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SUMMARY

The effect of thermochemical treatment namely carburising
on the fatigue behaviour of one carbon and two alloy
steels has been studied in rotating and unidirectional
bending. The effect of carbon profile on the unidirect-
ional bending fatigue strength of 635Al4 was assessed,
and it was found that single stage carburising with a
surface carbon content of 0.8% has resulted in a higher
fatigue strength than other types of carbon profiles.
Residual stresses and other metallurgical variables
arising from different carbon profiles, were also
considered. The highest compressive stresses have resulted
from boost-diffuse-carburising. On the other hand
surface decarburisation was associated with tensile
residual stresses and a reduced fatigue strength.
Retained austenite was found to be detrimental in
unidirectional bending fatigue; however its presence in
carburised 835A15 did not seem to influence the rotating
bending fatigue strength. Carbide particles in globular
and/or intergranular form were detrimental to compressive
residual stresses; the unidirectional bending fatigue
strength is markedly lowered. The highest fatigue strength
was accomplished by vacuum carburising. The absence of
internal oxidation was the key factor in the increased
fatigue strength; the presence of uniformly distributed
fine carbide particles did not upset the superior fatigue
strength of vacuum carburised pieces.

The effect of mean stress on the fatigue strength of
carburised 635A14 was studied. Increasing the mean stress
as would be expected resulted in a decreased fatigue
strength. Carburisation showed its advantages at low
mean stress, but at high mean stress it offers little
advantage over the uncarburised hardened conditions.

Notch effect was also studied in unidirectional bending of
carburised O80M15. The general trend showed that the
fatigue strength decreases with increasing the stress
concentration factor. But different carburising conditions
have different effect on notch sensitivity.

KEY WORDS: Carburising (Gas,Vacuum), Carbon Profile,
Bending Fatigue strength, Notch Sensitivity,
Mean Stress
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1. OBJECTIVE

The present project is a study of the bending fatigue
strength of carburised and hardened as well as through

hardened, carburising steels, under rotating and

unidirectional bending.

In particular the project investigates the effect of
the following, on the bending fatigue strength based on

initiation and failure.

1. Carbon Profile
Different carbon profiles, i.e. conventional single
stage, over-carburised, boost/diffuse with and
without decarburisation were produced by conven-

tional gas carburising.

Moreover, boost/diffuse and over-carburised profiles

were produced by partial pressure carburising.

2. Mean Stress
The bending fatigue strength was studied at different

levels of mean stress.

3. Stress Concentration
The effect of a range of stress concentration factors
on the bending fatigue strength was determined 1in

unidirectional bending.



2. INTRODUCTION

This work was planned to investigate the effect of thermo-

chemical treatment, namely carburising, on the fatigue

behaviour of carburised steel.

In order to improve fatigue properties as well as abrasion
and wear resistance, a steel component may be given a

carburising treatment.

Gas carburising is the most popular method of case harden;
ing, its objective is to increase the surface carbon
content of a steel component at its immediéte surface, 1in
order to develop optimum hardness and/or fatigue resis-
tance on subsequent quenching. The degree of atmosphere
control in conventional gas carburising favours it over

other carburising processes.

However ''vacuum' or partial pressure carburising 1s

carried out in cold wall vacuum furnaces, and the potential
of this process is based on the clean atmosphere, short
process time on one hand, and the improved mechanical and

fatigue properties on the other hand.

Carburising and hardening produce a microstructural
variation within the component, depending upon the type

of carbon profile and the hardenability of the steel in
question. Microstructural variations are possible as the
carbon content varies across the section, and consequently
residual stresses are generated within a carburised and

hardened component. Metallurgical effects arising from



carburising are:

1. Internal oxidation

2. Decarburisation

3. Carbides
4. Residual stresses
5. Retained austenite

These may all influence the fatigue performance of a

¢arburised component.

Different types of carbon profile may produce different
transformation sequences, resulting in different

residual stress distribution, and it is well documented
that compressive residual stresses are beneficial while

tensile residual stresses are detrimental.

"Fatigue durability of Carburised Steel'" A.S.M. 1957 (1)
is probably the most comprehensive investigation in this
field. However this investigation is out of date and
has several deficiencies. For example the subsequent
development of the sealed quenched furnace, as well as
the progress in utilising partial pressure carburising

make earlier work out-of-date.

