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ABSTRACT

The problem of the fatigue crack propagation in surface treated specimens similar to
the gear teeth is dealt with. Experimental fatigue tests were carried out by means of
carburized and carburized and shot peened specimens. In order to predict the crack
propagation and to consider the effect of the treatments different models of the
cracked specimens were realized. Two approaches were followed: the finite element
and the weight function method. Three and two dimensional finite element models
were constructed and the stress intensity factors were evaluated by considering the
effect of the load and of the residual stresses, due to the treatments. These results
were compared with the ones obtained by the weight function technique and the
agreement found was good. The weight function was directly used in a software
which allows crack propagation predictions, by considering the effect of the hardness
and of the residual stresses. The comparison between these theoretical predictions and
the experimental results validated the approach followed.

1. INTRODUCTION

Power transmissions using gear pairs result for each tooth in a cyclic loading, which may
lead to the initiation of a fatigue crack in the fillet radius both in the pinion and in the
driven gear. Once the crack is initiated the fatigue crack propagation phase may take a
considerable part of the service life of gears till the 30%-40%, if the gears are carburized
[1], [2], [3]. The crack propagation prediction is then important to accurately evaluate
the total life of gears. This implies that some factors, difficult to be evaluated, were
known.

The first one is the stress intensity factor of the cracked gear teeth. In fact, due to the

shape and the loading modes, it is not possible use theoretical solutions and numerical
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analyses are necessary to obtain reliable values of the stress intensity factor. The most
widely used method is the finite element one: many procedures were developed to
accurately reproduce the stress singularity at the crack tip and to have precise results in
many different crack geometries and load application modes, even if they require
extensive meshing work and considerable calculation time [4].

Other techniques allow easier calculations, for example the weight function technique
leads to very fine results of the stress intensity factor both under mode I and under mode
II loading [5].

Once the stress intensity factor has been determined it is also necessary to know the
mechanical characteristics of the surface layer of the material. In fact, gears are subjected
to surface treatment to improve their resistance both in terms of contact fatigue and of
bending fatigue. It is note that these treatments cause hardening of the surface layers of
the material and induce residual stress fields, compressive in the hardened layer. Both
these two factors strongly affect the crack growth behaviour [6], [7], [8], [9]. Some
authors [10], [11] proposed a modified expression of the Paris law in which the
coefficient and the exponent are given as a function of the hardness of the material, They
evaluated the residual stresses, difficult to be experimentally measured, by means of the
hardness profiles and the crack growth rate by means of an effective stress intensity
factor, AK.4, determined taking into account both the applied stresses and the residual

da
ones. In correspondence of a depth there is a hardness value and then a curve oy Versus

AK. Once the hardness is known the actual crack growth rates may be obtained by
considering the different stress intensity values at the different crack depths.

This approach was followed also in this study, but it was applied to a particular specimen
( Brugger specimen) [12] which allows to reproduce the stress state of gears and it is
usually utilized to quality control of gears under impact loading. In fact the experimental
tests capable to verify the proposed propagation law are difficult to be performed on
gears, requiring apposite facilities; furthermore they are generally expensive in terms of
costs and time. For this reason it is interesting to look for simplified test procedures.

The stress intensity factors were numerically calculated by means of finite element
models and of the weight function technique and the results were compared.

Theoretical predictions were verified by the experimental results from Brugger specimens
and good agreement was obtained.

Besides these results were compared with data available in literature [13], [14], [15] n
order to verify if the crack propagation test on Brugger specimens can substitute those
on gears, with considerable saving of time and costs.

