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The efficient and reliable transmission of me-
chanical power continues, as always, to be a central
area of concern and study in mechanical engineer-
ing. The transmission of power involves the inter-

action of forces which are transmitted by specially |

developed components. These components must, in
turn, withstand the complex and powerful stresses
developed by the forces involved. Gear teeth trans-
mit loads through a complex process of positive
sliding, rolling and negative sliding of the contact-
ing surfaces. This contact is responsible for both
the development of bending stresses at the root of
the gear teeth and the contact stresses at the con-
tacting flanks.
Gear Fatigue

In analyzing the stresses developed in the gear
tooth, it is useful to begin with a brief description of
the dynamics of tooth contact. Figure 1 depicts the
cycle of contact and the contact path of the teeth of a
spur gear, The path of contact begins on the tip (the
addendum) of the driven gear tooth, goes through the
pitch point and finishes on the tip of the driving gear
tooth. The gear teeth are in contact along line C,-C,.
At all points along this line, with the exception of the
pitch point, the velocities of the contacting surfaces
are different. Because of this, sliding will occur (Ref.
1). At the pitch point the velocities of the contacting
surfaces are equal and there is pure rolling. The
angular velocity of the driving gear tooth is then
transferred to the driven gear by a complex process
of positive and negative sliding and rolling. The
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Fig. 1—Meshing cycle of gear teeth.
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: bending stresses at the root of the gear tooth and the
| contact stresses on the contacting flanks are there-
fore generated by the loading conditions of the con-
tacting surfaces. These stresses are responsible for
the dual nature of gear fatigue failures (Refs. 2, 3).

The bending stresses occurring at the root of the
gear tooth arise due to the transfer of torque from
one gear to another. The bending stresses, being
cyclic in nature, can lead to fatigue crack initiation at
the root of the tooth. This region acts as a stress con-
centrator and the fatigue cracks which develop here
are classical fatigue fractures (Ref. 4).

The contact stresses arising in, and on, the con-
tacting surfaces of the gear teeth are a consequence
of the forces exerted by one surface on the other
(Ref. 5). These forces create pressure distributions
that are directly responsible for the development of
shear stresses below the surface (Ref. 6). The magni-
tude and location of these stresses are dependent on
the geometry of the gear tooth flank and the dynam-
ic conditions under which the gear is operating (pres-
sure distribution, involute radii, sliding velocities
and coefficient of friction). The failures caused by
these shear stresses are the typical pitting and
spalling types.

The overall design of the gear must take into
account these stress systems and minimize their
effect on the integrity of the gear. While the material
of the body of the gear tooth must display enhanced
flexural ductility to counteract the bending stresses
developed there (Ref. 7), the flanks of the gear tooth
require a hard, wear-resistant surface with enhanced
strength to some depth below the surface to resist the
orthogonal shear stresses developed in that location.

Tooth Root Stresses. In 1892, Lewis (Ref. 8)
made the first documented attempt to calculate the
stresses developed in the root of a gear tooth. His
approach was based on the analysis of a notched
beam in bending mode, approximating the gear tooth
shape by a parabola. This basic approach is still
accepted as fundamentally correct, with the excep-
tion of the effects of what are now known as stress
concentrators, investigated by Dolan and Broghamer
(Ref. 9). There are a number of ways of calculating
the stresses developed in the root of a gear tooth,
from the two dimensional analysis adopted by Aida
and Terauchi (Ref. 10) to the more sophisticated




finite element models which were first introduced by
Andrews (Ref. 11).

The bending fatigue of gears is principally gov-
erned by the geometry of the gear tooth, the loading
conditions and the material properties at the root of
the tooth. The authors show, to some extent, the
importance of the geometry, but do not consider any
of the factors which influence the material proper-
ties. These metallurgical factors depend on the mate-
rial composition and heat treatments adopted, as well
as their subsequent transformation products and/or
residual stress distributions.

