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Influence of the shot peening angle on the condition of near sur-
face layers in materials
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Introduction

There are only few investigations (1-3) concerning the influence
of the angle of impingement which is an important parameter in
the shot peening of structural parts. (2) indicates an angle be-
tween 70° and 85° which results in an optimal peening effect
without variation of the other parameters. In this range, (1)
also determines the largest penetration depth at constant shot
velocity. In contrast to this, (3) states that the normal compo-
nent is the only parameter responsible for the formation of the
indentation. Accordingly, the deformed layer decreases with de-
creasing peening angle.

The aim of these investigations was to examine the influence of a
peening angle different from 90° by means of a detailed analysis
of the near surface layers. The basis of the examinations was not
a single indentation, but rather a shot peened surface with com-
plete coverage. The material investigated was the plain carbon
steel Ck 45 both in a normalized and in a quenched condition. The
investigations include the analysis of the distribution of resi-
dual stresses and half-width values using X-ray measurement me-
thods as well as the examination of the texture of the near sur-
face layers and the bending fatigue behaviour.

Experimental Procedure

The investigations were carried out with a piain carbon steel
(German grade Ck 45; chemical composition 0.52 % ¢, 0.24 % Si,
0.61 % Mn, 0.01 % Cr, 0.02 % Mo, 0.04 % Ni, 0.02 % Vv, 0.029 % S,
0.01 % P). The specimens were taken out of a rolled sheet mate-
rial of 6 mm thickness. For the bending fatigue tests, the size
of the specimens was 110x24x2 mm and for X-ray measurements 110x
20x2 mm. Some of the specimens were treated at 860 ©C for 10 mi-
nutes and oil quenched at 40 ©C. The other specimens were norma-
lized at 845 °C for 1 hour. All specimens were ground to their
final thickness after heat treatment for the purpose of removing
surface oxidation.

The shot peening treatments were carried out with an air-blast
machine. For the investigations, a cast steel shot S 330 with a
hardness of 55 to 58 HRC was used at a pressure of 3 bar and a
coverage of 100 %. The distance between nozzle and specimens was
held constant (80 mm) for every peening angle.

The residual stresses of the specimens were determined by X-ray
measurement using a ¥-diffractometer and applying the sinZy-
method. The measurements where a ¥-splitting appeared were addi-
tionally interpreted with an extended evaluation method (4). For
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this purpose, the residual lattice strains of {(21li-planes were
analyzed with CrKa«-radiation. The residual stresses were measured
both in 1longitudinal (¢ = 0°) and in transverse direction
(¢ = 90°). The stress measurement of the subsurface layers was
carried out after removing layers on both sides of the specimen.
For this purpose, a chemical polishing technique was applied. The
measured stresses were corrected (5). The half width values were
taken out of interference line profiles for ¥ = -99, 0° and +99°.
The measurements of the texture were carried out with a computer
- controlled +¥-diffractometer which allows the determination of
intensities for ¢-angles from 0° to 360° and v-angles between
-70° and +70°.

For fatigue tests, cyclic bending was applied in mechanically
driven bending fatigue machines (Schenck) with a sinusoidal load-
time-function. For each S/N-curve, five suitable stress levels
were chosen and tested with at least five specimens. The bending
fatigue tests were stopped when a specimen had reached 107 cyc-
les. The experimental results were interpreted using an arc sin-
VP - transformation, p being the probability of fracture.

