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A computational model is presented to analyze the fatigue crack
initiation period in helical gears, incorporating considerations for heat
treatment via carburization and friction effects. The aim is to determine
the number of stress cycles necessary for the initiation and growth of
initial cracks, while investigating the impact of dynamic behavior. This
study employs a dynamic gear model with two degrees of freedom in
torsion, developed using MATLAB, and incorporates the Papadopoulos
criterion for fatigue analysis. The computational results are
benchmarked against the strain-life method. The findings underscore the
significant influence of the friction coefficient between surfaces, heat
treatment, and dynamic loads on the growth of initial fatigue cracks. For
instance, with a friction coefficient (i) of 0.5, the initial crack forms on
the tooth surface (y=0) in both methods, with the (e-N) method
suggesting 28-65 cycles and the Papadopoulos criterion indicating 101-
156 cycles. The latter accounts for the greater influence of residual
stresses. Additionally, untreated gears exhibit a minimum number of
loading cycles for initial crack appearance at 1.07 x 10* cycles. In
contrast, carburized gears demonstrate an extended lifespan, requiring
1.45 x 10° loading cycles for crack initiation in our example. This
emphasizes the efficacy of carburization in enhancing gear durability.

1. Introduction

The mechanical behavior of the various elements of machines, such as gears, rollers, couplings ... etc, depends on
the mutual effect between the conditions of the applied load and the characteristics of the surfaces, where the
surfaces, in particular, subject to the movement of a vehicle from sliding and rolling in the conditions of repeated
loading, as in the case of gears, to the growth of fatigue, which is considered a type of damage associated with
structural changes of the material. In general, the growth of fatigue depends on many factors, some of which are
related to the conditions of lubrication, the roughness of the surface, the properties of the material and the methods
of its treatment, while others are related to the values of stresses and elastic reactions formed within the layers of
the material resulting from the conditions of loading. In contrast, the number of total loading cycles of fatigue
growth can be determined (as a set of cycles number Ni) necessary for the growth or formation of the fatigue crack
initiation within the layers of the material and the number of cycles (Np) required for the fatigue crack propagation
from its initial length to its critical length.
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Due to the advantages of meshing performance and long service life, helical gears have been widely applied in
mechanical power transmission systems. Under high-speed and heavy-duty conditions, helical gears might incur
contact fatigue failures, such as pitting and spalling due to insufficient tooth flank bearing capacity, offset load, or
tooth profile error, etc. [1-3], as well as incurring tooth breaking due to insufficient bending strength [4]. As such,
it was necessary to combine machining processes and the heat treatment process of gears to complete basic
research, including residual stress measurement, failure morphology analysis, to provide theoretical and
experimental bases for the failure analysis of contact fatigue tests and fatigue life prediction. The existing research
on gear residual stress mainly focuses on the effect of machining or the heat treatment process (Carburization) on
the residual stress and Friction Effects of the tooth flank and the effect of residual stress on fatigue.

Various studies have delved into the intricate relationship between manufacturing processes and the residual stress
characteristics of gears, offering valuable insights into enhancing their mechanical properties. Rego et al. [5]
explored the impact of shot peening, grinding, and heat treatment on the residual stress of 16MnCr5 spur gears
during machining. Conrado et al. [6-9] investigated the correlation between tooth root residual stress and the
bending fatigue strength of spur gears fabricated from diverse materials, subjected to carburizing and nitriding
processes. Lingamanaik and Chen [10] conducted carburization treatments on SAE 5120 automotive gears,
revealing that extended carburization durations led to increased residual compressive stress and a deeper hardened
layer. Savaria et al. [11, 12] focused on the influence of various degrees of induction quenching on the residual
stress of AMS6414 spur gears, highlighting the pivotal role of residual compressive stress in improving bending
fatigue strength. Mallipeddi et al. [13] scrutinized the evolution of residual stress in 16CrMn5 spur gear tooth roots
during the running-in period. Liu et al. [14] explored the impact of residual stress on the tooth flank of helical
gears in wind turbines, observing a correlation between decreasing compressive residual stress and the formation
of internal cracks farther from the surface. Fukumasu et al. [15] measured compressive residual stress near the
surface regions of 17NiCrMo helical gears. Lv et al. [16] discovered the release of residual compressive stress on
the surface of W6Mo5Cr4V2 gears after contact fatigue. Pariente et al. [17] determined the residual stress value
of 16CrNi4 gears after contact fatigue testing, observing the release of initial tooth root residual stress near the
surface zone. Kattoura et al. [18] additionally identified that high twin content and dislocation densities could
impede the formation and development of surface fatigue cracks. These collective findings contribute to a
comprehensive understanding of the interplay between manufacturing processes and the residual stress
characteristics critical to the performance of gears.