Contact Stresses. From the literature (Ref. 1) it
can be seen that contact stresses developed during
the contact of gear teeth can be approximated by
rollers contacting under a known force, the sliding
velocities of which reflect the dynamics of gear con-
tact. From Figure 2 it can be seen that the rollers with
a fixed sliding velocity will approximate the contact
of gear teeth at certain points along the contact path.
Figure 3 displays the semi-elliptical pressure distrib-
ution generated on the surface of contacting rollers.

The problems of contact stress, particularly the
problems posed by contacting rollers, have been dis-
cussed by various authors. The pioneering work of
Smith and Liu (Ref. 5), and more recently the work
on the elastic shakedown of contacting surfaces by
Johnson (Ref. 6) and the finite element modeling of
such contacts by Hahn and associates (Refs. 12-14)
deserve particular mention. However, the stress state
which exists on the contacting surface layers can be
significantly influenced by asperity interaction and
can include tensile and compressive alternating
cycles and shear.

Two different types of plastic zones are produced
by rolling and sliding contact, as shown in Figure 4.
The first layer is due to macro-contact width, usual-
ly between 1-10 mm. The second, which is much
shallower, is due to micro asperities contact. This
depth h is of the order of 0.5pum<h=50pum and is
obviously related to surface roughness. Therefore,
depending on the friction developed between the
contacting sliding surfaces, and the nature and
strength of the material of the roller, failure will
either initiate at the surface or subsurface or, in some
conditions, in both.

Metallurgical Perspectives Relating to
Fatigue Performance in Carburized Gears
While metallurgical factors such as oxidation,

decarburization, supercarburization, carbide forma-
tion, grain boundary segregation, type and density
of inclusions present, microcracks and residual
stresses all significantly affect the fatigue perfor-
mance of carburized gears, detailed treatment of
these effects is well outside the scope of this dis-
cussion. However some of these aspects, such as

Fig. 2—Contact of involute spur gear teeth.
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oxidation and carbide formation, will be discussed
in relation to the case studies presented. The role of
retained austenite will also be discussed in view of
its highly controversial nature.

Retained Austenite. The mechanisms responsible
for the retention of austenite on quenching have been
reported in detail in the available literature (Refs.
15-18). It is clear that of all the alloying elements
which influence the retention of austenite on cool-
ing, carbon has the greatest effect. Quenching tem-
perature and cooling rates have all been reported to
affect the level of austenite retained (Refs. 15, 16).

The effect of the retained austenite on the fatigue
resistance of carburized components has also been
extensively dealt with in the literature. Nevertheless,
some controversy still remains. In the past, the pres-
ence of retained austenite has been regarded as detri-
mental to the extent of adopting cryogenic treat-
ments to reduce the amount present.

A more detailed picture has emerged from the
investigations carried out by various authors, notably
the work of Krauss (Refs. 19, 20) and Zaccone (Refs.
21-23). These authors have shown that there is a

Fig. 3—Pressure distribution in contacting rollers, terminology adopted in Hertzian theory.
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possible relationship between fatigue performance
and retained austenite, which can account for some
of the continuing controversy and explain some of
the high fatigue limits being published. The transfor-
mation of austenite to martensite at the tip of an
advancing crack has been reported in the literature
(Ref. 24) to be beneficial to the fatigue resistance of
the carburized component due to the associated vol-
ume expansion of the transforming austenite.

It has been pointed out (Refs. 22, 23) that large
amounts of retained austenite are beneficial in terms
of low cycle fatigue where the large plastic strains
induce strain hardening from the austenite to marten-
site transformation and the development of favorable
residual stresses. However, in high cycle fatigue, the
relatively low plastic strains do not allow any trans-
formation of austenite to occur. The same authors
found that the plastic strains needed to transform the
austenite are directly related to the prior austenite
grain size and the morphology and size of the austen-
ite packets. In fine grain structures (ASTM 9.5-11),
much lower levels of strains are necessary for trans-

formation (Refs. 23, 24), so that in high cycle !
i residual tensile microstresses in the remaining

