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Case Depth and Load Capacity of
Case-Carburized Gears
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Introduction

case-hardened layer. The design of case-carburized gears is
based on defined allowable stress numbers. These allowable
stress numbers are valid only for a defined “optimum”™ case

antee maximum strength of tooth flank and tooth root. Variable
case depths can lead to a decrease in load capacity. For some
applications, including large gears with small modules, maxi-
mum load capacity for the tooth flank often cannot be used.
Therefore, the optimum case depth is not required. A smaller

case depth can meet the load capacity requirement for the actu- |
al application without reaching the maximum load capacity and |

can thereby decrease distortion by hardening and reduce the
need for grinding.

For case-carburized gears with adequate case depth, it is gen- |
erally accepted that pitting cracks are initiated at the surface,
where topography of surface and lubricating conditions are |
important parameters. However, on crack propagation, the stress
field of the subsurface region also has an important influence. |
Furthermore, under special conditions, cracks also can initiate |
below the surface. The variable stress gradient over depth |
requires a corresponding gradient of strength. So, to determine !
an adequate case depth that will ensure pitting resistance, it is

essential to know the stress field induced by loading of the tooth
flank at the surface, as well as over depth below the surface for
all points on the line of contact.

Based on theoretical work and experimental test results, it is |

planned to introduce an addition to the standardized gear rating

according to ISO/DIN (Ref. 2), in which the influence of case
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depth on load capacity is taken into consideration.
As a gear’s tooth flank and tooth root cannot be loaded inde-

pendently from each other, it can be shown that the simple |
\ focused his research work mainly on materials and heat treatment and their

empirical method—case depth proportional to module—takes
the basic principles of the rolling/sliding contact for tooth flank

and of a bending beam for tooth root into good consideration for |

a wide range of standard gears,
The Loaded Tooth Flank—Some Basic Principles of
Contact Stresses

according to ISO/DIN, computation of pitting resistance is

based on the nominal value of Hertzian pressure at the pitch |

| point and, especially for helical gears, on the average length of
Compared to non-heat-treated components, case-carburized |
gears are characterized by a modified strength profile in the

line of contact. For the calculation of the Hertzian pressure, py,
the meshing of two gear teeth can be represented by an analog

| model of the meshing of two cylinders under normal load.
Important parameters are the radii of curvature for pinion and
. gear along the length of path of contact and the values of load
depth. Adequate heat treatment and optimum case depth guar- |

and pitch line velocity. Characteristic data of material and lubri-
cant have to be introduced. For helical gears, normal unit load is
related to minimum total length of line of contact at the appro-
priate diameter. Figure | gives some basic data for two special
test gear pairs, The profile of both gear pairs in transverse plane
is equal. For the given gear size, a transmission ratio of approx-
imately one leads to a maximum relative radius of curvature in
the pitch point C. Both gear pairs have the same face width, The
overlap ratio of the helical gear pair is 1.0 for minimizing exci-
tation. As far as the standardized contact stress number Oy,

Transverse plane
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Figure 1—Comparison of a helical and spur gear pair with the same
profile in transverse plane.
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Figure 2—Relative radius of curvature pg,, and Hertzian pressure py
over the line of contact.
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Figure 3—Field of shear stress over depth for the lowest point of
single tooth contact of spur pinion regarding elliptical Hertzian |
pressure (a), EHD pressure (b).
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Figure 4—Equivalent shear stresses ty,,,.. Tpgmax @nd 7,5 0ver depth
below surface.
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Figure 5—Equivalent shear stress over depth regarding superim-
posing residual stresses. |
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according to DIN 3990 (Ref. 2) is concerned, Figure 1 shows
that the helical gear is obviously advantageous compared to the
geometrically equivalent spur gear. While the helical gear has a
constant total length of line of contact, the contact length of the
spur gear is significantly characterized by the change of single-
to double-tooth contact. Simplifying load distribution, Figure 2
shows the distribution of Hertzian pressure across the path of
contact. A is the starting point of mesh at the dedendum flank of

| the pinion. In the area of small relative radius of curvature pj,,
| and high sliding velocity, the helical gear is loaded with higher
i Herizian pressure than the spur gear. The maximum value of
| Hertzian pressure appears for the spur gear at the lowest point of

