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Abstract

This paper deals with an evaluation of the residual stress due to shot peening induced in a car-
burized gear tooth and its application to the fatigue crack propagation problem. The residual
stress is estimated based on the assumption that the main cause of residual stress is the volume
difference between the case and core due to martensitic transformation in cooling, and the influ-
ence of both the reduction of retained austenite and the strain in the surface layer induced by shot
peening are considered. The reliability of the method is examined by comparison with stresses
measured by the X-ray diffraction method. The stresses intensity factors are computed by the
influence function method and the reduction of the factor due to the residual stress is demonstrat-

ed and discussed based on the fracture mechanics.

1. Introduction that the carburization is recommended as the

normal heat treatment for aircraft gears in the

The high load capacity of carburized gears AGMA" standard. Inoue etc. have made clear
originates from the existence of hardened layer the effects of hardness and residual stress on
and residual stress. This is the main reason the enhancement of bending fatigue strength,
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and proposed an experimental formula for the
evaluation of strength.”* The effectiveness of
the proposed formula has been verified by the
comparison with many fatigue test results,
including the results for AISI 9310 carburized
gears.”

The shot peening improves the strength of
carburized gears still more, because it increas-
es the hardness and residual stress in the sur-
face layer. On the other hand, the shot peening
as well as the carburization reduces the ductili-
ty of the material, and generally, the harder
the material is, the faster the fatigue crack
propagates. The crack propagation problem in
such carburized and surface-treated gears is
considerably complicated to solve because of
the metallographic inhomogeneity and the dis-
tribution of residual stress that characterize
the treatments. Honda and Conway® and
Ahmad and Loo™ calculated the stress intensity
factor for a gear tooth and predicted the direc-
tion of the crack propagation. However, the
influence of residual stress and metallographic
inhomogeneity were not discussed in their
reports. Inoue etc. have simulated the fatigue
crack growth in a carburized gear tooth.**
However, the crack growth for shot-peened
gears has not been solved yet, because the
residual stress distribution in the tooth has
remained unsolved.

In this study, a practical method is proposed
for the estimation of the stress in a carburized
and shot-peened gear tooth by considering the
influence of martensitic transformation of
retained austenite and the strain induced in
the surface layer. Using this method as a basis,
the crack growth in a shot-peened gear tooth is
analyzed in this article. The method for residu-
al stress estimation is briefly reviewed first,
then the effect of shot peening on the resis-
tance to the fatigue crack growth is discussed.

The critical crack length is calculated from the
threshold stress intensity factor to demonstrate
the influence of shot peening on the initiation
of crack growth. The crack propagation in both
the carburized gear and the shot-peened gear is
simulated.

2. Shot Peening to
Carburized Gears

The carburized test gears are prepared to
confirm the effect of shot peening. The gears
have the same dimensions as those used for the
fatigue tests, i. e., module=>5, number of gear
teeth= 18, face width=8mmThe gear blanks
are made of the low alloy steel SCM415, and
copper-plate about 20 um thick to prevent the
gear sides from carburizing. The plating makes
the longitudinal characteristics of the gears
approximately uniform. Then the gears are
hobbed and gascarburized to have the effective
case depth d,;, (depth to 550 Hv) of about
0.9mm

The shot diameter, the measurement of shot
peening intensity, etc., are prescribed in the
SAE" standard. The shot peening treatment is
prescribed by the arc height and the coverage,
and they are measured by an Almen strip. The
full coverage is recommended for most machine
parts. However, the gears are frequently
peened three times the exposure time for full
coverage, which is confirmed by the Almen
strip, because the shots are hard to peen the
tooth fillet owing to the shape of gears. The
authors have found that the condition of 0.5~
0.6mm arc height and 300 % coverage is most
adequate for the enhancement of bending
strength of carburized gears.” Referring to this,
the carburized test gears are shot peened
under the condition of 300 % coverage and
0.52mm arc height. The hardness distributions
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at the tooth fillet are shown in Fig. 1. As car-
burized, the hardness decreases towards the
surface mainly due to nonmartensitic layer.
The surface hardness is about 160 Hv
increased by shot peening and the effect reach-
es to the dept of about 0.2mmThis depth is not
very influenced by the shot-peening intensity.
The retained austenite, which is measured by
x-ray diffraction method, is reduced as shown
in Fig. 2. In case of carburized gears, the maxi-
mum amount of retained austenite is measured
at the surface, and it is about 21 %. It is trans-
formed to martensite by shot peening, and the
retained austenite at the surface is diminished.
The distribution of retained austenite §%)
after shot peening is expressed by the following

equation :
’}/"1
o <
d," d d —_ dm
')/ =
d N dm i
ymexp( - 230‘{5711} d> d,” (1)

where 7,(%) and d,, (mm) are the amount
and the depth of the maximum retained
austenite. The distributions obtained by Eq. (1)
are shown by the lines in the figure. The
fatigue tests are performed to clarify the effect
of shot peening on the strength and lives. The
test procedure is shown in the previous
reports? and it is omitted in this article. The
test is terminated at N=3 x 10°. Obtained
fatigue strengths are 761 and 1176 MPa for the
carburized gear and the shot-peened gear of
0.52mm arc height, respectively. As previously
reported, the fatigue strength o,(MPa)is esti-
mated from the core hardness H.(Hv), the sur-
face hardness H(Hv), and the surface residual
stress og(MPa) as follows :

