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Fatigue Strength of Case Hardened and Shot Peened Gears
Communication from the Institut fur Werkstoffkunde I, Universitdt Karlsruhe
T. Hirschl), H. WOhIfahrtz) and E. Macherauch3)

1. Introduction

Shot peening is a production treatment for components as for example springs,
shafts or gears resulting in improvements of the fatigue strength. Shot peening
induced changes occur in the surface of the workpiece and in Tayers close to
the surface. These changes enclose the surface topography, characterized by the
values M and R, of surface roughness, résidual stresses and their depth
profiles 2% well s work hardening in surface layers. Often, investigations

on small laboratory specimens are used for optimizing of the shot peening para-
meters and for determination of basic relations -about the fatigue behaviour
/1-3/. Whether the hereby obtained results can be transferred to components

has to be controlled in separate component tests. The present paper reports on
results of shot peened gears and gearlike specimens, which not have been ma-
chined after heat treatment.

2, Experimental Details

One batch of the case hardened steel 16MnCr5 (German specification) with the
chemical composition given in Table 1 was used for the production of the gears.
A1l test components have been heat treated togehter. Carburizing has been
carried out in endogas with a COp-content of 0.21 % for nine hours at a tempe-
rature of 940°C. After cooling to 830°C and holding for 1 hour at this tempera-
ture the test objects have been hardened in o0il of 60°C and annealed for 1.5
hours at 1700C. This heat treatment resulted in a surface carbon content of
0.80 to 0.85 Mass% and a case hardening depth (EHT HV 550) for 550 HV of > lmm.
Gears with 23 teeth and a modulus of 3, 5 or 8 mm were used. Fig. 1 illustrates
the shape and dimensions of the gearlike specimens, in the following called
"specimens". The dimensions of the gears, as well as of the specimens (varia-
tion of thickness D and notch radius R) are given in Table 2.

Recent investigations (17, 18) showed higher increases of the fatigue limit
under fully reversed bending of case hardened flat specimens if a shot with a
high hardness (54-58 HRC) was applied compared with peening with a shot of
normal hardness (48-52 HRC) and otherwise equal peening conditions. Therefore
the presented investigations made predominantly use of a high hardness shot
(cut wire steel shot S 230, mean diameter d = 0.58 mm, 54-58 HRC) in a wheel
type peening machine. The shot velocity was 81 m/sec and the coverage 100 %.
This peening condition has been the optimum one for flat case hardened bending
fatigue specimens /1, 17, 18/ and led to an Almen intensity of 0.47 mm A2 /4/.
Additionally a shot peening treatment with S 330 (mean diameterd = 0.73 mm), a
shot hardness of 48-52 HRC, 73 m/sec shot velocity and 100 % coverage was
carried out for some gears. An Almen value of 0.72 mm A2 was measured for this
treatment.
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Element C Si S P Mn Cr

0,13 | 0,2 0,025| 0,009 | 1,23 | 1,09

Element Ni Mo v Cu Al B
0,13 | 0,04 | 0,014} 0,16 | 0,045( 0,008

Table 1: Chemical composition of the material used

Gears (23 teeth) : "gearlike"specimens
Modulus|Width | Pitch diameter|Tooth bottom | Thickness | Notch
radius D radius
(mm) 1 (mm) (mm) (mm) (mm) (mﬁ)
3 20 69 1,1 5 1,0
5 30 115 1,44 8 1,0
5 30 115 1,75 8 2,5
8 6,25
8 50 184 3,2 13 6,25

Table 2: Dimensions of the gears and the specimens

= b Fig. 1: Shape and dimensions
/2 ~ of the "gearlike"
1] ” specimens
—50
100

Another aim of the research program was to compare the results of peening treat
ments with the wheel type machine with results of similar treatments in an air
blasting equipment. Therefore peening was also performed in an air blasting
machine whose nozzle was moveable in all directions and offered the possibili-
ty for an exact treatment of components with a difficult shape. For example

the notch root at the bottom of the gear teeth could be peened undep an angle
up to 750 whereas at the notch root of the specimens an angle of 90~ could be
reached. In the wheel type machine a relatively broad scatter of the peening
angle is caused by the process itself. In the air blasting machine a shot
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(S 230) with a high hardness (54-58 HRC) was used with a peening pressure of
6,4 bar and 300% coverage. An additional glass bead peening (glass beads with
120 um mean diameter, a peening pressure of 1 bar and 100 %4 coverage) should
prove the effectiveness of this treatment.