single tooth contact (point B). With the corresponding local

- value of load and relative radius of curvature of each contact

point, the stress field for line contact can be calculated accord-

ing to the rules of contact mechanics,

Contact load and contact stresses. For the gear designer, the

- maximum of the shear stress 1 or orthogonal shear stress T,

are two well-known values. Figure 3a shows, for the lowest
point of single tooth contact of the spur pinion, the stress field
T/py over (material) depth regarding the indicated simple
Hertzian pressure. The graphical representation is dimension-
less with: p,—maximum Hertzian pressure in contact point, y—
distance below surface of contact, x—coordinate in contact band
or coordinate of time, by—semi width of Hertzian contact band.
During teeth meshing, the elliptically distributed Hertzian pres-

i sure moves along the length of path of contact. Thus, the load

on each single element in the gear volume varies with time, and

the direction of the shear stresses changes as load passes

through one contact point (rotation by 180° for one mesh).
Therefore, the x-coordinate can be regarded as the lime-axis,

. and consequently, Figure 3 illustrates the variable stress field
above time for the chosen contact point. Instead of the dry con-
| tact model, actual gears are exposed to a tribological
; rolling/sliding contact with local friction and varying tempera-
. ture. Therefore, the normal load induces a tangential component

of load as well as a thermal source at the surface. The distribu-
tion of tangential load can be assumed as proportional to the dis-

. tribution of normal pressure, if the average coefficient of friction
. u,, is simplified and assumed to be constant.

For the distribution and value of thermally induced stress, the
speed conditions of meshing teeth are the most important influ-

- ence parameters, The lubricant in the tooth contact also affects
the pressure distribution. Assuming elastohydrodynamic condi-
. tions, the distribution of pressure, film thickness and film con-
| dition across the width of the Hertzian contact band can be com-
i puted. The distribution of pressure under EHD conditions is pri-
marily influenced by local lubricant viscosity. Important pa-
| rameters that have an influence on the viscosity at the contact
- point are value of load, oil temperature and the type of lubricant.
Figure 3b shows the local overall loading for EHD contact and

the resulting field of shear stress 1 for the given contact point

! of the spur gear. It is obvious that friction and an increase in
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temperature modify the stress field (for the given gear geometry
and load) at and n the near surface-area in a significant way.
Additionally, the EHD conditions increase the stress concentra-
tion in this area. On the other hand, it is evident that stresses in
a depth y,> 0.5 * b, are not modified and so values of 1, are
equivalent to the well-known values of loading with pure
Hertzian pressure (maximum value of 7, =0.3 * p,; in a depth v,
= (.78 = by).
maximum stress in the direction of the end of the Hertzian con-
tact band.

An equivalent stress criterion required for a loaded tooth

The consideration of frictional shear moves the

flank has to take into consideration the multiaxial and variable-
with-time stress state of a loaded tooth flank, where the maxi-
mum normal and shear stresses occur in different depths below
the surface and out of phase.

Equivalent shear stresses. Maximum shear stress criterion
(1) and orthogonal shear stress criterion (7,¢). which is pro-
portional to the von Mises equivalent stress, are two basic
equivalent stress critena well known by the gear designer.
Figure 4 illustrates for the given loading according to Figure 3b,
the values of maximum shear stresses 7y, and T,g,... and the
value of the effective shear stress 7, over depth below surface.
By comparing different criteria, it can be noted that 7, as
well as 7., are defined as vectors, taking into consideration
only the maximum shear stress in a specified plane at a defined
point in time. The direction of these stress vectors is variable
with time. According to the shear stress intensity method, 7,4 is
defined as root-mean-square value of all maximum shear stress
values 7, ,, in each plane (v.@) of analysis. Figure 4 points out
that for the given gear geometry and load, the profile of the three
equivalent stress values is similar, with a maximum value occur-
ring below the surface and the depth and stress value being in
the same order of magnitude.

Due 1o additional residual stresses, the stress distribution
shown can be modified quite significantly. Residual stresses are
induced by heat treatment and the grinding process. Assuming a
biaxial stress state, the normal component of residual stresses is
negligible at least in a near-surface region. Therefore, the nor-
mal component of residual stresses will be assumed as zero for
the following computations.