O, = Oy + Oyse + Our
=fH,)+gH,-H)+h(sR)=(257+1.17H.)
+3.1expl0.009 7(H, - H))] - 0.5sR (2)

where o, (MPa) shows the fatigue strength of
noncarburized gears, o,.. and g,(MPa) indicate
the increase of strength due to hardened layer

and residual stress, respectively.
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Fig. 1 Hardness distribution in the test gears.
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Fiz. 2 Reduction of the retained austenite by shot
peening.

3. Evaluation of Strain
Caused by Shot Peening

The shot peening also causes a permanent
strain at the tooth surface, and it is needed for
the evaluation of the residual stress. For the
exact analysis, the strain should be calculated
by solving the impact problem, taking into con-
sideration of the shakedown of material, the
rebound of shots, etc. However, it is very com-
plicated. In this section, therefore, an approxi-
mate strain is evaluated from the arc height of

an Almen strip instead.
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3.1 Strain Evaluated from
Almen Strip

The dimensions of Almen strip A are indicat-
ed in Fig. 3. To measure the shot intensity, the
strip is fixed to the holder by using screws,
then one surface is shot-peened. It is assumed
here that a compressive permanent strain is
induced by shot peening as illustrated in Fig. 4.
Let the strain be g, at the surface, and its dis-
tribution be linear from the surface to the
depth & If the strip deflects spherically after
losing the screws, the radius of curvature p is
obtained from the arc height h, which is
defined by the central deflection from the
datum points A to D :

_ 1 ll 2 ZZ 2
p=g {5 f+H 2w (3)

With the deflection, the bending strain -z/p
and the linear strain & are assumed to be gen-
erated in the strip. Summing these strains, the

strain is given as follows :

-+
o7
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=

The stress-strain relation is derived by
assuming o, : 0, which is normally used in the
thin plate theory, and the stresses are obtained
by substituting the strains ¢, and ¢, obtained
from Eq. (4). The bending moments is then
obtained from the stresses, and it is equalized
to zero to evaluate the strain g,. The relation
between the strain and the radius of curvature

is finally derived as follows :
£ —38+28)+1°=0 (5)

In this research, the depth & is assumed to be
equal to the thickness of layer is which the

hardness is increased by shot peening. Fig. 5
shows the hardness distribution in the Almen
strips used for the confirmation of arc height.
The depth is not very influenced by the shot
intensity, and it is about 0.9mm for all shot-

peening conditions selected in this research.
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Fig. 3 Dimensions of the Almen strip A.
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Fig. 4 Compressive strain induced in the Almen
strip by shot peening.
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Fig. 5 Hardness distribution in the Almen strip
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3.2 Influence of Shot
Obliquity to Tooth Surface

Since the gear is slowly rotated during shot-
peening treatment, the direction of shot stream
to tooth surface varies as schematically shown
in Fig. 6. If the pitch point P is taken as a ref-
erence, a tooth is peened between the position
(1), where the adjacent tooth tip blocks the shot
stream, and the position (2), where the tooth
surface is parallel to the stream. These posi-
tions are indicated by the angels 6, and 6,,
respectively, of which origin is the radial line x
normal to the shot stream. The angles 6, and
8,, and the average of angle ¢, which is the
angles between the stream and the tooth nor-
mal [Fig. 6(3)], are expressed as follows:

6,=tan - llcot(y +x) - o

Y.sin(y + K)
L

92=a0+2

.1 e _ 1
“":92491191 90 =4 "4

- U

24 CE
fm(9‘ao)

1
=5 (6,16, - a (6)

where r, is the pitch radius, r, is the tip
radius, and ¢, is the standard pressure angle,

and the angle y and « are given by

="
r=7
Kk =invaq, - invay, (7)

In the preceding expressions, z and ¢, are
number of gear teeth and pressure angle at the
tip, respectively, and the function inva is
defined as inva = tana — « (6, - 0,27 and cos
o obtained from Eq. (6) are indicated in Fig. 7
as a function of the number of gear teeth for
standard spur gear. The former is about 0.25,
and this shows that every tooth is peened for a
quarter of the process time. Meguid and