2.3 Residual stress measurements

The residual stresses were deter@1ned by X-ray measurements with a y-diffrac-
tometer and by the so-called sin® ¢ - method with chromium-K -radiation. The
residual lattice strains of {211} planes of the martensite w8re measured from
the shifts of the appertaining interference line profiles in the f0118w1ng
g1rect1ons aga1nst the surface norma1 of+the notch root gears Y= 8%,
- 169, T 2407 1 320; specimens: y = < t 180, ¥ 270 and ¢t 36° The
20-pos1t1on of the interference 11nes was determ1ned by the middle of the
peak width for 66 % of maximum peak heighth. Depending on the problem
different diaphragms wsre used. A1l specimens were measured with_a slit shape
apsrture of 0,3 x 7 Square shaped apertures of 0,2 x 0,2 mm2, 0,5 x 0,5
and 1,0 x 1,0 mm® were used for the gears with modu]us 3 5 and 8 mm. A
spec1a1 type of aperture in front of the scintillation counter led to
symmetric line profiles.

Measurements of the circumferential residual stresses couldn' t be realized
without a mechanical change of the geometry of the gears. Therefore at four
tooth gaps, each in a distance of 90° from the other, axial residual stresses
were determined in the notch radius on both sides of the bottom of the gap
(see Fig. 2).Then one of the adjacent teeth was removed by spark erosion and
the axjal residual stresses were measured again at the original locations.
Actually measurements of the circumferential residual stresses as a function
of the depth wefe made at that location with the smallest changes in the axial
residual stresses before and after spark erosion removing of the next tooth.
In most cases no changes in the axial residual stresses occured after the
spark erosion treatment. In Fig. 2 the geometrical conditions are illustrated
for the measurement of the circumferential residual stresses.

Fig. 2: X-ray path for
measuring the cir-

cumferential resi-
dual stresses at
the bottom of the

$=32° teeth.

$=0° x-ray beam

y=-32°

Residual stress distributions versus depth below the surface were determined
by measurements after elctrochemically removing material layers with thick-
nesses of 0,04; 0,08; 0,10; 0,15 and 0,5 mm. From all interference lines the
width at half maximum was calculated and is named as half width.
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2.4 Measurements of the amount of retained austenite

For selected heat treatments and geometries of gears and specimens the amount
of retained austenite was determined by means of the X-ray phase analysis /6/.
According to /7/ the retained austenite content was calculated after measuring
diffraction line intensities of the {211}~planes of the martensite and the
{220}-planes of the austenite with chromium K -radiation. The accuracy of the
measurements was proved with standards. @

2.5 Fatigue tests

Cyclic loading with a sinusoidal 16ad-time-function was conducted with indivi-
dual teeth of the gears and with the specimens in resonance fatigue testing
machines. A1l tests were performed in the bending mode with a R-ratio of 0. S-N
curves were established by testing six specimens on each of four stress Tevels.
The fatigue limit was determined with 3 x 6 samples on three different stress
jevels, while the low cycle region was verified with only 6 samples on one
stress level. The data were interpreted with the arc sin /p transformation
method /8/. 107 cycles were taken as limiting number for the evaluation of the
fatigue strength. The quoted fatigue limits for a R-ratio of zero refer to a
fracture probability P of 50%.These values represent the resistance of the ma-
terial against fatigue fracture in the notch root with the character of nominal
stresses.