When superimposing residual stresses, it has to be taken into
consideration that residual stresses are more or less constant
over time, while stresses induced by external load are variable
over time and therefore dynamic components. For the following
computations, a variation of the residual stress state due to the
running of gears is not considered. The different time profile of
load-induced stresses and residual stresses can be considered, if
the quasi-static residual stress component—for example,
T pv—is handled as a Kind of mean stress. Then the equivalent
stresses (indicated by the subscript a, as in 74,) represent a
threshold value (2 * amplitude), for example: T4, = Tp— Tpps:
where 75 is the calculated shear stress intensity induced by

external load and residual stresses and T, 5¢ is the equivalent
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Figure 6—Hardness curve and residual stress profile for different
case-depth values. |
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Figure 7—Profiles of 7., without residual stresses and with regard
to different residual stresses according to Figure 6.
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Figure 8—Hardness curve and profile of 7,4, for a given case depth
of 0.5 mm. .
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i shear stress induced by residual stresses only.

For the given example, Figure 5 illustrates the gradient of the

| equivalent shear stress values over depth considering the shown
! residual stress state (axial and tangential components of ).
{ Value and distribution of the given residual stresses agree with

measurements in gears of this size and adequate case depth. It is

| obvious that, with consideration of residual stresses, the equiva-
lent stress levels decrease, in the example in a region y, < 4 * by,
compared to the stress state without regarding residual stresses.
| For y, >4« by, the value of the residual stresses is small in this
| case, so the influence on load-induced stresses decreases. The

different equivalent shear stress values are modified in different

. ways, but one common effect for all criteria is that the maximum
- value is now to be found at or very near the surface.

Furthermore, it can be seen that after a minimum, the stress val-

| ues increase again for a depth of y; > 2.5 « by, According to

Reference 4. the average value of equivalent shear stress in a

. near-surface area (v, < 0.1 * b) is defined as “local near-surface
| stress,” T.rq0 For the given loading, the values of 74, are
i reduced by the residual stresses. A decrease of the residual stress
value due to running of the gears results in an increase of 75 ..

Shear stress/strength gradient for different case depths.

Modifying case depth varies the distance below surface where

residual stresses influence the stress state. According to
Reference 6, a residual stress profile over depth can be calculat-
ed according to a standardized hardness curve. The equations are
based on test results. For example, Figure 6 illustrates the influ-
ence of variable case depths (Ehr) on the gradient of strength
(1., and residual stress profile (ogg) over depth, It is assumed
by simplification that the gradient of strength is equivalent to the

| gradient of hardness (HV) normal to the surface (r.,=c*HV, ¢
= 1.0). Values of surface hardness and core hardness are con-
| stant. At and in the near-surface region, the material strength is

reduced due to notch effects from surface roughness. Figure 7
shows examples of the gradient of 7, over depth regarding the

. different residual stress values for different case depths. It can be
| seen that the stress gradient is modified over different distances
. below the surface. Especially for a small value of case depth, a
second peak value below the surface occurs. At a greater dis-
| tance below the surface, an increase in case depth leads to a
'~ decrease in stress; while in the near-surface area, the stress state
is not decreased additionally. Figures 6 and 7 point out that the

thickness of the case-carburized layer and thus the case depth
modify the strength profile as well as the stress profile over

- depth significantly.

The variable stress gradient over depth requires a corre-

sponding gradient of strength.

By comparing local stress and local strength over the whole

profile, locations of critical stress/strength ratio can be found. In
| Figure 8, stress and strength profiles are illustrated for the given
| example with a case depth of 0.5 mm. Note that this case depth

is smaller than recommended values in standards. In this case, it
can be seen that a section of critical stress/strength ratio, with
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respect (o minimum safety, is found below the surface at the
boundary of the case-core transition. In the case-hardened layer
as well as at the surface, the stress/strength ratio is not critical,

Figure 9 shows a comparison of stress and strength profile when
changing the case depth to 1.2 mm. It is illustrated that stress
and strength profile correspond in a much better way over the
depth. Maximum stress now occurs near the surface. At a greater
distance below the surface, the stress/strength ratio increases,
but note that the absolute stress level in these regions is small.
However, localized material defects—for example, inclusions—
can lead 1o an increase in stress and initiate a crack below the
surface.