Duxbury!" made an experiment to clarify the
influence of shot obliquity. For various impact
angle ¢ of S170 shot stream, they measured the
depth d, where the hardness increased. The
ratio of d, to d, ., which is the depth obtained
from the normally peened test piece, is shown
in Fig. 8. Figures 7 and 8 suggest that the shot-
peening intensity confirmed by the Almen strip
has to be reduced to some extent to estimate
the effect of chot peening for the gear tooth.
Indeed, the ratio d,/ d,., for gear tooth is
approximately. 0.5, since cosdg is about 0.7 as
shown in Fig. 7. Therefore, it is assumed in this
research that the arc height 4 is modified as
expressed in Eq. (8), and A is used for the
evaluation of the strain at the tooth surface:
6,-6, C d

= P (S S O R
he=h - o500 " 4, . ®)

In the expression, C(%) is the coverage and
C=300% is usually selected for the gears as
described previously. The term in parentheses
indicates the exposure time for the tooth surface,
and it is taken as unity if a greater value is
obtained in Eq. (8), since the intensity is deter-
mined so that the arc height is approximately
saturated at the full coverage. From the above
considerations, the strain ¢ , for the gear tooth is
evaluated by substituting A for 2 in Egs. (3-5).

rotation

> T
0
Fig. 6 Variation of the shot stream direction to
gear tooth.
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Fig. 7 Diagram for the estimation of exposure and
impact angle (cf.Fig.6).
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Fig. 8 Effect of shot obliquity on the hardness
depth.

4, Computation of Residual Stress

A computer program is developed based on
the idea described in the above section. The
flow of computation is shown in Fig. 9. The left
half of the flow is for the carburized gears. This
evaluation was based on the assumption that
the residual stress was caused by the volume
difference between the case and the core of
tooth due to the martensitic transformation in
cooling. To estimate the carbon content from
the hardness, an experimental formula has
been presented. The specific volume, which is
expressed as a function of carbon content, is

calculated considering the influence of retained

austenite. The strain is then estimated from
the volume expansion due to the change of spe-
cific volume, and the residual stress is comput-
ed as the two-dimensional initial strain prob-
lem by the finite element method. The right
half of the flow is added to modify the amount
of retained austenite and to evaluate the strain
in the surface layer for shot-peened gears. As
previously shown in Fig. 1, the hardness of car-
burized gears increases by the depth of about
0.2mm, therefore, the evaluated surface strain is
assumed to decrease linearly to this depth. And
this strain is superposed on the strain caused
by the volume expansion. The mesh and the
boundary conditions for the finite element
analysis are shown in Fig. 10. It is modeled by
using 2988 liner triangular elements. Many
fine elements are lined normal to the fillet such
that they form a crack and the calculated
stresses are used for the evaluation of stress
intensity factor in the next section. The residu-
al stress in the gear tooth for A=0.52mm and
C=300% is computed by the proposed method.
The stress distribution along a line normal to
the fillet is shown by the broken line (shot-
peened 1) in Fig. 11. The stress is increased
greatly in the layer to the depth of 0.2mm as
compared with the stress distribution for car-
burized gear. The latter is obtained by neglect-
ing the reduction of retained austenite and the
surface strain, and it is represented by the
dash and dot line. The calculated residual
stress is close to the stress measured by X-ray
method, though it is overestimated at the sur-
face. The discrepancy may be mainly caused by
the neglect of plasticity, however, the consider-
ation of the plasticity complicates the analysis
and it is contrary to the objective of this
research. Another cause might be that the esti-
mated surface strain ¢, is excess for the carbur-

ized gears with hardened layer. The stress indi-
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cated by the solid line (shot-peened 2) is
obtained by giving the surface strain of ¢,, and
this is closer to the measured value.

The stresses for h=0.25 mm are also exam-
ined, and shown in Fig. 12. It is concluded that
the proposed method can be used for the
approximate estimation of the residual stress
of carburized and shot-peened gears by reduc-
ing to half the surface strain evaluated in the

previous section.
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Fig. 9 Flow of the residual stress computation.
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Fig. 10 Pattern of mesh and boundary conditions
in the finite element.