fatigue, which is usually associated with very small
amounts of plastic strains, these structures will be
able to transform and resist crack propagation.
Work by many authors (Refs. 15, 25, 26), points
to the reduction of retained austenite by cryogenic
means as detrimental to the fatigue properties and
fracture toughness of the carburized component
because of the development of residual tensile
microstresses in the remaining austenite regions.
However to this author’s knowledge, no systematic
investigation has yet been published outlining the

nature, or indeed the magnitude, of these
I
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Fig. 4&—lllustration of two plastic zones under rolling contact due to macro and micro contact.
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microstresses. The effect of cryogenic treatments on
the bending and contact fatigue properties of carbur-
ized gears can be illustrated by results obtained from
gear research conducted at the University of South
Australia (Refs. 27-29). Figure 5 shows that the
cryogenic treatment was detrimental to the bending
fatigue properties of the gears tested.

The effect of the cryogenic treatment on bending
fatigue properties can be explained by only three
scenarios:

(a) If it is assumed that the retained austenite present
in these gears can transform on straining, and that
cryogenic treatment only reduced the levels of
retained austenite, then the non-cryogenically treated
gears have superior performance due to a higher
amount of retained austenite, which can transform
ahead of the propagating cracking tip.

(b) If it is assumed that the retained austenite present
does not transform on straining, then the non-cryo-
genically treated gears have superior performance
due to the cryogenic treatment imparting detrimental

regions of untransformed austenite.

(c) If the retained austenite present does not trans-
form on straining, and its presence is detrimental to
the bending fatigue properties, then the cryogenic
treatment has a greater detrimental effect on the
fatigue properties of these carburized gears than the
presence of retained austenite in the treated gears.

In all cases, these results point to a detrimental
effect derived from the cryogenic treatment of these
gears. Figure 6 displays the experimental results of
contact fatigue tests carried out to determine the
effect of cryogenic treatment. This figure shows that
the adoption of cryogenic treatment has proven to be
detrimental to the contact fatigue performance of
En36A steel.

The role of cryogenic treatment on the contact
fatigue behavior of the rollers tested is not as clear as
it was in the bending fatigue section. This result fol-
lows the trend found in the literature, where the
adoption of cryogenic treatment was found to be
detrimental to the contact fatigue performance of
carburized components. In particular, the experimen-
tal results of Kiessling (Ref. 31), Razim (Ref. 26)
and Nakamura et al. (Ref. 32) have shown a direct
relationship between high levels of retained austen-
ite and high contact fatigue limits.

Case Depth and Core Strength Requirements. The
determination of the appropriate case depth in carbur-
ized gears must reflect the stresses developed in and on
the gear teeth, as discussed in the sections on gear



stresses. The aforementioned duality of the stress sys- |

tem in gears places certain limitations, or at least con-
ditions, which must be satisfied in the appropriate
selection of the case depth. However, it has been dis-
cussed that the role of the hardened layer in the root of
the gear tooth is fundamentally different than that
required at the contacting flank. The literature, as
expected, also displays this duality of role.

It has been known that a case depth selected on
the basis of contact fatigue will not necessarily per-
form at its optimum in bending. This has been
acknowledged by some authors. However in prac-
tice, the case depth requirements for maximizing
bending fatigue resistance are usually overshadowed
by the need for contact resistance. A great deal of
controversy still surrounds the optimum case depth
for bending/contact endurance.

The core strength is of significant importance in
the fatigue resistance of the component. This is part-
ly based on the core strength’s influence on residual
stresses, since the magnitude and indeed the polarity
of the residual stresses developed are dependent on
the difference in volume expansion of the case and
core. The larger the difference, the higher the resid-
ual stresses, provided that the core material does not
yield (Refs. 33, 34).

