS 

1. Residual stress caused by shot peening was stable 
in a low SFE alloy of NI-60 pct Co during cycling at an 
alternating s t ress  slightly above the yield s tress  of the 
unpeened alloy. 

2. Residual stress caused by shot peening decayed 
in a high SFE Ni-20 pct Co alloy, during cycling a t  al- 
ternating stresses above the yield point of the unpeened 
alloy. This i s  a dpmmic recovery process since no 
significant hardness or  n~icrostructural changes occur. 

3. The probable muses  of the decay of residual s tress  
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in the high SFE alloy are  the greater ease of dlslocation 
motion and the fact that cyclic s tresses far exceeded 
the yield s tress  in this alloy. 

4. The most interesting directlon for future work on 
this problem would be to study the effect of alternating 
stre;s on K? residual s tress  in the 20 pct Co alloy at 
a level well below the yield stress of that alloy. 
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