Depending on the literature reviews, the period of formation of the crack initiation is considered one of the most
important stages of collapse with fatigue [19-22], and this is based on the fact that the time of propagated of any
crack initiation, formed within the layers of the material for a mechanical element subject to repeated loading, is
very fast compared to the time of its propagation, and as a result, it is difficult to control In the propagated of the
incision or even prevent its propagated in the conditions of repeated loading. For this reason, the attention is often
directed towards studying the stage of the initial crack, with the aim of calculating the number of loading cycles
required for its growth, or researching methods of preventing its occurrence. In contrast, the emotion method
(strain - the number of cycles), which is denoted by an abbreviation (e-N), is considered one of the most important
and most used methods to study the period of formation of the initial crack as this method is based on analyzing
contact stresses, taking into account the specific fatigue parameters for each substance, (g'7): Index of ductility,
o's: index of fatigue strength in bending, E: modulus of elasticity ... etc.). Depending on this method, the increase
in the amount of plastic strain (Ag,) and elastic strain (Agy) and the number of cycles are related to the following
relationship:

Aeg Ag, Ag, o’ b
= + = 2N. Y +&% (2N, )° 1
2 2 2 E( ) &5 ( ) @)

where b, ¢: exponent is related to ductility and fatigue strength, respectively and taking into account the influence
of the mean stresses om, the previous relationship is as follows:

Ae _ Ag, +A6‘p _ (o —oy)
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Despite the importance of the method (strain - number of cycles) (e-N) in analyzing the period of formation of the
fatigue crack initial, but it assumes that the material is homogeneous without any defects, in the crystal pattern
(imperfection), nor does it take into account the effect of roughness and the type of heat treatment ( for the residuals
stresses) . In addition, we can use both the shear stresses (txy), the shear stresses (tmax) and the maximum principal
stresses in analyzing this method, and as a result we obtain different values for the number of cycles needed to be
the initiation crack in each case, in return, all studies in the scientific references do not take into consideration the
effect of dynamic loading conditions on the growth of the initial crack within the layers of the gears, where the
study is limited to using a simplified model of gears as two equal disks, and consequently, the resulting loading
conditions are considered static conditions.

For this purpose, the main aim of this research is to present an arithmetic model that helps in calculating the number
of cycles needed to form the crack initiation on the teeth of the helical gears, based on the Papadopoulos criterion
for fatigue prediction, and using a dynamic model of the two-degree gears, freedom to twist, taking into account
the effect of both the dynamic behavior of the gears, the type of heat treatment (effect of residual stresses) and the
effect of friction between the contact surfaces.

3. Experimental Works

Using the MATLAB program, it has been developed dynamic model of gear with two freedom degrees in torsion,
in order to determine and calculate the dynamic load and the maximum pressure value at each contact point on the
teeth of the gears, by analyzing the dynamic movement equation step by step with time. Depending on the value
of the resulting maximum pressure, the Normal contact stresses and their distribution within the layers of matter
are calculated. Results obtained using Papadopoulos criterion will be compared to results obtained using the (e-N)
method.

3.1. Modeling the Dynamic Behavior of Helical Gears

Gears with helical teeth are widely used in the transmission of motion, because of its qualities and functional
characteristics that distinguish it from gears with straight teeth. For example, these gears are less affected by
manufacturing errors as deflection and shape errors. This is due to the slope of the contact lines over the entire
width of the tooth (d) with respect to the axis of the tooth at an angle called the helix angle (). Which also causes
a difference in the value of both the real pitch (pr) and the actual pitch (normal pitch) (pn) between the teeth (Figure-
1). It is also more suitable for high speeds and withstands large loads due to the presence of more number of teeth
in the interlock phase simultaneously, In addition to the low noise and vibration level. Despite these important
advantages, the conditions for manufacturing, modeling and studying the conditions of dynamic interlock are more
difficult than their straight-tooth counterparts.