This simple criterion is, however, questioned by
Ebert et al. (Refs. 35, 36) and McGuire et al. (Ref.
37), who proposed that a carburized structure is basi-

cally a two-component composite, and that each of :
these components will have significantly different |

elastic limits and plastic properties. At stress levels
below the yield stress of both the case and core, the
overall stress state will not differ from that anticipat-
ed in a homogeneous solid. However, as the load is
increased and the stress level becomes higher than
the yield stress of the core, the core will flow plasti-
cally while the case will still behave elastically.

Because of the difference in the Poisson ratio for :

elastic behaviour (0.3) and plastic flow (0.5), the
case and core will have different contracting tenden-
cies. This creates transverse stresses normal to the
applied stress in the case-core interface region. This
is essentially a tensile biaxial state of stress.

The enhanced ductility of the carburized compo-

nent, as compared to through hardened components, |

is derived by the development of compressive trans-
verse stresses in the case, which help it resist the
applied stresses. In carburized steels, the presence of
retained austenite in the case can provide a further
ameliorating effect if it can transform to martensite
on straining. The volumetric expansion on transfor-
mation can reduce the biaxiality of the stress state in
the case. This model highlights the importance of the
core structure in the fatigue process, and it also
defines the actual role of the hardened case. A deep
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Fig. 5—The effect of cryogenic treatment on the bending fatigue of gears tested.

case is seen as increasing the degree of biaxiality at
the case-core interface while restricting the ductility
of the case.

The effect of case depth on the fatigue properties of
carburized gears is illustrated by the results obtained
from tests carried out at the University of South
Australia. They show that the shallow case depth con-
sistently out-performed the thicker case depth, irrespec-
tive of the post-heat treatment process received (i.e.
glass bead peening and/or cryogenic treatment).

The bending fatigue performance in relation to
the case depth initially points to the various differ-
ences found between deep and thin cased gears (Ref.
30). Some of these differences were:

1. The hardness of the shallow-case samples were
lower than the deep-case ones.

2. The retained austenite levels were higher in the
shallow-case samples.

3. The microstructures developed in the case of the
deep-case gears were different from those found in
the shallow-case gears.

4. The crack initiation depth was deeper in the shal-
low-case samples.

The microstructural differences between the two
types of samples were mainly in the degree of non-
martensitic phases, which were primarly carbide net-
works. These carbides account for the higher hardness
of the deep-case gears (point 1 above), and the higher
amount of retained austenite in the thin-case gears (point
2 above) (Refs. 15, 38—40), since the carbon and the
alloying elements, which are among the factors control-
ling the amount of retained austenite present, are not tied
up in carbides in the thin-case gears and hence will
increase the levels of austenite retained.

These non-martensitic features found in the case
of deep carburized gears are mostly likely due to
excessive carbon buildup in the outer layers. This
problem, termed supercarburization by Razim (Ref.
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26), has been suggested to be due to the adoption of
a high carbon potential during carburizing. However,
the reader is referred to the work of Goldstein and
Moren (Ref. 41), who have shown that this supercar-
burizing effect could also be due to Chromium
depletion of the surface layers (due to oxidation).

The deeper crack initiation of thin-cased gears is
interpreted as indicating the influence of resolved !
stress (applied and residual) present in the interior of
the gear tooth. Fatigue cracks can only initiate in
regions where the resolved stress is higher than the
material fatigue limit. This location is also influ-
enced by defects and inclusions, which will develop
localized regions of highly concentrated stress.

The initiation of cracks deep within the thin-case
gears is the result of maximum resolved stresses
developed in deeper areas below the tooth’s surface
as compared to deep-case gears. This is also
explained by the higher solution carbon content of
thin-case gears (Refs. 15, 35, 42), which will allow
the development of compressive residual stresses of
a higher magnitude. The enhanced performance
observed in thin-cased gears can be explained by two
separate mechanisms. The first is based on the model
proposed by Ebert et al. (Refs. 35, 36) and McGuire
et al. (Ref. 37) regarding the rheological reaction
between case and core. The second is derived from
the microstructural considerations discussed above.