Tempering treatment is a common practice after carburising,
in order to reduce the brittleness of the case. However

tempering is known to relieve residual stresses.

The fatigue behaviour of carburised and hardened steel 1is
generally expressed as the failure stress on the S-N

curve. However the significance of crack initiation in a

-3~



component life; and the initiati

that of failure was not given concern.

Most of the fatigue data of carburised and hardeﬁed
components are derived from rotatiﬁg bending, where
alignment and axiality are difficﬁlt to/eﬁsure.‘ Moreoﬁer
a mean stress of zero in rotating bendiﬁg bears little
relevance to many engineering components in practice,

which may undergo a mean stress value other than zero.

Engineering components in practice may have a stress
concentration feature, for instance, a gear component
encounter a stress concentration feature at the tooth

root.

Information about the effect bf ;tfés;ré;ncenﬁration on
the fatigue strength of carburised component is limited.
Data in that respect are derived from rotating bending
again, and are confined to high values of stress concen-
tration factor; while in practice lower values may be

encountered in unidirectional bending.

N
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.0 LITERATURE SURVEY
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.1 Factors Affecting’the,Perfofﬁéﬁce-@f_@.Q&rhufiﬁ@df
Comyonent T e e - et B

As far as carburised’components are concerned;“éwmvigiety\
of properties are required 1ikéyfésistancé against‘wear,
abrasion, scuffing, bending fétigue/an& impact loading.
For instance when a gear is transmitting a torque, 1its
teeth are subjected to a bending and contact load and
under repeated loading will fail by tooth breakage,

pitting and spalling as documented by ASM(2) .

The production of the necessary properties on a carburised
component is related to the base steel composition, as
well as to the hardening treatment. To fulfil the
property requirements of a carburised component, the
necessary surface hardness and an overall toughness are

essential.

The performance of a carburised and quenched component.
may be influenced by the properties of the base steel,
carburising factors, hardening and post-hardening

treatments.

3.1.1 Hardenability and Core Carbon

Carburising steel covers a wide range of composition,
with varying amounts of alloying elements necessary to
enhance one property or anotheT;*paTtiCUIarly-hardenaf,w

bility.




Hardenability is an esseﬁtia gafbufi;ed"“”V
steel. In this context molybdenum woui&‘prévidé'd@séi 
and core hardenability, however moderate addifi%ﬁ@waf
chromium and manganese will improve the core hardena-
bility. Nickel on the other hand contributes primarily
to the toughness of both case and core, whereas the
necessary core strength is adjusted by the carbon
content. Too much core carbon could adversely influence
the residual stresses and consequently the fatigue
properties (3). However Sagaradze (4) showed that the
strength of carburised steel depends upon the yield
strength of the core and the residual compressive stresses
in the case. He also showed that increasing the carbon
content will result in increased yield strength of the
core and decrease the compressive stresses in the case.
Therefore only sufficient cofeistreﬁéth?to resist local

yielding at the design load 1is desirable.

3.1.2 Surface Carbon

The combination of the high hardness case and the rela-
tively softer more ductile core provide the characteristic
. . RSP Qo % : . )
requirement for fatigue resistance and impact loading .
Fatigue strength 1is related to the surface carbon
content and surface hardness.  Increasing the surface
carbon from the base contentfbf,356Ut(115%3'tO'aboutfﬁsﬂf
would generally produce the maximum strength increaﬁe%"

However, steel components are commonly'carburisédeQiax~




higher surface carbon conten C = in'or&er
to attain the required hardness, wear resistance, surface
fatigue strength and ultimately the carbon profile’”

suitable to. produce a favourable residual stress distris=

bution in the surface layer.

The microstructure encountered in a carburised steel
component will be related to the carbon content, cooling
rate and the steel composition. Typically the micro-
structure within the case of a carburised and quenched
component is martensitic with some retaiﬁed austenite

in the high carbon layer, or even carbides. On the other
hand the core material might contain ferrite, bainite

and/or martensite.
The high hardness of the martensitic case is accompanied
by high brittleness. However, the austenite will lower

the hardness of the resulting microstructure.

