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Fatigue Strength of shot-peened grade 35 NCD 16 steel. Variation of residual
stresses introduced by shot peening according to type of loading

A. Bignonnet, IRSID 78105 St-Germain-en-Laye, France
and the members of the Fatigue Committee of the Société Frangaise de
Métallurgie.

1 - Introduction

Shot peening is a method that is widely used to improve the fatigue strength of
mechanical parts subjected to high levels of stress loading. The work presented
in this paper concerns a grade 35 NCD 16 steel with a tensile strength of
1,100 MPa. A comparison was made of the results obtained through two methods of
surface treatment : fine grinding and shot peening. The investigation mainly
addressed the variation in fatigue strength with residual stresses introduced
by shot peening under four types of alternating load : rotating-bending,
tension-compression, alternating-torsion and alternating torsicn-bending in
which the bending component is J3 times the torsion component. This
investigation falls within the scope of the Fatigue Committee of the Société
Frangaise de Métallurgie and was able to be completed as a result of assistance
provided by nine laboratories.

2 - Experimental procedures

The material studied was a 4 Ni-Cr (35 NCD 16) steel that had been heat treated
to obtain a tensile strength of 1,100 MPa. The mechanical properties of the
bars used in the investigation are given in table 1.

Table 1 - Mechanical properties of the grade 35 NCD 16 steel used in the study.

cys (MPa) UTS (MPa) Elongation (%) Reduction in area (%)

1,000 1,110 17.5 . 64

Low cycle fatigue tests were performed to determine the cyclic yield strength
(o' s) of the material. The results revealed significant softening of the
matdfial. The variation of the cyclic yield strength may be expressed by :

O'ys (MPa) = 920 - 55.14 log N
Half of the test specimens for each loading category were shot-peened under
identical conditions. Shot peening parameters are given in table 2 below.

Table 2 - Parameters for shot peening of test specimens

Shot peening Deformation of Almen strips Coverage
tandard mean diameter

5230 0.57 mm 0.30 to 0.35 mm A 200 %
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The residual stress introduced by grinding and shot peening was measured by
X-ray diffraction analysis (1-2). The stress tensors measured at the surface of
each type of test specimen are given in table 3.

Table 3 - Surface residual stress tensors on the different specimen types

. Grinding

rotating-bending

tension-compression alternate-torsion bending-torsion

8 z r 6 z r ] z r 8 z r
-180 0 0 -170 0 0 -100 0 20 -210 10 0

0-50 4o 0 50 4o 0 -300 0 10 0 50

0 -4 0 0 - 4o 0 - 20 0 0 0 -50 0
. Shot peening

6 z r 8 z r [} z r 0 z r
-380 0 0 - 450 0 0 - 4oo 0 o0 - 360 0 o0

0 - 600 O 0 -570 © 0-58 0 0 -600 O

0 0 0 0 0 © 0 0 0 0 0o O

N.B. All values are given in MPa. The underlined coordinate corresponds to thel

direction of grinding.

8 :

tangential stresses - z : axial stresses - r : radial stresses.

An example of the distribution of these stresses in depth is given in figures 1

and 2.
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In all cases, the depth to which shot peening produced an effect was
appxoximately 0.3 mm, and 0.025 mm for grinding.

3 - Fatigue tests

Wshler curves were plotted using a limited number of test specimens (ten in
each case) in order to determine the behaviour of the material between 105
and 3 x 107 cycles. These endurance tests were performed using ground specimens
and shot-peened specimens for tension compression, rotating-bending,

alternating-torsion and alternating bending-torsion where o . = ,[3.7. The
. N bending
resultats obtained are given in figure 3.
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Figure 3 - Wolher curves for grade 35 NCD 16 steel in both ground and

shot-peened condition when subjected to four types of loading.

On the basis of these results, ttple gain in the endurance limit as a result of
shot peening may be estimated at 10 to 20 % in the case of alternating fatigue
loads (table 4).
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Table 4 - Estimate of endurance limits for R = -1 with grade 35 NCD 16 steel

(oys = 1,000 MPa) after grinding and shot peening (0.30 to 0.35 mA).
Loading Grinding Shot peening Gain
Rotating-bending o, (MPa) 525 570 7%
Tension compression % (MPa) 490 550 12 %
Alternating torsion 2 (MPa) 310 380 23 4%
Alternarting torsion-bending ggD (MPa) ggg 228 6%

4 - variation of stresses introduced by shot peening with fatigue

In order to analyze the behaviour of shot-peened parts in greater detail,
interrupted fatigue tests (see ref. 2) were carried out in order to measure
changes in the stresses produced by shot peening.

4.1 - At the surface

The variations in axial and circumferential residual stresses have been plotted
in figure U4 according to the number of cycles for various levels of applied
stress.

It was noted that the higher the level of applied stress, the higher and faster
the relaxation of surface stresses. Relaxation at the surface was higher in the
direction in which 1loads were applied, i.e, o_ for rotating bending and
tension-compression. Whith alternating torsion, stress relaxation was noted in
two directions (axial and circumferential).