Case Depth Requirements in Contact Con-
ditions. Considering the stress distribution in con-
tacting cylinders as outlined in the preceding sec-
tions, it is clear that an element of material in or on
the gear flank will experience stresses according to
its position, the radius of the roller, the applied load,
the respective relative sliding velocity and the coef-
ficient of friction. Failure of the material, irrespec-
tive of its nature, whether it is by excessive plastic
deformation or fracture, is then a function of the
parameters outlined above and the true strength of
the material. If the material’s strength is a constant
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Fig. 6—The effect of cryogenic treatment on the contact fatigue performance of carburized rollers.
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throughout its depth (k) (this can include through-
hardened components such as bearing races and/or
austenitized components), then it is reasonable to
conclude that failure will occur in locations below
the surface where the shear stresses reach a maxi-
mum. If, however, the coefficient of friction is
greater than about 0.3, signifying that these shear
stresses reach a maximum on the surface, failure will
occur on the surface (Ref. 5). However, in conditions
where the material exhibits a strength gradient, as is
the case for case hardened components, the problem
of predicting failure locations becomes significantly
more complex.

The need to accurately predict failure locations in
case hardened components is a basic prerequisite in
the establishment of case depth requirements. It can,
therefore, be stated that the main role of the hardened
layer in contact situations is to ensure that the core of
the component is not subjected to shear stresses
above its cyclic shear strength, and to increase the
surface layer’s resistance to asperity interaction. In
view of the shear stresses developed under the con-
tacting surface, it is clear that the hardened layer has
to be of such a depth as to encompass not only the
area of maximum shear stress, but also the area fur-
ther into the interior where, even though the contact
stresses are not at their maximum amplitude, they are
still significant. The hardened layer should extend to
a depth where the shear stresses decrease to a suffi-
ciently low value so as not to pose a threat of crack
initiation in the core.

The role of case depth in the contact condition
cannot be ignored. Tests conducted at the University
of South Australia show that rollers with a shallow
case depth display significantly lower fatigue limits
than their deep-case counterparts.

The model proposed earlier to account for the
material strength in resisting contact damage
explains the difference in the performance of rollers
with different case depths, this being due to the deep
case rollers having a higher contact fatigue resistant
layer extending deeper into the roller.

Conclusions

The conclusions to be drawn from the results of
the gear tests presented are as follows:

1. Gears with shallow case depths display higher
fatigue limits than gears with deeper case depths.
2. Cryogenically treating the gears decreased both
the bending and contact fatigue performance of the
gears tested.
3. The contact fatigue performance of shallow case
rollers was significantly inferior to the deep case
rollers.

Recommendations

The bending fatigue strength of a gear tooth lim-
its the amount of load applicable to the flank of the



tooth. This, in turn, limits the maximum contact
stresses developed. A deep case depth, which is spec-
ified to withstand high contact loads, is therefore not
necessary if those loads cannot be reached by the
bending properties of the gear. At the same time, a
thinner case depth, which would increase the allow-
able bending stresses, does not impart the necessary
resistance to contact that these stresses can generate.
In the past a compromise was necessary in terms of
choosing a case depth which would result in an
acceptable fatigue life.

The maximum case ‘depth in the root region
should be optimized for maximum bending fatigue,
while in the flank of the gear tooth, the case depth
should be as deep as possible without running the
risk of developing extensive carbides or other non-
martensitic phases. One way to achieve this is to use
a two step carburizing process, where the component i
is initially carburized to the case depth desired in the
root, taken out, and a copper coating applied to the
root region. The component is then recarburized to
achieve the desired depth in the flank. This requires
careful modeling of the diffusion of carbon in the
masked region, as the carbon profile could become
very flat due to inward diffusion. A more elegant
method would entail a partial oxidation treatment in
the root region to reduce the carbon intake in that
region. If the controlled formation of Cr,0, or even
some type of SiO, could be encouraged in the sur-
face of the root region, then the influx of carbon
could be controlled to achieve the dual case depth
suggested.