5. Resistance to Fatigue
Crack Growth

5.1 Stress Intensity Factor

The narrow face width and the copper plat-
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Fig. 11 Comparison of the estimated residual
stress with the measured stress by X-ray
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Fig. 12 Comparison of the estimated residual
stress with the measured stress by X-ray
method.(Arc height 0.25mm)

ing on the gear sides make the longitudinal
characteristics of the test gears approximately
uniform. In fact, the crack fronts observed in
the fractured surfaces are almost linear. There-
fore, two-dimensional fracture mechanics can
be applied to this gear tooth. The stress inten-
sity factor K, for mode I is calculated by the

influence function method'*** as follows:
K,= f:ﬂx a, geometry) o,(x)dx (9)

where o,(x) is the sum of the bending stress
and the residual stress for uncracked tooth,
and it is evaluated at the position of crack, per-

pendicular to the crack. The influence function
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f for the case of plane strain is represented by
the following expression:

1/1-v Uy ow
A a0

In this expression, U is the strain energy of
the tooth with the crack a for an arbitrary load,
and w is the crack opening displacement. E and
v are the modules of elasticity and Poison's
ratio, respectively. The derivatives are numeri-
cally evaluated by the forward differences. The
stress intensity factor for the shot-peened gear
of A=0.52mm is calculated and compared with
the carburized gear as well as the gear without
residual stress in Fig. 13. To consider the effect
of residual stress precisely, the computed stress
is slightly modified to fit the measured stress
at the surface as shown by the dotted line
(shot-peened 2) in Fig. 11, and it is used in this
calculation. The fillet stress of an uncracked
tooth is used to express the loading condition,
and it is shown as the stress level S in the fig-
ure. The stress level 1176MPa is the bending
fatigue strength of the shot-peened test gear.®
It is clear that the stress intensity factor is con-
siderably decreased by the residual stress. Fig.
14 shows the stress intensity factors for the

shot-peened gear for various stress levels.
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Fig. 13 Effect of residual stress on the stress inten-
sity factor.
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Fig. 14 Stress intensity factor for the shot-peened
gear.

5.2 Critical Crack Length
for propagation

The stress intensity factors in Fig. 13 are
magnified and shown in Fig. 15. The ordinate
indicates the stress intensity factor range AK,,
for the pulsating load. The threshold stress
intensity factor range AK,, is calculated from
the hardness distribution of carburized gear
and it is illustrated by the broken line in the
figure. It is assumed here that AK,, is not
affected by the increase in hardness due to shot
peening. Therefore, only one line is drawn for
both the carburized gear and the shot-peened
gear. The crack length q,, is determined from
the intersection of these lines, and it is called
the threshold length of crack in this article.
Even if a crack exist at the tooth fillet, if the
crack is shorter than a,,, the crack does not
propagate naturally. In other words, the longer
threshold length of crack means the higher
bending strength. The threshold length is
increased about 40 im by shot peening in this
case. In Eq. (2), the higher strength is estimat-
ed by the higher surface hardness or higher
compressive residual stress. If the hardness is
increased, the threshold stress intensity factor

K, increases. The higher compressive residual
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stress reduces the stress intensity factor as
described in the above section. In either case,
therefore, the longer threshold length of crack
is obtained and the higher strength is also
expected from this point of view, although the
coefficients in Eq. (2) are not determined.

The threshold lengths are calculated for vari-
ous stress levels and they are shown in Fig. 16.
The hatched area under the line of a,,, indi-
cates the area of crack nonpropagation for the
shot-peened gears. The increase of «,, is cause
by the residual stress induced by shot peening,
and it is marked in the region of low stress
level. Fig. 17 shows the critical threshold
length corresponding to the fatigue strength.
The fatigue strength for the carburized gear
and the shot-peened gear are plotted on the
abscissa, and the intersections with the lines of
a,, give the critical length a,- and ayogp It is
called the endurance length of crack in this
article. It is called the endurance length of
crack in this article. It is clear from the defini-
tion that the endurance length is almost equal
to the intial crack length corresponding to the
fatigue strength, if it is estimated by assuming
the whole life to the tooth breakage is the pro-
cess of crack propagation. Obtained endurance
length are about 80 and 96 um. They are consid-
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Fig. 17 Evaluation of the endurance length of
crack a,

erably longer than the length obtained previ-
ously. The neglection of the stress intensity fac-
tor for mode ]| may cause the difference, how-
ever, it remains unsolved. Since the endurance
length is obtained from the fatigue strength, it
is represented by a function of material, heat
treatment, and surface condition. Therefore, it
might be used for the precise discussion of the

strength based on fracture mechanics.

6. Conclusions

The conclusions may be summarized as fol-
lows:

(DThe residual stress was evaluated by the
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practical method that had been proposed by the
author. It was based on the assumption that
the residual stress was caused by the difference
of volume expansion in the case and the core,
and the influence of the reduction of retained
austenite and the strain in the surface layer
induced by shot peening were considered.

(@ The stress intensity factor for the shot-
peened gear was rather small as compared
with the factor for the carburized gear because
of the effect of residual stress.

(® The proposed method was utilized for the
estimation of the threshold length of crack and
the endurance length of crack. By using these
crack lengths, the effect of shot peening on the

resistance to crack growth was discussed.

This study is supported by Korean Ministry
of Education through Research Fund.
(ME96 - A -01)
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