Experimental Results

Fig. 1 shows corrected residual stress distributions in longitu-
dinal (¢ = 0°) and transverse (¢ = 90°) direction for both the
normalized and the gquenched condition. For normalized specimens
which were shot peened in perpendicular direction (« = 90°) the
largest maximum residual stress (oRSy), the highest surface resi-
dual stress (oBS) and the largest penetration depth were deter-
mined (Fig. 1la). The position of the maximum stress below the
surface also shows a maximum value. For decreasing peening an-
gles, the values of the parameters mentioned above also decrease.
Fig. 1b shows the residual stress distributions in transverse di-
rection (¢ = 90°). For decreasing peening angles, increasing max-
imum residual stresses were observed as well as increasing sur-
face values. In contrast to this, the penetration depth and the
position of the maximum stress obtain smaller values. A compar-
ison between the residual stress distributions for ¢ = 0° and
¢ = 90° shows that with a peening angle < 90° the maximum stres-
ses in transverse direction are closer to the surface than the
stresses in longitudinal direction. However, the residual stress

peening of® Th HWg { fatigue limit
[N/mm2] [[N/mm2] S
angle = 0°9=90% p=0°19=90° [dEQ] [N/mm?]
p ,
& 90° |[-378|-378 |-385{-385 3,0 306
[=]
£| 450 |-302|-378 [-358 [-440 [ 324 | 291
5 ,
E| 900 |-440 |-420 |-996 |-968| 2,97 | 755 Tab. 1: Characteris-
S o |- K R . tic data of residual
g 450 |-348|398 |-856 |-869 | 3,0 46 tress T hant eiqtar

and fatigue limits



255

distributions are similar in the regions greater than 0.15 mm
below the surface. For different peening angles the residual
stress distributions determined at quenched specimens are shown
in Fig. 1lc (for the longitudinal direction ¢ = 0) and in Fig. 1d
for the transverse direction (¢ = 90°). In both directions, the
residual stress distributions are, however, nearly similar for
adequate peening angles. If the peening angles decrease, the max-
imum stresses and the penetration depths also obtain smaller
values. The position of the maximum stress shifts towards the
surface. The surface stresses decrease slightly. In Tab. 1, the
characteristic residual stress data are listed for peening angles
of 45° and 90°. Fig. 2 shows the half-width values for normalized
and quenched specimens with peening angles of 45° and 90° respec-
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Fig. 1: Residual stress distributions for 1longitudinal -
(¢ = 0°) and transverse (¢ = 90°) direction for different
peening angles (90° £ « £ 45°) in the normalized (a, b) and
in the quenched (c, d) condition.
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Fig. 2: Distributions of half width values for the nor-
malized (a) and the quenched (b) condition for peening
angles of 90° and 45°.
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tively. If normalized specimens are shot peened using a peening
angle of 459, a stronger surface hardening effect can be observed
than using a peening angle of 90° (Fig. 2a). At a greater dis-
tance from the surface, however, the values for perpendicular
peened specimens are higher. Fig. 2b illustrates the distribution
of the half-width values for guenched specimens. At the surface,
the values decrease strongly. The lines for 45° and 90° do not
show a significant difference.

Fig. 3 illustrates the texture of normalized Ck 45 before and af-
ter shot peening. The pole figures in the upper part of the figu-
re are those of the ¢(110)-planes of the ferrite and the pole fi-
gures in the lower part of the figure those of the {21l:-planes.
Fig. 3a shows the texture of ground samples before shot peening.
The resulting texture is typical for grinding soft materials. Af-
ter perpendicular shot peeening (« = 90°), a quite different tex-
ture state is observed (Fig. 3b), i. e. a (110:-fibre texture can
be found. The specimens which were shot peened with an angle of
45° show a texture analogous to that appearing after perpendicu-

lar peening (Fig. 3c). However, the poles were tilted by an angle
of 16°,

S/N-curves determined at normalized specimens shot peened using
a peening angle of 45° and 90° are shown in fig. 4a. It is inter-
esting to compare these curves with the S/N-curve of ground spec-
imens (6). Shot peening leads to an improvement of the fatigue
limit and to an increase in fatigue life . It is quite obvious
that perpendicular shot peening leads to a higher lifetime of the
specimens than peening with an” angle of 45°. In the case of
quenched specimens, improvements obtained by shot peening with
both a peening angle of 90° and of 45° were similar.
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Fig. 3: Texture pole figures of {110t-planes and
{211)—planes of ground (a), 90° shot peened (b) and 45°
shot peened (c) specimens in the normalized state.
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Fig. 4: S/N-curves of normalized (a) and quenched (b) spe-
cimens in ground and shot peened (x = 90°, 459) condition.