In respect of loading mode resulting in a stress gradient (torsion and
bending), whatever the level of 1loading applied,  stress relaxation was
progressive. With rotating bending, there was practically no change in
circumferential stresses following their relaxation during the first ten
cycles; in contrast, axial stresses relaxed progressively.

Under tension loads, a significant relaxation of axial and circumferential
stresses was noted in the first cycle at the highest loading level.

4,2 - In depth

The evolution of in depth residual stress field may be determined through
destructive testing.

The variation in axial and circumferential stresses after 102, 105 and
107 cycles under alternating torsion loading is represented in figure 5a and 5b
for a shear stress amplitude of v = U430 MPa and v = 380 MPa respectively. It
may be noted that although the depth affected (0.3 mm) remains unchanged, there
is an overall drop in the residual stress field at depth. The values of g and
o, are therefore relatively close.

Figures 6a and 6b represent the variation in axial and circumferential stresses
under rotating-bending loading after 100 fatigue cycles for stress amplitudes
of 550, 600 and 700 MPa.
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Figures 7a and 7b represent the case of tention-compression loading after 1,000

fatigue cycles with o

+ 500 MPa and ¢

+ 600 MPa, and after 100 cycles with

= ¢+ 700 MPa.
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Figure 4 - Variation of axial and circumferential residual stresses
at the surface under three types of loading conditions.

5 - Discussion

This study of a grade 35 NCD 16 steel has shown that shot peening increases the
endurance limit by 10 to 20 %, depending upon the type of loading. In the low-
cycle region (<10° cycles), the gain is lower, and even non-existent for higher
levels of applied stresses. Although this increase may seem small given the
high initial values of these stresses, an explanation may be found firstly in
the fact that alternating stresses were used for loading, and secondly in that
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the material studied is subject to considerable softening when it sustains
fatigue loading. Since applied stresses will be added to the internal stresses
when applying compression, if the amplitude of the load is high enough the
shot-peened layer will be subject to plastic deformation. The initial residual
stresses, which were compressive stresses, will then be redistributed and their
absolute value will fall. In this case, the residual stresses will relieve
during subsequent cycles to the level where their algebraic sum together with
the applied stress are such that plastic deformation is precluded (figure 8).
Consequently, the residual stresses should stabilize at a level determined by
their initial level, the applied stress and the cyclic yield strength of the
material.

The material under investigation softens gradually, and the cyclic yield
strength falls continuously the higher the number of cycles. Under these
conditions, the stabilization of residual stresses during the fatigue cycle
will be delayed. If the amplitude of the alternating stress loading is high
enough to reach the level of the cyclic yield strength, the residual stresses
will be relieved to complete elimination.

In respect of the material studied in this paper, the cyclic yield strength is
stabilized at around 660 MPa, any applied stress greater than 660 MPa will
eventually result in total releiving of residual stresses. In all such cases,
it igs difficult to predict the endurance strength of a shot-peened part.

However, on the basis of the stress loadings investigated we have been able to
plot Dang Van's endurance diagram (3) (amplitude of maximum shear stress v
versus hydrostatic pressure p) for grade 35 NCD 16 steel treated by grinding
and shot peening. This diagram (figure 9) can then be used to estimate the
endurance limit for any type of multiaxial loading for both of the surface
conditions studied. Dang Van's straight line equations are as follows :

T (MPa)
v (MPa)

-0.38 p + 310 in ground condition
-0.53 p + 380 in shot-peened condition.

" ) w00 t
”’,/’rq i ?; A
number of cycles  (MPy)
— /
% —— 300\\\\
200 \

ground, shot
rotating bending o e P

local stress

100 push - pull 0o =
alternate torsion Ao ~ A
torsion-bending ¢ ¢
100 200 300 p(?1Pa)
Figure 8 - Schematic representation Figure 9 - Dang-Van diagram for
of alternating loading resulting in 35 NCD 16 steel subjected to grin-
fatigue releiving of residual ding and shot peening.

stresses.
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6 - Conclusion

The effect of shot peening on the endurance limit of a grade 35 NCD 16 steel
was studied under four types of stress loading : rotating-bending, tension-

ompression, alternating torsion and alternating torsion-bending
(o %pen J3 v). Depending upon the type of stress loading, shot peening
1ncrease§ the endurance limit by 10 to 20 %. The releiving of surface residual
stresses is increased by a higher amplitude of applied stresses and a greater
number of cycles. Stress relaxation is greater for residual stresses oriented
in the direction in which the load is applied.

The redistribution of residual stresses in depth does not change the depth
affected, but will result in an overall fall in stress levels.

Since applied stresses will be added to the internal stresses, when applying
compression if the amplitude of the load is high enough the shot-peened layer
will be subject to plastic deformation. The initial residual stresses, which
were compressive stresses, will then be redistributed and their absolute value
will fall. In the event of this happening, the residual stresses will releive
during subsequent cyclés to a level where their algebraic sum together with the
applied stress are such that plastic deformation is precluded. Consequently,
the residual stresses should stabilize at a level determined by their initial
level, the applied stress and the cyclic behavior of the material. .
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