Fatigue testsof the gears were conducted according to DIN 3990 part 3. For each
of four to six stress levels up to 4 teeth were loaded in_the same way as the
specimens. Teeth with a number of cycles higher than 5.10° were formally esti-
mated to be run-outs. The fatigue limits of the gears were calculated with the
arc sin yptmethod as well as with the staircase-method /9/. Both methods show-
ed only small differences in the calculated fatigue 1imits. In the case of a

big difference the mean value of both calculations was formed. The quoted values
represent fatigue 1imits for a limiting number of cycles of 5.1060 and a fracture
probality of 50 %.

3. Results

The investigations on gears and specimens included variations of the shot peen-
ing parameters, of the geometry and of the content of retained austenite. The
test objects were not machined after the conventional heat treatment. Therefore
all gears and specimens show damage in a surface layer of about 10 um thickness
provable by exact inspection.

ed gears with a modulus of 5 mm. The residua] stresses of he unpeened gears
increase from the surface value of -515 N/mm® to -110 N/mm® in a depth of Q,lm.
For greater distances from the surface an decrease to a value of -360 N/mm< in
0,5 mm depth is observed.

The residual stress distributions of peened gears show the typical maximum of
residual stresses below the surface and a continuous increase to the values
caused by the heat treatment in bigger distances from the surface. Different
shot peening treatments result in different thicknesses of layers with high
magnitudes of compressive residual stresses and different values of the maximum
of compressive residual stresses. With the shot S 330 of a normal hardness only
a maximum residual stress value of -810 N/mmZ in a depth of 0,03 mm is obtained
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and in 0.1 mm depth the values of residual stresses induced by the heat treat-
ment are reached. The high_hardness shot however leads to a maximum residual
stress value of -1020 N/mmZ in a depth of 0,03 to 0.06 mm for peening with
100% coverage, and to a value of -1423 N/mm2 in a depth of 0.02 mm for peening
with 300 % coverage and additional glass bead peening. The half widths of the
X-ray interference lines of unpeened gears have low values at the surface
which are caused by the damage due to the heat treatment. These values increase
up to 360 min within a depth of 0.03 mm and remain constant for bigger surface
distances. After peening higher half width values at the surface of the gears
occur, compared with the unpeened gears. Different penetration depths of the
varied shot peening treatments could be demonstrated by the half width values
too, reaching the values of the unpeened gears in different distances from the
surface. In the depth of the maximum residual stresses there is a typical

small decrease of the half width values known for hardened and shot peened
steels.
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Hardness distributions HV0.3 are indicated in Fig. 4. A higher hardness is ob-
tained for the shot peened gears in the depth of the residual stress maximum
compared to the unpeened gears (see Fig. 3). In surface distances > 0,15 mm
no differences appear in the hardness versus depth profiles of the differently
treated gears which would be more pronounced than the normal scatter of the
hardness values due to production and measuring errors.

Fig. 5. shows residual stress and half width distributions versus depth below
the surface for the specimens. The residual stresses resulting from heat treat-
ment increase drastically in a surface layer of 0.03 mm thickness and oscillate
between values of -50 N/mm2 and -200 N/mmé in deeper layers. There is a satis-
fying correlation between the residual stress distribution of the gears (see
Fig. 3) and the corresponding one for the specimens after shot peening with
high hardness shot and 100 % coverage on the wheel type machine. Higher values
of the maximum compressive stresses occur - analogous to the results for the
gears - if compressed air peening with the same hard shot, 300 % coverage and
additional glass bead peening was used. The layer with high magnitudes of com-
pressive residual stresses - for example with magnitudes > 400 N/mm¢ - shows an
increased thickness of 0.2 mm for the compressed air peening of the specimens
compared with 0.12 mm after the same peening procedure of the gear. The obtain-
ed maximum values of compressive residual stresses are lower for the specimens
than for the gears with a modulus of 5 after each comparable shot peening treat-
ment.
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Fig. 6 indicates the results of retained austenite measurements on the gears
after peening with different peening parameters. In the unpeened state the re-
tained austenite increases from 2 Vol. % at the surface to a value of 36 % in
a depth of 0.05 to 0.07 mm and then decreases again in bigger surface distances
to a value of about 13 %. Shot peening with a high hardness shot (S 230) and
100 % coverage causes a decrease of the content of retained austenite to 26
Vol. % in a depth of 0.08 mm. The gears peened with 300 % coverage show in this
depth an additional decrease of the retained austenite content to 15- 17 Vol.%.
After peening with S 330 the content of retained austenite is about 20 % in a
depth of 0.08 to 0.09 mm, remains constant at this Tevel down to a depth of
0.25 mm and then decreases steadfly with increasing depth as also indicated for
the other two peening treatments. The retained austenite contents of the un-
peened and peened gears meet each other in a depth of about 0.20 to 0.25 mm.
As demonstrated in Fig. 6 the peening treatment with S 330 results in a bigger
amount of strain induced retained austenite trahsformation than the peening
with the hard shot S 230 and 100 % coverage. Similar results have been ob-
tained for the specimens /4/.