2. SPECIMENS AND MATERIAL

Experimental fatigue tests were conducted by using special specimens (shown in figure
1), which reproduce the stress and strain field of the gear teeth, but allow easier
experimental tests. Brugger [12] drew the specimen in order to have the most stressed
section as in a tooth; in figure 1 the most stressed section is found by considering the 30°
inclined straight lines. The nominal stress is calculated:
P-h-6
b-s?
where h, s are shown in figure and b is the thickness.
By entering the specimen dimensions [mm]

S = (1)
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§=0049-P
The theoretical stress concentration factor, K, is equal to 1,57.
During the fatigue tests the central zone of the specimen is fixed and pulsating forces are
applied on the specimen wings. The tests are interrupted when a wing is completely
broken.
The specimen material is 18CrMo4 carburized, in table 1 the mechanical characteristics
(experimentally determined) and the cyclic ones (from literature [16]) are shown.
All the specimens are carburized, some specimens were sanded and some specimens
were shot peened after the carburizing treatment. Three groups of specimens were
therefore considered: a) carburized, b) carburized and sanded, c)carburized and shot
peened. The fatigue tests were conducted by means of all the specimen groups.
In table 2 the chemical composition of the 18CrMo4 is shown.

Table I Mechanical and cyclic characteristics of 18CrMo4

Rﬂ Rﬂl AS E G’f E’f b C K’ n’
[MPa] | [MPa] | [%] | [GPa] | [MPa] | [m/m] [MPa]
1300 800 9 1.95 2344 0.27 -0.097 | -0.368 2875 0.244

Table 2 Chemical composition of the 18CrMo4

C[ %]

Si[%]

Mn| %]

P| %]

S| %]

Cr|%]

Ni[ %]

Mo[%]

0.203

0.27

0.84

0.022

0.042

1.02

0.02

0.20

The characteristics of the carburizing treatment are similar to that ones utilized for the
gears and are reported in table 3. The total time of the treatment is 340 minutes.

Table 3 Carburizing treatment characteristics

PHASE TEMPERATURE [°C]
Heating 860
Carburizing and diffusing 885
(methane +5%ammonium)
Soaking 840
Quenching in oil 100
Tempering 180

In figure 2 the hardness profiles, which were found by means of microhardness
measurements, are shown. It is evident that the hardnesses are similar even if there is a
different mechanical treatment after the carburizing. The surface hardness is about equal
to 770HV and for all the specimens this is the maximum value too, in fact the hardness is
always decreasing from the external until the core of the inaterial. The external
carburized layer dimension is equal about to 0.9mm.

The residual stresses were measured by means of a X-ray diffractometer and are shown
in figure 3. Due to the specimen shape it was possible to releave only the residual
stresses perpendicular to the axis of the specimen; but it is possible to suppose the axial
residual stresses equal to the measured ones [14]. The residual stresses are strongly
influenced by the mechanical treatment, in fact the residual stress values, when there is
the shot peening, are much larger than in the other cases.
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Fig, 1 Brugger specimen used for the fatigue tests and determination of the most stressed section.
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Fig 2 Hardness profiles of the Brugger specimens Fig 3 Longitudinal residual stresses of the
and comparison with the reference [20] data Brugger specimens and comparison with
from gears. the reference data [20] from gears.

3. NUMERICAL ANALYSES
Finite Element analyses

The problem of the stable crack propagation in a gear is not always a two dimensional
problem: in fact, bearing in mind what it is possible to read in literature [2], only if the
load is uniformly distributed on the tooth flank the crack development is well described
by two-dimensional schematizations, while, if the load is concentrated only on one side
of the tooth flank, the crack will have approximatively a quarter circle shape and will
initiate at the corner of the specimen.

The simulation of this type of crack requires the development of three dimensional
models and besides great care must be taken in modelling the crack front.
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In fact the presence of the stress/strain singularity in the close neighbourhood of the
crack tip requires the use of particular techniques to be correctly simulated. The most
commonly used is the so called “quarter point technique”, which is applied to standard
quadratic isoparametric elements and was object of many researches. However, the most
recent studies in this field show that the presence of so distorted elements is not
necessary if the mesh is sufficiently fine or if the Virtual Crack Extension method is used
for the calculation of the J-Integral.