In our present research, we will rely on a dynamic model with two degrees of freedom to twist (6, for the gear &
0, for the pinion) shown in Figure (2) [23].
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Figure (1): Conditions for Contact between Helical Gear Teeth.
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Figure (2): A dynamic model of gears with two degree of freedom [23].

The gear and the pinion are described by its polar breakout torque (J), the bending radius (Rb) and the applied
torque value. Also the torque on the gear (torque motor) (Cm) and the torque on the pinion) (Cr). On the other
hand, the conditions of contact between the teeth of the gears are described within the working level with the
interlock hardness (K) and the damping constant (C). Relying on the dynamic torque theory, the equation of
movement for both the gear and pinion are written according to the following differential formula [23]:

° ( 1] ) .
J, Q. +6, =—{C.[Rbl.01+ Rb2.€2}+ K [Rb,.6, + sz.ez]}.cosz B.Rb,+C_ (3)



ICAR 2023

. Iragi Journal of Industrial Research, Vol. 11, No. 2 (2024)
Special Issue

) [ 1 J . .
2O+, |7 —{C.|:Rb1.01+ Rb2.02}+ K.[Rb,.6, + sz.ez]}coszﬂ.sz +C, (4

Since the angular velocity for both the gear Q1 and the pinion Q2 is constant and therefore Q1=02=0, we can
express the previous two equations by the following formula:

J; o él él o, Rb? Rb;Rb, o
+4C| |+K.cos®pB. = ©)
0J; 32 6;2 0, Rb,Rb, RbZ Cm

By multiplying the first line of the equation by Rb1Jz and the second line by Rb1J. and dividing the equation by
(Rb2)2J1 + (Rb1)?J2 we get the following differential equation:

m,., . X+ C. X+ k.x.cos” B=F_ (g

B: the helix angle (the angle of inclination of the contact lines between the teeth of the gears within the working
plane) and equal in the case of studying the straight gears of zero (8 = 0).
J,J
My, = J.RD2 =2 2
,Rb; + J,RDb;

(7

Mwt: the total mass equivalent of the gears and given by the following relationship:

C, k: equivalent hardness interlock constant and damping of the dynamic pattern respectively calculated according
to the 1ISO 6336 system [24].

X: wave of degrees of freedom in the twisting of the gear and pinion, and given according to the relationship:
X = Rb,6, + Rb,8,
Fs: static load affecting gears, calculated according to the following relationship:

C C
|: — m — 1 9
*  Rb, Rb, ®)

The solution to the previous motion equation will be step-by-step over time, using the Newmark method [25],
which is considered one of the most used methods of analysis in finding solutions to dynamic problems, and
analyzing the movement equations for the transmission terms with gears. During the analysis of the motion
equation, it must be ensured that there is no negative load on the teeth of the gears. Through each step of time, the
tangent lines that tilt at the helix angle (B) are shifted within the work plane and therefore the tangent point M will
move with time across the contact lines and so the engineering features of the gears (distribution of load -
distribution of pressure - width of the contact area ... .) It will be variable due to the difference in the location of
the contact point on the tooth profile. For the purpose of the analysis, we used 48 interlocking intervals with the
aim of obtaining a stable system of interlocking gear, the total number of increments in time equal to 2048. Since
the point of contact between the teeth of the gear and the pinion moves along the profile of the tooth through time,
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for this, the profile of the teeth of the gears will be described in relation to (t/Tm) where t: time, Tm: the interlock
period. During the calculation, the amount of time increase At is calculated according to the relationship (At =tm /
tt), where tt: the number of time increments during a single interlock period, which is calculated by the number of
total increments in time divided by the number of interlock periods. That interlock period (Tm) is calculated based
on the angular velocity of the gear Q1 and the number of its teeth Z1 according to the following relationship:

T, =—2%_ (10
Z,.Q,

After calculating the dynamic load F at each point of contact M over the teeth of the gears (noting that the distance
between the points of contact for two consecutive gears = p.cosa. where p: pith. o pressure angle) in relation to
the width of the tooth (d), the distribution of the normal contact pressure P(x) on the width of the contact area H
is calculated using the Hertz theory according to the following [22] Figure (3):

p(x)= 27 _ FM) [ X 1)
aHM) d |~ aH(M)

While the tangential pressure g (x) is calculated using the Coulomb theory according to the following relationship:

q(x) = u.p(x) @2

The coefficient of friction p will be calculated using the velocity of slipping (vs = u1 — u2) and the rotational speed
(vr = u1 + U) and the kinematic viscosity no according to the following, [26]:

F(MIJ

29.66
u=0.0127log (12)

2
r

ﬂOVsV

uz, Uy: the circumferential velocity of the gear and pinion, respectively.

After determining the studied point, the total stress field is the sum of the stresses due to the normal contact load
a"i,j(x,y), and the stresses due to the tangential load c'i,j(x,y). These normal contact and tangential stresses are
calculated within the conditions of plane distortions, [27-28].
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Figure (3): Modeling the distribution of normal and tangential pressure at the contact point E, v: modulus of
elasticity and Poisson ratio respectively. (1) Drive gear (Gear) & (2) Driven gear (pinion).

On the other hand, the gears used in the transmission of movement are often heat treated with the aim of increasing
the transferred capacity, and because of this treatment arises in the layers of the material negative residual stresses,
where these stresses lead to an important role in increasing the resistance of gears to fatigue, for this purpose the
residual stresses are distributed or; j (x,y) within the matter layers will be taken into account. Thus, the total stress
field at each contact point is given by the following relationship:

o, (X, Y) =07 (X, Y)+o; (X, y)+o! (X, Y)Vi, j'’e X,y,Z (9

There are many experimental relationships in the scientific references to calculate the distribution of stresses,
according to the change in hardness within the layers of the material, which relate to the type of heat treatments
for the surfaces of gears (hardening), (nitriding) & (carburizing). In the present work, we will use the experimental
relationship provided by the scientist (Tobe), to describe the distribution of the residual stresses in the case of
carbonization [29], according to this relationship, the residual stresses are distributed, depending on the depth
beneath the surface of the gears, relates to the values of the Vickers hardness in the surface (HVS) and the heart
(HVC).

3.2. Modeling the Period of the Fatigue Crack Initiation

Recent studies of fatigue prediction rely on the use of Fatigue criterion. There are many of these standards in the
scientific literature, but the most widely used are CROSSLAND, DANG VAN, SINES, and PAPADOULOQOS. In
our study presented here, we will rely on the Papadoulos criterion, [30], which gives great compatibility with
experimental results, [30]. This criterion is based on the maximum value of the second constant of the stresses

wave ], and the hydrostatic pressure PH [ Py = %[JXX + oy, oy, D , taking into account the effect of time.

Depending on this criterion, the initial fatigue on the gears teeth arises when the values of the equivalent stresses
of this oegs Criterion are greater than the values of the fatigue limit in the rotating twist, otherwise the gears are
safe against fatigue. Where this criterion is expressed according to the following mathematical formula:

& = max( |3, () )+ [max(p, )< @5

where, o ,y are the parameters of the material which are calculated based on the value of fatigue limits in the
alternate twist Tw and the alternate bending ow according to the following:
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=3 Tw L a =t
Y= o, \/5 w (16)

\/E = \/% [(al,a - 0-2,51)2 + (O-l,a - O-S,a)z + (O-Z,a + 0-3,a)2] MPa (17)

where o1, 62, o3 the principal stresses of the normal and tangential stress compounds. Where the amplitude stress

is calculated by relying on the maximum omax and minimum omin Value of the stress according to the following
relationship:

0y, = M _—imin - j=323  (18)

That the gears are often treated thermally in order to gain the properties of the resistance and therefore the limits
of fatigue tw and ow Will be considered variable within the layers of the material and calculated depending on the
change of the hardness of the material HV (y) according to the following relationships [31]:

o, =—Tv _—161.— V) 1vpal for HV(y)<340HV (19)
0.577 1+ 207
HV (y)

z,  1.98.HV(y)—0.0011.HV?(y)
O'W= =
0.577 (1+ 20.7 )
HV (y)