3.1.3 S-N-curves

The effects of the different shot peening treatments on the S-N-curves of
gears and specimens are shown in Fig. 7a und 7b. Shot peening with the shot
S 330 (hardness 48 - 52 HRC) and an Almen intensity of 0.72 mm Teads to a 22%
increase of the bending fatigue limit. If the harder shot S 230 with an
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Fig.7: S-N-curves of the bending fatigue tests
a: case hardened and differently shot peened gears with a modulus of 5

b: case hardened and differently shot peened specimens with the notch
root radius R = 2,5 mm
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intensity of 0.47 mm A2 was used, a higher increase of the bending fatigue
strength for R = 0 of 41 % is achieved. Finally the treatment with high hard-
ness shot S 230, 300 % coverage and additional glass bead peening yields in an
increase of 43 %. The effects of the different shot peening treatments on the
low cycle fatigue region of the S-N-curves show the same tendency as described

Gears, modulus of 5

Shot peening Eg hq]f hard- | R R retaingd % schw. jncrease
treatments 2 width| ness austenite 6 in %

(N/mm=)| (min)| (HV 3)| (um)j(um){(Vol.%) [5°-10
50%
unpeened -514 [ 156 | 620 8.0 |0.74| < 3 527 . -

S 230,54-58HRc

Vab = 81 W/Ss | 360|240 | 735 |14.2 [1.2 | <2 742 a1
100% coverage
A2 = 0.47 mm

S 230,54-58HRc
6.4 bar

300% coverage | -442 | 218 722 11.1 |11.1 | <2 754 43
+glass beads
d = 120 um

p =1 bar

S 330,48-52HRc

Vab =73 WS | 530 |235 | 702 |10.5 (1.1 | <2 641 22
100 % coverage
A2 = 0.72 mm

Specimens (D = 8 mm, R = 2.5 mm)

unpeened -436 | 168 585 6.7 |0.7 | <2 358 -

S 230,54-58HRc _
Vab = 81 m/s, [ -484 |280 730 14.211.5 | <2 480 34

100 % coverage

S 230,54-58HRc
p = 6.4 bar,
300 % coverage| -610 | 274 709 11 1.4 <2 547 53
+ glass beads
d = 120 ym

p = 1 bar

Table 3: Characteristic values of the surface state and results of fatigue tests
for the gears with a modulus of 5 and for the specimens:

Vab = speed of the shot in the wheel type machine, p = peening pressure in the
air blast machine, A2 = Almen intensity AZ,UES = circumferential residual
stresses, Ry and R, = surface roughness values, Bending fatigue limit at 5.10°
cycles for R = 0 and for a fracture probability of 50 % = % schw 5_106 509,
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for the fatigue limits. Comparing the S-N-curves of the gears and the specimens
a discrepancy has to be stated for the absolute values and also for the shot
peening induced increase of the fatigue limits. In spite of that for both kinds
of test pieces the same tendency for the increase of the fatigue 1imit due to
different shot peening treatments has been found: the specimens show a 34 %
increase of the fatigue 1imit after peening with S 230 {54-58 HRC) in the

wheel type machine and a 53 % increase after treatment with S 230 (54-58 HRC),
300 % coverage and additional glass bead peening in the air blast machine. Re-
markable are the high numbers of cycles at which the transitions from the low
cycle to the high cycle fatigue region occur in the S-N-curves of the specimens.