Two different finite element models were developed representing the most common type
of fatigue cracks in gears. In figure 4a the model with a straight crack with a depth equal
to 0.1mm, while in figure 4b the model with the quarter circle corner crack with a radius
equal to 0.1 mm are shown. According to the experimental observations, for the first
model the load was assumed uniform along the specimen width while in the second
model the load was assumed to be concentrated at one end of the specimen in
correspondence of the crack, which begins always from the most stressed point, as
determined in figure 1.

Linear elastic analyses were executed and the trends of the shape factors f3, defined as

K

ﬂ e
S\ma

along the two crack fronts are shown in figure 5.
However, these finite element models are very expensive in terms of modellation and
calculation time and the results can be mesh dependent, then it seems opportune to look
for simplified two dimensional models. An approach of this type was successfully utilized
by the authors for crankshafts [17] and now it is proposed for calculating the fracture
mechanic parameters in the Brugger specimens.
Two dimensional models were carried out, see figure 6.
The two different crack geometries considered before were simulated with a plane strain
model (straight crack a=0.1mm) and a plane stress model (comer crack a=0. lmm).
If the three-dimensional results are compared with the two-dimensional ones it can be
noted that the plane strain J is very near to the value of the straight crack in its middle
point, while the plane stress one is close to the surface comer crack results. So it can be
affirmed that, as first approximation results, the /3 values obtained by the 2D analyses can
be used to characterize two common types of cracks in Brugger specimens and gears.
It is possible to consider different crack depths by means of these 2D models, in fact they
are substantially less exacting than the three-dimensional ones.
In figure 7 it is possible to observe the trend of the shape factors 4 till a crack depth
equal to /mm for the two-dimensional models.
To be sure of the reliability of the results the same models, but using focussed elements
around the tip of a crack 0.1 mm deep were constructed and the results in terms of J-
Integral compared; the differences were found to be negligible. In this way it is possible
to validate the two dimensional schematization adopted, that makes use of no distorted
elements, and to simulate the crack propagation by simply releasing the nodes lying on
the opposite crack faces, without re-meshing the model every time.
The stress intensity factor was also calculated by extrapolating the values determined by
using the nodal displacement on the open face of the crack: the differences are less than
2%. In this way it is also possible to separate the contribute of the I and the II mode of
fracture: the results show that for small crack length the contribute of the II mode of
fracture is negligible.
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It is possible to consider the presence of a residual stress field and its evolution during
the crack propagation. In this way it is possible to calculate the effective values of the
stress intensity factor, which takes into account the effective stress state in the cracked
specimen.

The residual stresses experimentally determined were introduced in the models, by using
a numerical procedure based on thermal analysis [18].

In table 4 the values of the effective stress intensity factors, calculated for the carburized
and carburized and shot peened specimens and for three different crack depths and with a
§=420 MPa, which allows to evidence the different effect of the two treatments
considered, are shown. It is clear the effect of the shot peening treatment in fact the
resulting stress intensity factors are less than zero ( with a nominal stress =420 MPa ).
On the contrary the differences between the two types of cracks are not significant, as it
was already seen by the B value trends. For this reason only the results referred to the
plane strain condition are shown.

Table 4 Stress intensity factors by the finite element models (5=420 MPa )

Carburizing Carburizing and shot peening
[MPav/mm | [MPa+/mm
Depth| K, K, Kenr K, K. Keer
[pm] | load residual | effective | load residual effective
15 253 -97 156 253 -369 -116
100 | 283 -111 173 283 -422 -139
125 307 -135 172 307 -452 -145

Weight Functions analyses

The method used for calculating the stress intensity factor in cracked gear teeth is the
weight function technique [3], [4], which is ever more used for its computational
efficiency and engineering accuracy.

The mode I stress intensity factor is given for an edge crack by:

K; = Io(x}m(x, a)dx
0

where m(x,a) is an appropriate weight function of the cracked tooth and a unique
property of the specimen geometry and o(x) is the stress distribution acting on the
perpendicular to the crack plane and including both the stresses due to the applied load
and the residual ones.

A similar formulation can be found for the II mode of fracture.