Investigation into novel heat treatment technolo-
gies should also be considered, especially in the light
of the work carried out by Davies and associates at the
Westland Helicopter Corp. (Refs. 43-47) dealing with
duplex treatments. It should be pointed out that in the
manufacturing of case hardened gears, the benefits
expected from the best engineering practice and the
highest level of accuracy do not materialize if the nec-
essary metallurgical input into gear production is not
given the necessary attention and emphasis. £

References

1. Johnson K.L., “Contact Mechanics,” Cambridge University Press,

1985. !

2. Howes M.A H., “Metallurgical Structure and Gear Performance,”

Gear Manufacture and Performance, ASM, 1974, Materials Park,

OH.

3. Alban L.E., “Failure of Gears,” Metals Handbook, ASM, Materials

Park, OH. 1988.

4. Peterson R.E., “Stress Concentration Factors,” Wiley, 1974,

5. Smith J.O. and Liu Cheng Keng, Trans. ASME Series E, J. Appl. |

Mech., June 1953. i

6. Johnson K.L., Proc. Instn. Mech. Engrs., 1989. 1

7. Breen D.H., “Fundamental Aspects of Gear Sirength

Requirements,” AGMA Publication 229.17, November 1974,
i D.C.

8. Lewis W., “Investigations of the Strength of Gear Teeth,” Proc. of |

the Engrs Club of Philadelphia, 1893. 1

9. Dolan TJ. and E.l. Broghammer, University of Illinois

Experimental Station, Bulletin No. 335, 1942.

10. Aida T. and Y. Terauchi, Bull. of the JSME, 5, 17, 1962. 1

11. Andrews J.D., J. of Strain Analysis, vol. 26, n. 3, 1991. 1

12. Hahn G.T. and Q. Huang, “Rolling Contact Deformation of 1100 1|

Aluminum Disks,” Met. Trans A, September 1986. i

13. Hahn G.T,, V. Bhargava, C.A. Rubin and X. Leng, “Analyses of
the Effects of Hardened Layers on Rolling and Sliding Contact
Performance,” Proc. Int. Conf. on Carburising, Processing and
Performance, 12-14 July 1989, Lakewood, Colorado, ASM
Publication, Materials Park, OH, 1989.

14. Bhargava V., G.T. Hahn and C.A. Rubin, “Elastic-Plastic Analysis
of Hardened Layers in Rims Subjected to Repeated Rolling
Contacts,” Met. Trans, A, 18A, May 1987.

15. Parrish G., “The Influence of Microstructure on the Properties of
Case-Carburized Components”, ASM Publication, 1980, Materials
Park, OH.

16. Kern R.F,, Mer.Progress, July 1972, pp.53-64.

17. Kern R.F., Met. Progress, November 1968, pp.60-73.

18. Siebert C.A., D.V. Doane and D.H. Breen, “The Hardenability of
Steels,” ASM Publication, Materials Park, OH, 1977.

19. Krauss G., “The Relationship of Microstructure to Fracture
Morphology and Toughness of Hardened Hypereutectoid Steels.”
Case Hardened Steels, Microstructural and Residual Stress Effects,
TMS, Warrendale, PA, 1984.

20. Pacheco J.L. and G. Krauss, “Microstructure and High Bending
Fatigue Strength in Carburizing Steels,” Proceedings of the Int. Conf.
Carburising, Processing and Performance, 12-14 July 1989,
Lakewood Colorado, ASM, Materials Park, OH, 1989.

21. Zaccone M.A., 1.B. Kelley and G. Krauss, “Fatigue and Strain-
Hardening of High Carbon Martensite-Austenite Composite
Microstructures,” Proc. of Heat Treatment 87 Conf., The Metals
Society, England, 1988,

22. Zaccone M.A. and G. Krauss, “Fatigue and Strain Hardening of
Simulated Case Microstructures in Carburised Steels,” Conf. Proc. of
the 6th Int. Congress on Heat Treatment of Materials, Heat Treatment
and Surface Engineering; New Technology and Practical
Applications, Chicago Illinois, 28-30 September, 1988.