Table 3 compiles characteristic values of the obtained surface state of the
gears with a modulus of 5 and of the specimens together with the fatigue Timit
values and their increase due to shot peening in percent. '

—_—— e e e T L P e 2L ~

In Fig. 8 and Fig. 9 results of unpeened and of shot peened gears of modulus
3, 5 and 8 are summarized. The shot peening treatments remained constant for
all geometries. For the unpeened gears of modulus 3 and 8 have been obtained
the same distributions of residual stresses and half widths as already de-
monstrated for the m = 5 gears in Fig. 3. For reasons of clearness in Fig. 8
the distributions of residual stresses and half widths are not drawn for the
unpeened gears. Unpeened gears with m = 8 show remarkably low residual stress
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Modulus | Shot peening (o half |hard- | R R re- Y increase
' treatment ES ? width]ness t 2 |tained b chw' in %
(mm) (N/mm©)| (min) | (HV 3) (um)| (um)|auste- 5-10
nite’ 50 %
(Vol.%
3 unpeened -495 168 | 563 | 7.6 (0.7 ;<3 558 -
5 unpeened 514 | 156 | 620 |8.0(0.74{< 3 | 527 -
8 unpeened -196 153 501‘ 8.410.83[< 3 412 -
3 S 230,54-58 -405 227 | 703 |9.0(0.9|<3 758 36
HRc
Vap = 81 m/s
100% coverage N
5 as m= 3 - 360 | 240 | 735 [14.2 1.3 <3 742 41
8 asm=3 - 530 | 248 | 684 {13.7|1.3 <3 548 33

Abbreviations and symbols see Table 3

Table 4: Characteristic values of the surface state and results of fatigue
tests for gears with different moduli

values at the surface compared to the other gears with smaller moduli (see
Table 4). As can be seen in Fig. 8 nearly equal residual stress depth profiles
are to be found for similar shot peening treatments of the differently sized
gears. The half width distributions for gears withm =3 andm = 8 are also

in good agreement with that one already shown in Fig. 3 for the gears with

m = 5. The overall higher half width values for gears with m = 8 are caused

by the changed geometry of the diaphragms used for these measurements. The dis-
tributions of hardness versus distance from the surface are the same for the
gears withm = 3 and m = 8 as for the gears with m = 5, which already have been
indicated in Fig. 4.

Fig. 9 presents the results of the fatigue tests. The unpeened and peened gears
with m = 8 show an evident decrease of the fatigue 1imit compared to the gears
with m = 5. The reason is probably the so called "size effect" - the depen-
dence of the fatigue 1imit on the dimensions of the testpieces. The investi-
gated shot peening treatment increases the fatigue limit of thegears with the
different moduli on an average of 37 %.

Table 4 compares characteristic values of the surface state of the investi-
gated gears with m = 3, 5 and 8 and also the fatigue limits and their increase
due to shot peening in percent.

4. Discussion

It is widely accepted that the fatigue resistance of hardened or case hardened
steel specimens depends to a great extent on the residual stresses, that is to

say in the present investigation on the magnitudes of the shot peening induced
compressive residual stresses and possibly their distributions below the sur-




557

face /1, 11, 12, 19/. Assuming that the fatigue cracks start at the very sur-
face the fatigue limit of hardened steels is also strongly influenced by the

surface roughness, whereas the surface work hardening affects the fatigue re-
sistance of hardened materials without damaged surface layers only little/11/.