Effects of different case-depth values. It was demonstrated
that, with consideration of residual stresses, the stress gradient
as well as the strength profile over depth are modified with the
case-depth value. The depth below the surface of the maximum
stress/strength ratio (minimum safety) depends on the correla-
tion of stress and strength profile. Adequate case depth leads to
a peak stress value and a critical stress/strength ratio at or just
near the surface so that pitting will be initiated in these regions,

especially if the special conditions at the surface—for example,
notch effects due to surface roughness and decrease of residual
stresses due to running of gears—are taken into consideration.
These influences modify surface stresses and surface strength,
Note that in the examples shown, the different influences on the
surface stresses were not taken into special consideration.
Smaller values of case depth (or unfavorable residual stresses)
can lead to moving the peak value of stress/strength ratio a
greater distance below the surface. Thus, gear damage initiated
below the surface, especially in regions of critical local
stress/strength ratio, may occur. A decrease in load capacity can
be imagined. Localized material defects in critically stressed
areas increase the risk of damage. On the other hand, lower gear
loading can result in lower required case depth.

Thus, for minimizing the risk of tooth flank damage, espe-
cially in critical applications, not only conditions at the surface
should be regarded. Also, stress and strength profile over depth
can be important parameters and should be analyzed by com-
puting a local safety (stress/strength ratio) over depth below the
contact. Note that the value of the coefficient ¢ for calculating
the material strength—r,,, = ¢ * HV with ¢ = 1.0—is assumed for
simplification and is not based on test results.

The demonstrated theoretical investigations are computed
with an EDV-based program system called ROSLCOR, devel-
oped. owned and installed by the Technical University of
Munich’s Gear Research Institute (FZG). Basic principles are
summarized in Reference 8.

Application of Test Results in Addition to ISO/DIN Standard

The demonstrated theoretical investigations are in good
agreement with some test results run at the FZG for evaluation
of the influence of case depth on load capacity. According to
Reference 5, an “optimum” case depth guarantees maximum
load capacity of tooth flank according to DIN 3990. Smaller val-
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ues of case depth lead to a decrease in pitting resistance. For the |
tooth flank, optimum case depth was found as a function of rela- |
tive radii of curvature. Test results are mainly based on investiga- |
tions with small gears. Some few test results with larger gears
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Figure 9—Hardness curve and profile of 74, for a given case depth
of 1.2 mm. ;
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Figure 10—Influence of case depth on permissible contact stress
for long life. i
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Figure 11—Influence of case depth on tooth root endurance limit
(Ref. 7). i
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(a = 200 mm) according to Reference 3 confirm these results,
For the tooth root endurance strength, there was also an opti-

mum case depth established, which depends on the module of

the gear. Investigations show that smaller or greater values than

. the optimum case depth decrease the tooth root endurance

strength.
The German guideline (Ref. 2). which is based on long prac-

tical experience, recommends a case depth of (.15 * normal
. module, defined as the depth below surface at which the Vickers
" hardness has dropped to 550 HV, applicable for standard gear
| sizes. Using this method, the actual load on the gear has not
i been given special consideration. It is obvious and was demon-
strated by theoretical investigations that lightly loaded gears tol-
erate less case depth than recommended by this rule.

Influence of case depth on contact load capacity. In stan-

dardized rating according to ISO/DIN, the allowable stress

numbers Oy, and @y, are valid for a defined optimum case

- depth. Therefore, an addition to the standard, which is based on
- the reported test results, is planned to take the influence of vari-

able case depth on load capacity into consideration. For evalua-

| tion of the influence of case depth on the permissible endurance
| contact stress, an influence factor Z,, (Eq. 1) is defined:

Zgy = Oy * Syl Oy * Zyy* Z1* Zy*ZpZy) (1)

is the actual contact stress number, N/mm?,

Oy
Sy is the required safety factor,
Oy 18 the allowable stress number
(for optimum case depth), N/mm?,
s are influence factors according to DIN 3990

(Ref. 2).