[MPa] for HV(y)>340HV (20)

Thus fatigue occurs when the value of the equivalent stresses ceqs becomes greater or equal to the value of the
fatigue limit in the rotating twist tw. When this condition is met, we can calculate the number of cycles needed to
form the initial crack, Ni, based on a Woher curve of fatigue that can be expressed depending on the fatigue
properties of the material (which are considered as special features for each substance related to the type of heat
treatment), shear stresses (ta) and amplitude stresses. (ca) according to the following [32]:

o,=c'.(2N,) (21

r,=7', (2N,))’  (22)

where oy, Tf e fatigue strength coefficients in torsion and bending respectively [32], b = power is associated with
fatigue strength.

By applying these relationships in the cases of torsion and bending or tension - compression the Papadopoulos
criterion, we will be able to calculate the number of cycles needed to be the initial crack according to the following:

In the case of torsion, normal stresses are non-existent and therefore:

o,=0,=0,=0=>P,=0 (23

XX yy
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The Papadopoulos criterion will have the following shape:

max./J,,(t) +y.0=a=>max/J,,(t)=r,=a=>a=17", (2N,)’ (24)

In the case of tension - Compression, with a stress ratio: -1= omin / cmax

O, Oa_ o' (2N,)° O-lf(ZNi)b_ . b _ i 1 (25)
\E+;’ 3 2> 7 +y 3 =7 (2N;)’ =>y=3 o 3

After determining the values of each of the y and o constant in terms of fatigue parameters of the material, the new
form of Papadopoulos criterion will become according to the following:

max(,/J, . (t))+ 3[

T
o'

— 3}[max(PH 1<z, (2N,)> (26)

As a result, the number of cycles required to form the initial crack (Ni) is calculated from the relationship:

b

max(y/3,. (1) + 3{ T Jlg}[max(PH )]

O ¢
N, =0.5

(27)

T

3.3. Metal Used

Gears made of 18CrMo4 steel and carburizing treatment. The chemical composition of this material and the
parameters Of fatigue are shown in Table (1) and taken from reference [33]. The engineering and functional data
for helical gears used in this study are shown in a Table (2).

Table (1): The chemical composition and the fatigue parameters of 18CrMo4 steel.

The Chemical Composition The Parameters of Fatigue

C 0.203% o't 2244 Mpa
Si 0.27% 't 1353 Mpa
Mn 0.84% g's 0.27 m/m
p 0.022% b 0.097-
S 0.042% c 0.398-
Cr 1.02% n 0.244
Ni 0.02% Surface hardness(HVs) 710HV
Mo 0.2% the heart hardness (HV.) 375HV

Table (2): The engineering and functional data for helical gears used in this study.

Dates Values
The number of teeth of the gear and the pinion 71=18,72=16
Width of the gear and the pinion (mm) b1=16, b2=16
Model (mm) 3.5
Angle of pressure (degrees) 20
Helix angle (°) 15
Engine torque (N.m) 250
gear rotating speed (rad / esc) ;=100
Lubrication properties: ISOVG 150 mineral oil No=1.56 x 10 pa.s
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4. Results and Discussion

When examining the fatigue phenomenon of gears, it is important to know the value and distribution of maximum
pressure at contact points along the effective profile of the tooth, because the value of stresses (responsible for the
occurrence of this phenomenon) and their distribution within the layers of the material largely depend on the values
of maximum pressure, where the most dangerous points for the growth Fatigue is the point that has a higher
pressure value compared to the low value point (ISO 2006) [24].

The results obtained by the distribution of pressure on the teeth of the gears are shown in Figure (4), where we
can notice that the distribution of the maximum pressure is oblique along the width of the spiral tooth (due to the
slope of the contact lines at the angle of the helix (B) where the maximum value is placed at the starting point of
the contact line (in the case of the gears with teeth for a straight line, the distribution of pressure is straight, as § =
0). On the other hand, on the profile of the tooth, the distribution of pressure is approximately uniform, with
maximum values of pressure placed in the vicinity of the pitch point and the points of interlock (point A), with
higher values in the starting points of interlock. Conversely, in the interlock end points (point B) the maximum
pressure values are low compared to a value in the interlock starting points (point A). Thus we can say that the
points of interlock in the vicinity of the pitch point and the beginning of interlock are the most dangerous for the
emergence of fatigue.