23. Zaccone M.A., BJ. Kelley and G. Krauss, “Strain Hardening and
Fatigue of Simulated Case Microstructures in Carburised Steel,”
Conf. Proc., Carburising, Processing and Performance, 12-14 July
1989, Lakewood, Colorado.

24. Hombogen E., Acta Metallurgica, 1978.

25. Parhams M.A. and R. A. Fournelle, J. of Heat Treating, Vol. 2,
Number 1, p. 54, 1981.

26. Razim C., “Some Facts and Considerations of Trends in Gear
Steels for the Automotive Industry,” Conf. Proc., Alloys for the 80's
Meeting, Ann Arbor, Michigan, June 1980.

27. Cavallaro G.P., K.N. Strafford and T.P. Wilks, “Contact Fatigue
Behaviour and Case Depth Requirements of Carburised Gears,”
Proceedings of the Second Asia-Pacific International Conference on
Materials Processing, Singapore 1995,

28. Cavallaro G.P., T.P. Wilks, C. Subramanian, K.N. Strafford, P.
French and J.E. Allison, “Bending Fatigue and Contact Fatigue
Characteristics of Carburised Gears,” Proceedings of the Second
Australian International Conference on Surface Engineering, 7-10
March 1994, Adelaide, South Australia. Also in Surface Coatings and
Technology, 71, 1995,

29. Wilks T.P, G.P. Cavallaro, K.N. Strafford, P. French, and J.E.
Allison, “Fatigue of Gears: Surface Aspects,” Conf. Proc. Advances
in Coatings and Surface Engineering for Corrosion and Wear
Resistance and other Applications, Newcastle upon Tyne, UK, May
1992.

30. Cavallaro G.P., “Fatigue Properties of Carburised Gear Steels,”
Ph.D. Thesis, University of South Australia, 1995.

31. Kiessling L., Heat Treatment of Metals, 1979.

32. Nakamura K., K. Mihara, Y. Kibayashi and T. Naito,
“Improvement on the Fatigue Strength of Case Hardened Gears by a
New Heat Treatment Process,” SAE Technical Paper No. 821102,
1982.

33. Sagaradze V.S., “The Effect of Carbon Content on the Strength of
Carburised Steel,” Metal Science and Heat Treatment (USSR), March
1970.

34. Gupta A.D., “Case Hardening Procedure for the Manufacture of
Precision Gears in Machine Tools,” Tools & Alloy Steels-Annual,
December 1982.

35. Ebert L1, FT. Krotine and A.R. Troiano, Trans. of the ASME, J.
of Basic Eng., Dec. 1965,

36. Ebent L.1., ET. Krotine and A.R. Troiano, Met. Progress, Sept.
1966.

37. McGuire M.F,, A.R. Troiano, L.J. Ebert, Trans. of the ASME, J. of
Basic Eng., Dec. 1971.

38. Doane D.V., “Carburised Steel—Update on a Mature Composite,”
Proc. of the Int. Conf. Carburising, Processing and Performance,
12-14 July 1989, Lakewood, Colorado.

39. Krauss G., “Principles of Heat Treatment of Steel,” ASM,
Materials Park. 1973.

40. Sheehan J.P. and M.A.H. Howes, SAE paper 720268, N.Y. 1972.
41. Goldstein J.1. and A.E. Moren, Met. Trans, 1978.

42. Hondros E.D., “The Mechanics and Physics of Fracture,” The
Institute of Physics and The Metals Society, London, 1975,

43. Davies D.P., Mer and Materials, June 1986,

44, Davies D.P., “Duplex Hardening: an Advanced Surface
Engineering Technique for Helicopter Transmissions,” Cenf. Proc.,
Surface Engineering, Toronto 1990.

45. Thomas G., Met. Trans, March, 1978.

46. Davies D.P., Heat Treatment of Metals, 1991.

47. Davies D.P. and B.C. Gittos, Proc. of the Inst. of Mech. Engrs.,
Part G, 1989.

MARCH/APRIL 1999 23