However, it has to be noticed, that the investigated material states include a
heat treatment induced surface damage in the form of surface oxidation and sur-
face decarburization /4/. This surface damage is clearly indicated by the
lowered surface values of the half width of the X-ray interference lines and
of the hardness and also by the absence of detectable contents of retained
austenite at the surface compared with layers deeper below the surface (see
Fig. 6 and Table 3 and 4). Shot peening strain hardens the damaged surface
layer as proved by the remarkable increases of the surface hardness (about

120 HV 3 average) of the gears and specimens (160 HV 3 average) and also by
the similar increase in the half width values. Therefore it is evident that
strain hardening of the damaged surface layer also contributes to all the ob-
served increases of the fatigue 1imit due to shot peening.Other investigations
also proved that shot peening is able to improve especially the fatigue be-
haviour of surface damaged testpieces /1/. The shot peening induced increases
of hardness and half width values are somewhat higher for the specimens than
for the gears, but independent of geometrical variations of all the testpieces.
The distributions of the half widths show characteristic indentations in the
region of the compressive residual stress peak. Such results are well known
and explained by other authors /1, 12/ as consequence of changes in the dis-
location structure and possibly carbon diffusion. The increase of hardness in
the depth of maximum compressive residual stresses (Fig. 4) is directly due to
the influence of compressive residual stresses on hardness as shown by /12/
for hardened steels. L

Tables 3 and 4 demonstrate that the heat treatment results in compressive re-
sidual stresses in the crack sensitive areas of the test pieces- in the circum-
ferential direction of the gears as well as in the direction of the tangent on
the notch root radius of the specimens. It should be noticed that those com-
pressive residual stresses are lower for the gears with m = 8.

Shot peening produces the characteristic residual stress distributions with a
pronounced maximum magnitude of compressive stresses below the surface, as has
‘been found in a number of investigations /1, 12, 15, 20/ for hardened and

case hardened steels. It should be noticed however, that shot peening causes
only small increases of the magnitudes of surface residual stresses if compared
with the purely case hardened states. For the gears even decreases of the sur-
face residual stresses have been observed, but of course there must be taken
into account some scatter of the residual stress values for the different gears.
The magnitudes of the surface residual stresses after shot peening are com-
parable to those observed by /1/ for case hardened flat specimens with small
oxide inclusions in the surface layer. The residual stress values of samples
with surface damage of this kind are definitely lower than those of case-
hardened specimens without surface layer damage /1/. Therefore it seems to be
logical to consider the relatively Tow surface compressive residual stresses
of the gears and specimens of this investigation also as a result of a lower
yield strength due to oxydation and decarburization in a thin surface layer.

It should be also taken into consideration that shot peening produces a widely
biaxial and symmetrical residual stress state at the surface.

The distributions of compressive residual stresses as well as their peak value
below the surface depend clearly on the shot peening parameters. After peening
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with S 330 with normal shot hardness only a relatively low maximum magnitude of
compressive residual stresses and on1y a thin layer of compress1ve residual
stress magnitudes higher than 400 N/mmZ could be observed - in spite of the
high Almen value. The investigations show again clearly /17, 19/, that a fit of
the shot hardness and the hardness of the workpiece is necessary if one wants
to obtain the highest possible magnitudes of compressive residual stresses

in the deepest possible layer. Concerning the variations of shot peening para-
meters for the gears the highest magnitudes of peak residual stresses could be
observed after peening with a hard shot, 300 % coverage and additional glass
bead peening (air blasting machine). With the same peening conditions the spec -
mens showed somewhat Tower maximum magnitudesof residual stresses but a drasti-
cally improved penetration depth of high magnitudes of compressive residual
stresses (see Figures3 and 5). This result might be a consequence of the possi-
bility to adjust the peening nozzle of an air blasting machine exactly vertical
towards the notch root. As already mentioned, for the gears the angle of im-
pingement is at a maximum of 75 degrees, as a consequence of the shading by
other teeth, whereas for the specimens an angle of 90 degrees is possible. For
the lower impingement angle a smaller plastic zone below the surface and hence
a smaller penetration depth of compressive residual stresses is attained /10/.

There are only small differences in the residual stress distributions of the
shot peened gears with different moduli. This similarity can be caused by the
~overall equality of the shape of the gears.