Discussion

The near surface condition of a shot peened material is mainly
dependent on the processes occurring during shot peening (6).
These are partly compression procedures during which the near
surface layer is plastically deformed. As a result, a compressive
residual stress state occurs which starting with a maximum amount
at the surface is characterized by rapidly decreasing residual
stress amounts or which shows in the near surface area at first
constant stress values and then decreasing ones. An example for
the second phenomenon is shown in Fig. la for perpendicular pee-
ning (« = 909).

An additional aspect is the process of Hertzian pressure (7). The
normal component of the impact load causes a maximum shear stress
below the surface and the existing yield strength will be excee-
ded. The resulting inhomogeneous plastic deformations cause com-
pressive residual stress distributions whose maximum value 1lies
below the surface. During shot peening, principally both proces-
ses appear, however to different degrees(6). )

For the normalized condition different residual stress distribu-
tions in longitudinal and in transverse direction are observed in
the case of a constant peening angle. The analysis of longitudi-
nal stresses resulted in the determination of ¥-splittings occur-
ring at peening angles & < 90° and up to a depth of 0.15 mm. This
is exemplarily shown in Fig. 5 for a surface measurement using a
peening angle of « = 45°. The +¥-splitting is caused by a prin-
ciple axis system tilted over the transverse axis of the speci-
men. The area in which this splitting can be observed is identi-
cal with the area in which the measured transverse stresses de-
viate from the longitudinal stresses. A further interpretation of
the measuring data (4) resulted in the determination of the
existing principal stresses and the shear stresses. Fig. 6 illu-
strates the measured stress distribution as well as the calcula-
ted distribution of the principal stresses and shear stresses for
a peening angle of 45°. The tilt angle of the principal axis sys-
tem is 4.9° and the shear stress in the surface layer obtains
maximum values of 30 N/mm2. It can be concluded that the prin-
cipal stresses differ only slightly from measured surface paral-
lel stresses, which means that they are considerably smaller than
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the values measured in transverse direction (¢ = 0). Thus, the
tilting of the principal axis system itself is not a satisfying
explanation for the difference between the longitudinal and
transverse stress distribution. The real reason for this pheno-
menon will most probably be found in deformation procedure occur-
ring in the surface layer during peening.

If one examines the texture state of the surface, some conclu-
sions can be drawn concerning the process of plastic deformation.
Starting from the grinding texture as shown in Fig. 3a, a fibre
texture develops during vertical shot peening (Fig. 3b). The
upper pole figure shows that {110)-planes are mostly arranged pa-
rallel to the surface around the normal direction. This means
that in soft materials the process of surface deformation mainly
takes place in the 1{110r-slip planes. The compressed surface lay-
er is deformed circumferentially around the indentation and pa-
rallel to the surface.
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If the peening angle is changed to 45°, one also observes a
change in the texture state (fig. 3c). In this case, the poles
are inclined at an angle of 16° with respect to the specimen nor-
mal. This means that in longitudinal direction the deformation is
no longer parallel to the surface. It can as well be stated that
the orientation of the crystals is stronger in longitudinal di-
rection and weaker in transverse direction. Thus, it can be con-
cluded that there are different deformation processes in longitu-
dinal and in transverse direction.

A comparison between the half-width values of specimens shot
peened with an angle of 45° and of 90° (Fig. 2a) shows that 45°
peened specimens reveal a stronger hardening in the near surface
layers than the 90° peened ones. A qualitative consideration of
the deformation process allows an explanation of the development
of the residual stress state. As described above, after peening
with an angle of 459, different deformation processes in longitu-
dinal and in transverse direction can be supposed. In a soft ma-
terial the shot moves tangentially on the surface, when it im-
pinges at a small angle. As a consequence, in longitudinal direc-
tion the upsetting before the indentation is stronger than behind
it and stronger than the upsetting after a perpendicular indenta-
tion. This process of upsetting, which is due to a plastic com-
pressive deformation, causes areas with tensile residual stres-
ses. Thus, an integral measurement of stresses in longitudinal
direction shows smaller compressive residual stress values for
45° peened specimens than for 90° peened samples. In transverse
direction additional to the upsetting a shearing of material
appears caused by the tangential movement of the shot. Thus, the
compressive residual stress values are higher than in perpendicu-
lar peened specimens. Both mentioned deformation processes pro-
duce the observed stronger hardening of the near surface layer of
45° peened samples with respect to vertically peened ones.