Zg, = 1.0,
Zgy, according to Figure

Within the range Ehty,,, = Ehty,.:
Within the range Ehty,,, < Ehty,.:
10 or Equation 2:

Zp = 1= (170 =25 » Ehty,,) * (Ehityyyp, — Ehty,)/360 (2)

where:
Ehty,,, is the actual effective case depth
(measured at the reference circle),
5 Ehty,,, is the calculated optimum effective
case depth at the reference circle
according to Reference 2.
Zgpy is applicable in a range of 0.7 = Zg;, s 1.0.

For example:
Ehtyyp = 2.0 mm, Ehty, = 1.2 mm
» z;._"" = 0856.

Influence of case depth on bending load capacity. For eval-
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uation of the influence of case depth on the tooth root endurance
strength, an influence factor Yy, (Eq. 3) is defined:

Yiue = O * SH(Opiim * Y1 * Yauir * Yirr * ¥x) (3)

where: op is the actual bending stress number, N/mm?, |
Se is the required safety factor,
Ofye 18 the allowable stress number (for optimum
case depth), N/mm?,
Y. are influence factors according to DIN 3990

(Ref. 2).

¥, can be calculated:

* within the range Ehty,, = 0.025...0.1 * m,:

Bty |04~ ME
Ve =05 + (—mTL') i

= within the range Ehtg, = 0.1..0.2 * m,;:
tht = |.0

» within the range Ehty,,=02..035*m,;
YEII‘= 1-08- (% —0.2)

n

* where Ehitg,,

at the root fillet normal to the 30° tangent,

is the calculated optimum effective case

depth at the root fillet normal to the 30°
tangent according to Figure 11.

Ehr,-,,,,,

For practical application, it can be assumed that:
E}""“ - 0.75 . Ehf"“‘.

The influence of case depth on the tooth root endurance limit !

is also shown in Figure 11. The proposed influence factors can
be used in two ways: either for calculation of required case

depth as a function of geometry and load or for calculation of |

the safety factors (load capacity of the gear) for a given case
depth not equal to optimum case depth.
Verification of Different Approaches for
Determining Case Depth

A gear’s tooth flank and tooth root cannot be loaded inde-
pendently from each other. Thus, an adequate case depth has to
consider the basic principles of rolling/sliding contact for tooth
flank as well as of a bending beam for tooth root.

In the following, it is demonstrated that the simple empirical |
method, case depth proportional to module, recommended by |

the German guideline, takes the different conditions of tooth
flank and tooth root into good consideration for a wide range of
standard gears. Furthermore, the results are in good agreement
with other methods.

Calculation of case depth according to AGMA Standard.
The AGMA standard for gear rating (Ref. 1) recommends a
minimum case depth Eht,,, based on the depth of maximum

HEAT TREATING FOCUS
shear from contact loading (Eq. 4).

is the actual (measured) effective case depth |

A Oy * d\nl ® Sin“ﬂ - (%)

' =225
min UH . cmﬁb L+ ol
2ep,* 0 2
= Pty =22 4)
UI-I ~1

Eht,;, depends on the actual load on the tooth flank and the
geometry of the gear. Uy is a hardening process factor (Uy =
constant = 66,000 N/mm? for grades MQ and ME carburized and
hardened). Transforming the given formula, Eht,,, is propor-
tional to the depth below surface s,,; where maximum shear
SITESS Tyypae OCCUrS, with respect to relative radii of curvature and
applied load.

Using the fundamental rating formulas of DIN 3990 (Eqgs. 5
and 6) (Ref. 2), some transformations lead to Equation 7.