~ face wagth (mm)

profile (LVTm)

Figure (4): 3D modeling using the MATLAB program to distribute the maximum pressure Pmax over the
helical tooth profile represented by the dimensionless time (t / Tm) and the tooth width depending on the new-
mark method and the gears data in Table (2).

On the other hand, the tooth profile of the gears is subjected to a complex movement of slippage and rotation,
Figure (5), according to the following:

» At the pitch point (dedendum), the slip is non-moving and the movement is only rotational (due to the lack of
the speed of the slip at this point where the speed of the gear and pinion is equal).

» In the area between the starting points of interlock and the pitch point (dedendum) the sliding movement and
rotation are both. With a sliding movement of negative value and opposite to the rotational movement of
positive values.

» Inthe area between the pitch point (dedendum) and the interlocking end points (addendum), both the rotational
and sliding movements are present, but with positive values for the sliding movement as the rotation direction
corresponds to the direction of slipping because the sliding and rotational speeds have the same signal.

10
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Figure (5): The sliding speed Vs and the rotational speed Vr are distributed along the effective profile of a gear

depending on the gear data in Table (2).

Depending on the results shown in Figures (4 & 5), we can verify that the interlock points located between the
pitch point and the starting interlock points are the most dangerous points for the growth of fatigue on the teeth of
helical gears due to the high values of pressure on the one hand, and due to the negative sliding opposite the
direction of movement Rotational, on the other hand, with a greater probability of the onset of fatigue at the starting
points of interlock (higher pressure values and greater negative sliding) and these results correspond to
experimental observations of the growth of fatigue on the teeth of helical gears as shown in Figure (6).

Based on the above, we can conclude that the starting point of interlock (point A) is the most dangerous point for
the onset of fatigue on the tooth profile. Let's take this point that has a maximum pressure value of 1750MPa and
study the possibility of fatigue exposure based on the Papadopoulos criterion. Initially, it is necessary to know the
distribution of Vickers hardness and the value of the residual stresses, as well as the distribution of fatigue limits
in the rotating twist tw and the alternating bending ow depending on the depth below the surface of the tooth.
These results for modeling the distribution of hardness and residual stresses using experimental relationships of
the scientist Tobe [19] are shown in Figure (7). Where we can notice that the hardness of the material (18CrMo4)
treated with carbonization is greater in the area adjacent to the surface of the tooth. We can also note that the
residual stresses are negative ones, and therefore they contribute to increasing the resistance of the gears teeth of
fatigue, as they reach a maximum value near the surface, and then decrease until they are absent at a distance of
0.7mm from the surface shape (7a). The change in the hardness of the gears according to the depth of the surface
will lead to a change in the distribution of fatigue limits, Figure (7b). As fatigue limits reach their maximum values
near the surface to decrease as we move away from the surface.

The emergence of fatigue in the negative slip zone

Figure (6): Experimental results for zones of fatigue on helical gears teeth.

11
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Figure (7): () The distribution of the gear material Hardness and the remaining stresses depending on the depth
below the tooth surface (y), and (b) The distribution of the fatigue limits alternating torsion and alternating
bending depending on the depth below the tooth surface (y).

Figure (8a) shows the distribution of the equivalent stresses ceqs 0f the Papadopoulos criterion within the material
layers of the gears teeth. The value of these equivalent stresses, with or without taking into account the residual
stresses ot, is greater than the value of the fatigue limit in the rotating twist, and as a result there is a risk to start
the fatigue cracks initiation. The fatigue cracks initiation is located within the layers of matter is the point
corresponding to the maximum value of equivalent stresses, and this point is located 0.185mm from the surface in
our example.