The advantage of this type of approach is that once the weight function is known it is not
necessary further work of numerical modelling for analysing different crack depths. The
main approximation is that there is not analytical weight function for the gear tooth and it
must be numerically calculated. Alternatively, a known weight function of a specimen
with a geometry similar to that of the gear tooth can be used.

In this study, the weight function of a prismatic notched bar [19] of finite width W is
used:

. ] B 2
m((X,a)—\/m)-[]+Ml(] p)+M,(1-p )]
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where a is the crack depth, x is the coordinate with the origin at the edge of the bar,
p=x/a and

M;=0.6147+17.1944°+8.78224"

M;=0.2502+3.2899a"+70.0444 ¢’

with a=a/W.

This geometry has yet been used for the analysis of cracked gears, giving reliable results:
being the geometry of the Brugger specimen even more similar to that of a prismatic bar,
the results will be closer to the actual values. A similar weight function can be used for
the IT mode of fracture but it has been not considered because of its negligible influence
on fatigue crack propagation in its early stage

A software based on the weight function technique was developed and the values of 3
calculated: in figure 7 the values of the shape factor [3 (in absence of residual stresses)
are shown and compared with those obtained with the finite element models.

In table 5 the effective stress intensity factors evaluated by the weight function method
and a nominal stress S=420 MPa are shown. If we compare these results with those of
table 4 the agreement is good with a maximum difference of 6%, except the case of the
shortest crack.

Table 5 Stress intensity factors by weight function (5=420 MPa)

Carburizing | Carburizing and

[MPa~/mm | shot peening

[MPa+/mm |
Crack Koy Kear

depth[pm] effective effective

75 147 -74
100 165 -131
125 179 -145

In figure 8 the effective stress intensity factor trends with respect to the crack depth and
the maximum stress (Gn—=K-S) are shown. It is evident the influence of the shot peening
m particular in the hardened layer, till a crack depth of about 0.2mm.

4. LIFE PREDICTIONS AND EXPERIMENTAL RESULTS

In order to predict the life of the Brugger specimens the following equations proposed by
Kato and Deng [10], [11] were utilized:

da &
S

., ol [ AKetr Ko ) AK. <AK .. <K 2)
dN —(]_an) AK?c—ﬂKn,ff g — off = **fc

_OKq K, =(ﬁKmec)H2 %:[c?;ie] AK =[MPa/m]

The unknown parameters were evaluated by the hardness values:
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AK, =245+341-107"H
K,=141-164-10"H
n=431-866-10"H+117-10"H”

logC=-10.0+109-10"H - 140-10"H*

The software based on the weight function technique was used in order to have directly
the prediction of the specimen life, by means of the equations (2).

In this software the nucleation crack phase is considered too. Due to the lack of
experimental data relating to the nucleation of cracks in carburized materials the data
available in literature were considered (see table 2). These data were determined from a
material similar to that one used and the Coffin-Manson parameters were found by
considering cracks of 0.05 mm depth. For this reason, in the software, until a depth of
0.05 mm the nucleation law is used, and after this value the propagation law is
considered.

The calculations are interrupted when the cracks are equal to 1 mm, in fact the
subsequent propagation rate is very high and the corresponding duration is not
significant with respect to the total life of the specimens. Besides due to the presence of
the I mode propagation, which increases by increasing the crack depth [6], the
propagation direction changes and it would be necessary consider this mode too.

In figure 9 the crack growth rates obtained by means of the software are shown. It can
be noted the influence of the treatments: a) is referred to the core material without
residual stresses; b) is referred to the carburized material with its corresponding hardness
and residual stresses; c) is referred to the carburized and shot peened material. (In this
phase the sanded specimens were not considered because their results were between the
other ones.)

It is possible to find the influence of the shot peening treatment on the threshold value of
the stress intensity factors, in fact for the carburized specimens the value AKy, =4.6
MPa+/m is found, on the contrary for the carburized and shot peened specimens AKy,
=5.2 MPay/m.