S [+
Oy = O * KK KyoKyy s Oyp = —q:iﬁ * IwZ, ZpZ\Z,

bt F, utl (7 et ael
Ty = z 7 o ek e T z o Xy
HO ffzf. lezﬁ \ dlb u "Z.F. Hzrzﬂ \ b zm, —u
F, cos O :
| > O = ZyZeZpt 2y + 1~ SO88 utl . THim , 2wty 2l L,
_ Vb zm, u M KK KoKy
(5)
- oo K Kk < 0= —28 ey, oy
Op = O * Ky\K Ky Kip s Opp = - A AT
“ Fmin
H F, ng. yYYM.‘TYR -
i O~ o Y ¥ Ya= L / v
H = - bm” FS%e ﬂ Sf K&K‘Kfﬂk}_ﬂ (6)
RdAl

= function of z; (z; — number of pinion teeth):

vt 1 cospe GZTZ LS |

i
Su™ . Oftim

St Ot " (ZyZy ZplZyZ,y
YxYsoeirY wir KK Ky oKy D
YisY.Yy KsK Ky Kep

Application of Equations 4 and 7 results in Equation 8, in
which Ehz,, is proportional to various influence factors, to the
actual safety factors, and to the gear module:

o IS T (ZyZpZpl Zy) YxYaneir¥ nmeir
- Uy (ZyZ,Z4ZxZ,) YisVe¥p
KAKrK}_fﬂKﬂll . Sil'l(ln.r Coscy
KK Ky oKep cosf, cosd,,
Otin . _Su_,
. 3 m, (8)

The given equations are based on mathematically exact trans-
formations and therefore can be used for all types of involute
spur and helical gears.

Assuming some simplifications and reasonable values for the
influencing factors, applicable for standard gear sizes and stan-
dard gear applications, Equation 8 can be written as:
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Comparison of the different approaches for determining
case depth. From Equation 9, it is obvious that for standard gear
sizes, the different methods for calculating case depth according
to DIN 3990 (Ehty,,,, = 0.15 * m,) and AGMA lead to very close
results, if optimum load capacity is required (safety factors near
1).

For lightly loaded gears, Equation 9 tolerates less case depth
(Sp~VSy, Sp> Sy > 1))

According to the German guideline (Ref. 2), the actual load
has not been given special consideration. so optimum case depth
for optimum load capacity is always obtained. Introduction of
the defined influencing factors Zg,, and Y, into the DIN stan-
dard takes actual stress conditions into consideration. This
means that, for lightly loaded gears, the required case depth can
be reduced compared to the recommended optimum case depth,
Thus, for a wide range of standard gears, the two methods are
applicable, especially if the actual safety factors Sy, and S (actu-
al load) are used for calculation. Especially for large gears, the

safety aspects.
Note that for some special gears, calculated values of case

depth will differ because Eht,,;, depends on the gear geometry in |

question and on the real contact stress number oy For critical
gearing, detailed studies should be made according to the section
“The Loaded Tooth Flank—Some Basic Principles of Contact
Stresses.”
Conclusion

The allowable stress numbers in standardized rating of gears
are valid for normal (optimum) case depth. It is known that espe-
cially small case depth values can reduce contact and bending
load capacity. In theoretical investigations, it was shown that the
loading of tooth flank by Hertzian pressure and tribological
parameters induces a stress field in the material, which is vari-
able over depth and can be calculated according to the rules of
contact mechanics,

Application of different equivalent shear stress crileria shows

that residual stresses can modify the stress state significantly. It |

was demonstrated that variation of case depth influences the
stress gradient as well as the strength gradient over depth. By

analyzing the local stress/strength ratio over the tooth profile | Power Transmission, Paris, March 1999 and in Organi di

Trasmissione, February 2000.

and depth, a local safety factor can be defined. The depth below |

surface where the maximum stress/strength ratio occurs depends
on the relation of the stress and the strength profile. Adequate

case depth leads to a peak value of the stress/strength ratio at or

just near the surface. Smaller values of case depth can lead to a
relocation of the maximum value of stress/strength ratio at a
greater distance below the surface. That relocation may lead to
gear damage that initiates below surface. Lower gear loading
can result in lower required case depth.

An addition 1o the ISO/DIN standard is proposed in which |
the influence of different case depths on load capacity can be *

e e e e ——

taken into consideration.

It was shown that the simple empirical method—case depth
proportional to module—recommended by the German guide-
line (Ref. 2), takes the different conditions of tooth flank and
tooth root into good consideration for a wide range of standard
gears, Using the proposed influence factors Zg, and Y, the
results for calculated case depth according to the empirical
method are in good agreement with other methods (Ref. 1) for
calculation of required case depth with consideration of actual
load. O
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