On the other hand, the residual stresses decrease the value and distribute the equivalent stresses within the layers
of the material up to a distance of 0.7mm from the surface (the depth at which you own the value), and therefore
they reduce the speed of fatigue initiation due to the decrease in the value of the equivalent stresses, the effect of
these residual stresses on the number of loading cycles necessary for the fatigue crack initiation Ni is shown in
Figure (8b), where we can notice that the number of the minimum loading cycles for the emergence of the initial
crack in the case of non-treatment gears is 1.07 x 10* cycle, while when the gears are heat treated with
carbonization in our example, the number of loading cycles is 1.45 x 10° cycle. As a result, the residual stresses
(resulting from heat treatment) contribute to increasing the number of loading cycles necessary for the emergence
of the initial crack and thus increasing the working life of the gears as a result of the rescue of the value of the
equivalent stresses formed within the layers of the material. This effect of the residual stresses is neglected using
a (e-N) method.

12



ICAR 2023

. Iragi Journal of Industrial Research, Vol. 11, No. 2 (2024)
Special Issue

Pl of tatigus
Jurman wliatien

)

.
'
§
{ ;
B W - - with ¢
H X .
. . 102
:" ‘\ :
400
.' ‘ ‘\ *
oy .
o . . B4
- - “~
YO0 \ >
\\ ‘
00
’ \
4 -~
’
] \, 1
0Oy ~~
e L SN 1 are”® cpele
'
18 1
(e ) v
b a

Figure (8): (a) The equivalent stresses cegs to the Papadopoulos criterion depending on the depth below the
tooth surface (y), and (b) The number of loading cycles N required for the formation of the fatigue crack
initiation at the starting point of interlock (point A).

5. Results Comparison

Now compare the results using the Papadopoulos criterion, with those obtained using the shear stresses (txy) in the
(s-N) method for the starting points of interlock (point A), with taking into account the effect of friction between
the gear teeth. The obtained results are shown in Figure (9), with values of the friction coefficient ranging between
(u=0-0.5) taking into account the effect of the mean stresses (cm) in the (e-N) method, where we can observe the
following:

» The method (e-N) gives approximate results with the Papadopoulos criterion when neglecting the effect of the
residual stresses. In both cases, With values of the friction coefficient equal to zero (u=0), the initial crack of
fatigue within the layers of the material arises at a distance from the surface with a number of cycles ranging
from 1 x 10* to 8.2 x 10° cycle according to the method (e-N) with and without taking into consideration the
effect of the mean stresses (om), respectively, to the number of cycles 2.2 x 10* cycle (according to the fatigue
criterion and neglecting the effect of the residual stresses (or = 0)). However, this difference is increased when
the effect of the residual stresses is taken into consideration, as the number of loading cycles is 5 x 10° cycle
according to the Papadopoulos criterion.

When the friction values increase between the gear teeth, the region of the fatigue crack initiation within the
layers of the material shifts toward the surface, and the higher the friction values, the more the region of the
crack will approach to the surface. The number of loading cycles required for the formation or initial this crack
decreases, due to the high values of equivalent stresses resulting from the increase in the values of tangential
stresses that relate to the values of friction between the surfaces. For example, in the case of (n = 0.5), the
initial crack is formed on the surface of the tooth (y = 0) in both methods, with the number of cycles (28-65)
cycle according to the (e-N) method, bringing the number of cycles to (101-156) cycle using Papadopoulos
criterion. Where the greater value indicates the effect of the residual stresses. The large decrease in the number
of cycles as a result of increased friction can be explained by increasing the value of equivalent stresses cegs
resulting from the increase in the values of tangential stresses and consequently decreasing the value of Ni and
in this case fatigue becomes low fatigue number of cycles (Ni <103 cycle) depending on the Wohler curve of
fatigue. This result is consistent with the experimental results described in references [34, 35]. As a result,
fatigue measurements give more accurate results in calculating the number of loading cycles required for the
initial fatigue crack, because they take into account the effect of heat treatments for gears, this effect which is
neglected using the (e-N) method.
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Figure (9): A comparison between the application of the Papadopoulos fatigue criterion and the (e-N) method to
calculate the number of loading cycles Nirequired to produce the initial crack of fatigue under the influence of
friction depending on the depth below the tooth surface at the starting point of the interlock (point A), (Pmax =

1750 MPa).

The distribution of normal pressure on the teeth of gears depends on the number of cycles of gears, at low rotational
speeds, its distribution is almost uniform along the profile, and the behavior of gears is considered static behavior,
but with increasing values of rotational speed, its distribution becomes more random, and the behavior of gears it
is a dynamic behavior. These notes are shown in Figure (10), where we can observe the effect of the rotational
velocity of the gear Q21 on the distribution of the normal contact pressure on the tooth profile. Where we can notice
that the starting point for interlock (point A) has a greater pressure value compared to all contact points on the

tooth profile.
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Figure (10): The effect of the angular velocity of the (drive gear) gear rotation on the distribution of maximum

pressure on the helical tooth profile.