In figure 10 the different trends (a-N) are shown. In the case of shot peened specimens
the residual stresses cause retard in the crack propagation in the hardened and
compressed layer, on the contrary out of this region the rate rapidly increases. In the case
of carburized specimens this retard is not evident.

In figure 11 the predicted lifes were shown and compared with the experimental results,
carried out by applying forces pulsating from 0 to a maximum value (R=0) on all the
Brugger specimen types.

The experimental results show the treatment influences, in fact the fatigue strength
(nominal stress) increases from S=550 MPa (carburized specimens) to S=730 MPa
(carburized and sanded specimens) and to S=870 (carburized and shot peened
specimens).

The agreement between the experimental and the prediction data is good. In particular
the predictions are finer when the crack propagation takes a long part of the total life, on
the contrary if the nucleation phase is more important the error is larger, due to the
uncertainty of the nucleation data. The shot peened specimen predictions are close to the
experimental data because the limit of 0.05 mm between the nucleation and the
propagation is probably actual, due to the large compressive residual stresses. In fact the

AK.g is close to the AKy, value, when a=0.05mm.

(3)
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On the contrary in the other cases, with the same a, AKer is larger than AKy, and a large
part of propagation is spent before the limit considered of 0.05mm. In order to have
more precise predictions it would be to have experimental data about the nucleation of
this material.

In figure 12 the fractography of a fracture section of a carburized specimen is shown: a)
is the hardened layer zone and it is evident a brittle, intergranular fracture, on the
contrary b) is the core zone and the high strained grains are evident.

5. COMPARISON WITH GEAR FATIGUE TESTS

The experimental tests were conducted by means of Brugger specimens, which
reproduce the stress field of a tooth. Besides it is possible to find that the hardness
profiles and the residual stress distributions in the Brugger specimens are similar to that
ones releaved in the teeth, realized by the same material and subjected to the same
treatments; see figures 2, 3, where the differences between the curves are within the
typical 10% error of the HV measurements.

Kato and alter [10] determined the stress intensity factor trend from a gear of the same
fillet radius as the Brugger specimens and of a similar carburized material. In figure 8 this
trend is compared with those obtained by Brugger specimens, the agreement is good.

6. CONCLUSIONS

Specimens similar to gear teeth were realized in order to conduct simplier and less
expensive experimental tests. These specimens, which reproduce the stress and strain
field of the gears, were constructed by 18CrMo4 carburized and the hardness profiles
and the residual stress trends are similar to that ones measured in the gears.

By means of these specimens it was possible to conduct a great number of fatigue
experimental tests and to study the crack propagation in carburized materials.

The following conclusions can be drawn:

1) three groups of specimens (carburized, carburized and sanded, carburized and shot
peened) were experimentally tested and the influence of the different treatments were
evidenced;

2) three-dimensional finite element models of the cracked specimens were realized; the
stress intensity factors were evaluated for two different cracks, one with a constant depth
along the thickness and one circular on one side of the specimen. To simplify the analysis
two-dimensional models were constructed. Due to the good agreement between the
results of the different models, the two-dimensional ones were utilized to evaluate the
trend of the stress intensity factor with respect to the crack depth. The influence of each
treatment was evaluated by introducing the corresponding residual stresses in the
numerical models. The effective stress intensity factors were calculated. The differences
between the two different cracks are not evident. All the following calculations are
therefore conducted considering a straight front crack;

3) weight function method was utilized to determine in a simpler way the stress intensity
factors of the cracked specimens. These results are in good agreement with the finite
element ones;

4) a software, based on the weight functions, was realized. By means of the equations
proposed by Kato and alter it was possible to predict the specimen crack propagation.
The obtained propagation laws show the great influence of the hardened layer on the
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crack growth rate. The predicted lifes are close to the experimental ones and the
deviation found may be attributed to the nucleation data.
5) all the results obtained by these specimens were compared with corresponding data
available in literature and obtained by gears. The good agreement found shows that these

specimens simulate in an accurate way the gear behaviour.
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Fig. 12 Fracture section of a carburized Brugger specimen: a)hardened layer; b) core.
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