In other machining processes, there are also stress distributions
which are different in longitudinal and in transverse direction.
Especially in the case of grinding with a small feed, compressive
residual stresses of different magnitude occur (8, 9). It can be
observed that the deformation process shows some analogy to that
occurring during shot peening with small peening angles, espe-
cially with respect to the movement of particles tangential to
the surface. The difference, however is, that in the case of
grinding, a much greater tangential force and an additional cut
of the material is observed. The fact that during the grinding
process, compressive stresses of different magnitude in longi-
tudinal and transvers direction occur is explained similar to the
above described processes (8).

In contrast to the normalized material condition, in the quenched
condition there are no differences between the residual stress
distributions measured in longitudinal and transverse direction
with the same peening angle (Fig. 1c, 1d). This is a realistic
result, because for hard material conditions the normal component
is the most important influencing parameter during the formation
of residual stresses. The position of the stress maximum below
the surface is determined by the contact area between shot and
specimen. The maximum stress value depends on the existing normal
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impact force (6). The impact force decreases with decreasing
peening angle. Thus, the contact area between shot and specimen
also decreases. This result corresponds to the observed decrease
of the stress maximum and its shift to the surface. Measurements
with peening angles of a« = 90° and 45° revealed that there are no
differences between the half-width values. According to former
investigations (10, 11), the measured values decrease in near
surface layers.

Shot peening results in an increase in fatigue strength and fati-
gue life. In the case of normalized specimens this effect is more
pronounced after peening with an angle of 90° than with 45°. Re-
sidual stresses occurring in soft materials decrease rapidly du-
ring cyclic loading and are therefore of no practical importance
for the bending fatigue behaviour. Consequently,the above
described behaviour of the material must be a result of the
different hardening processes of the surface layer. As
illustrated in Fig. 2a, in materials shot peened with 90°, a
thicker surface layer is affected. The observed behaviour is
plausible taking into account the fact, that the crack growth in
the near surface layers is 1mpeded stronger in 90° peened
specimens than in 45° peened specimens.

Acknowledegement:

We are grateful to the Stiftung Volkswagenwerk which made it
possible for us to realize this work.

References:

(1) P. Martin: Dr.-Ing. thesis, Hamburg (1980)

(2) J. Dirhan: Dr.-Ing. thesis, Kosice (1966)

(3) K. Lida: Proceedings Second Int. Conf. on Shot Peening, Chi-
cago, May 1984, The Amerlcan Shot Peening Society, Paramus,
N. J. (1984), 283.

(4) H. Délle, V. Hauk: Harterei-Techn. Mitt. 31 (1976) 3, 165.

(5) M. G. Moore, W. P. Evans: Trans. SAE 66 (1958) 341.

(6) J. E. Hoffmann: Dr.-Ing. thesis, University of Karlsruhe
(1984).

(7) H. Wohlfahrt: Proceedings Second Int. Conf. on Shot Peening,
Chicago, May 1984, The American Shot Peening Society,
Paramus, N. J. (1984), 31s6.

(8) E. Schreiber: Harterei-Techn. Mitt. 28 (1973) 3, 186.

(9) H. Délle, J. B. Cohen: Met. Trans. A 11 (1980), 159.

(10) P. Starker: Dr.-Ing. thesis, University of Karlsruhe (1981).

(11) R. Schreiber: Dr.-Ing. thesis, University of Karlsruhe
(1976). :