Thus, the difference in rotational speed does not change the location of the dangerous point for the initial of fatigue
over the profile of the tooth, but it changes the value of the maximum pressure at this point, and therefore from
the number of loading cycles necessary for the initial of fatigue. These observations are shown in Figure (11),
which shows the effect of rotational speed of the gear on the maximum values of the equivalent stresses ceqs, and
as a result, its effect on the number of loading cycles required for the emergence of the initial crack in relation to
the point of interlock starting (Point A) and the pitch point. Where we can notice the following:

The starting point of interlock: the equivalent stresses with respect to the fatigue limit in the alternating twist
are always greater than one for all rotational speeds, and therefore fatigue will arise at this point regardless of the
rotational speed value. On the other hand, each rotational velocity gives a different value to the risk of fatigue
initial, and as a result, the number of cycles Ni for the emergence of the initiation crack (the speed of the formation
of the initiation crack) is different.

Pitch point: The initial crack is formed at a speed lower than the starting point of the interlock (fewer cycles) due

to the low values of equivalent stresses, noting that some rotational speed does not give the risk of the initial crack
forming at this point Q.= (200, 225, 875, 900, 925, 950, 975) rad/sec, and that's because:

(aeqs >1) .(28)
z-W
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Figure (11): Effect of the angular velocity of the driving gear rotation on the value of the equivalent stresses in
relation to the fatigue limit in the rotating twist and the number of loading cycles required for the emergence of
the initial fatigue crack.

6. Conclusions and Recommendations

In this paper, we presented a dynamic modeling of the period of the fatigue crack initiation on the teeth of helical
gears, by predicting it on the one hand and calculating the number of loading cycles necessary for the emergence
of the initial crack on the other. Based on the Papadopoulos criterion for fatigue prediction and fatigue parameters
for the material, taking into account the effect of friction (surface condition) and type of heat treatment. The
dynamic behavior of the gears was determined by analyzing the motion equation step-by-step over time for the
two-degree model of freedom of twist. The results obtained were compared with (strain - number of cycles) (e-N)
method, It is widely used in scientific references. Where we can conclude the following:

1. The starting points of interlock are the most dangerous points for teeth of helical gears for the emergence of
fatigue. This is due to the higher values of maximum pressure compared to the rest of the contact points on
the gear teeth. As high values of maximum pressure will lead to the emergence of the fatigue crack initiation
(decrease of loading cycles Ni).

2. The dynamic behavior of helical gears affects the speed of fatigue formation due to its effect on pressure values
and as a result of its effect on the values of stresses formed within the layers of the material.

3. The Gears are often heat treated to give them the characteristics of resistance (for fatigue, for example). As a
result, the (e-N) method cannot be used, as it eliminates the effect of residual stresses resulting from these
treatments. Accordingly, the use of fatigue criterion is better for predicting the working life of heat treated
gears.

4. The increase in the friction values between the surfaces of the gears leads to an increase in the values of the
formed stresses, and consequently an increase in the speed of fatigue formation (reducing the number of
loading cycles required for the emergence of the initial crack) and shifting the area of the origin of the initial
crack towards the surface of the gears. Accordingly, a good choice of the type of lubricant between the surfaces
of the gears, and attention to the degree of termination of their surfaces, will contribute to reducing the friction
values between the surfaces.

The remaining stresses resulting from heat treatments, formed within the layers of the material, are negative ones,
and therefore they increase the fatigue resistance because they decrease the value of the stresses formed within the
layers of the material. For this, it is necessary to research more in choosing the type of heat treatment
(carbonization, intruding, hardening ... etc) appropriate for the gears according to their working conditions.
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