The decrease of the fatigue 1imit values with increasing modulus of the gears
(see for example Table 4) is a remarkable observation in the unpeened and in
the peened state. This decrease could be a consequence of the so called "size-
effect", the well known dependence of fatigue resistance on testpiece dimen-
sions. In the unpeened condition it has to be considered also, that the gears
with m = 8 show drastically lower hardness and compressive residual stress
values compared to the gears with m = 3 and m = 5. For hardened and shot peened
flat specimens /14/ reports on a dependence of the fatigue 1imit in fully re-
versed bending on the bending height which is caused by fatigue crack initia-
tion in different depths below the surface. The presence of conditions, pro-
moting sub surface fatigue crack initiation cannot be excluded for shot peened
gears with m = 8. Comparing the different shot peening conditions, peening with
a shot of Tlow hardness (S 330, 48-52 HRc) is the most unfavourable treatment
to increase the fatigue limit (Fig. 7a). The relatively low increase of the
fatigue 1imit can be explained by the residual stress distribution with rela-
tively low magnitudes of compressive residual stresses (Fig. 3). It is obvious,
that the fatigue 1imit can not depend exclusively on the surface values of the
compressive residual stresses, because just for this treatment relatively high
stress magnitudes occur at the surface.

The different peening treatments with the high hardness shot resulted in nearly
the same fatigue 1imit for the gears with m = 5, although air peening with 300%
coverage causes substantially higher peak residual stresses than wheel peening
with 100 % coverage - but hardly a higher penetration depth. This indicates,
that a maximum possible magnitude of the compressive residual stress peak must
not be of primary imsortance for an optimum fatigue strength - either because
relaxation of peak residual stresses occurs during fatigue loading, especially
if notches are present, or because the penetration depth is impgrtant too. The
specimens showed a difference of the fatigue Timits of 67 N/mm¢ after peening
with the above mentioned different conditions. But in this case air peening
with 300 % coverage produced not only higher compressive stress magnitudes but
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also a deeper penetration of highly compressive residual stresses than wheel
peening.

5. Conclusions

The reported investigations illustrate the effects of shot peening treatments
on the fatigue behaviour of gears and "gearlike" specimens of the case harden-
ed steel 16MnCr5. For a constant geometry of the test pieces the peening con-
ditions have been varied and on the other side for constant shot peening para-
meters the size of the gears have been varied. The state of the material in
surface layers is characterized by a maximum of compressive residual stresses
below the surface and - in comparison to the unpeened test pieces - by an in-
crease of half width and hardness values. Surface roughness shows also an in-
crease, compared with the unpeened test pieces. The amounts of retained auste-
nite decrease due to shot peening.

Shot peening treatments with different shots in different types of machines
(air blasting machine and wheel type machine) cause residual stress distribu-
tions with significantly different values and penetration depths. Peening with
shot of the usual hardness (48-52 HRc) improves the bending fatigue strength

(R = 0) of gears only relatively little (22 %). With shot of higher hardness
(54-58 HRc) a considerably bigger increase of the bending fatigue limit for an
equal tooth geometry (modulus of 5, tooth bottom radius 1.75 mm) occured (41%
increase with peening in a wheel machine, 100 % coverage). The fatigue strength
improvement of the gears with a modulus of 3 and 8 showed somewhat lower values
of 36 and 33 %. After air peening with the shot of 54-58 HRc (300 % coverage
and additional glass bead peening) nearly the same fatigue Timit of the gears
with m = 5 was obtained (43% increase) as after peening with a wheel type ma-
chine. The peening with an air blasting machine however resulted in a 53% in-
crease of the fatigue 1imit for the specimens which is remarkably higher than
that one after wheel peening of the specimens (34%).

The obtained improvements of the fatigue behaviour after the different shot
peening treatments correspond very well with the distributions of residual
stresses with consideration of the peak magnitudes and penetration depths ob-
tained in each case.

In addition to the information about the possible improvements of the fatigue
strength due to shot peening of gears with different moduli, the comparison
with the possible fatigue strength improvements of the specimens offers indi-
cations how to optimize shot peening treatments for other components in prac-
tice. The comparison of the obtained residual stress distributions is helpful
in explaining the fatigue test results.
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