3.1.3 Carbon Profile

When a steel component 1s carburised for a fixed length
of time in an atmosphere at a fiked carbon potential, the
surface carbon content of the stéél'is increased and at
the same time a carbon gradient ig pfbduced within the.
steel by diffusion of carbon fh%ough/fheiaustenité
lattice. The typical shape of a carbon profile prbdu;éd
in this way is shown in Fig. 1AL £ carburlslng ‘was

continued for increasing lengths of time the carbon .

concentration at the surface of the steel approaches the ;g,\

carbon potential 1n +he atmosphere, while the carbon




gradient produced within the o5 less steep,

as can be seen in Fig. 1B.

The resulting carbon profile may depend upon the carbur-

1sing process, as well as on the;tﬁcbnique;emploYed in

the carburising process.

In conventional carburising, the single stage technique
produces a carbon profile with a surface carbon content
around 0.8%C, the resulting profile is gradually formed
by absorbing carbon as well as duffising it within the
steel. The profile is steep and the maximum carbon

content is at the surface.

In the boost/diffuse technique for gas carburising the

surface 1is over- carburlsed and then dlffused 1nwards

and decarburised outwards to obtaln the requlred carbon‘

level. So the surface carbon is approached from higher

carbon content, unlike the single stage where the

required surface carbon is approached from lower surface

carbon level. The carbon profile resultlng from a boost/

diffuse technique, could take dlfferent shapes dependlng
upon the diffusion treatment potentlal and time. It
could be very similar to the one produced by a 51ngle

stage but with deeper case, or a carbon proflle with a

plateau near the surface, oOr 1ncorrect control of carbur—l

ising parameters could result in a carbon proflle w1th
the maximum carbon below the surface by some distanceff

(0.2 -0.3 mm) and the resulting profile will appear as

decarburised.




Figure 2 shows optimisation of bo st/diffuse ratio for

an En354 carburised in endothermic gas/propane at

925% (6)

However in vacuum carburising process, again the boost/
diffuse is the technique employed, as in the boost
period the steel surface is saturated with carbon and on
diffusion the surface carbon is brought down to the
required level, as well as the required case depth 1s
developed. In this case no ''decarburisation' occurs due
to the use of a high vacuum during the diffusion stage.
(7)

Figure 3 compares carbon profiles obtained on SAE 8620

by the following treatments:

=

Vacuum carburised,boost at 1.9% C for ! hour at 1038°¢C

(<

diffuse at 1.0% C for } hour at 1038°C

Vacuum carburised, single stage at a reduced pressure

for 5.5 hours at0.92% C at 927°C.

Conventional gas carburised, boost at 1.2% C for 4.5 hrsat 927°C

diffuse at 1.0% C for 1 hr. at 927°C

The type of carbon profile produced on a carburised

component may have a bearing'on its performance in practice.
This may depend upon residual stresses produced and other
metallurgical variables asSotiatéa;wifh‘ffuas w111 beNi "

discussed in following sections.




3.1.4 Decarburisation

Decarburisation is the phenomenon réferredfta,when@v/i'
the carbon content of the outermost surface layeﬁ@ﬁi;\

less than that at any location underneath.

Surface decarburisation takes place whenever the carbon
potential of the furnace falls below that adjusted to

sustain the surface carbon content, whilst the tempera-

ture is above 700°C.

As far as conventional gas carburising is concerned, this
phenomena can occur during cooling or reheating for
hardening, when the temperature continuously changes,

and as a result equilibrium conditions at the gas/metal
interface cannot be attained. Consequently atmosphere

control to prevent decarburisation is difficult.

The excess concentration of the decarburising gases

(COZ, HZO) upon reacting with carbon atoms at the gas/
metal interface will eventually extract carbon from the
steel. As a result carbon oxidation at the surface of
the component will occur, and a gradient of carbon 1is
created. The surface carbon decrease and the depth of

(8) -

decarburisation increase with time

3.1.4.1 Effect of Decarburisation on Microstructure gﬁd,'f‘;‘

Material Properties

Surface carbon and the cooling rate both will have a role

on the resulting microstructure. For instance, a carbon

profile of the type A shown in Figure 4 will produce e

...10-9




required surface microstructure, mértensitic,sV
On the other hand a carbon profilezfype B-will'pfdduceV 
a microstructure consisting of high carbon martensifékﬂ
some distance beneath the surface and low carbon
martensite at the immediate surface will appear. However

ferrite may also appear at the immediate surface depending

upon the severity of decarburisation.

The surface hardness, as a property requirement of a
carburised component, would be influenced and adversely
affected, in the event of decarburisation, according to
the resulting microstructure and surface carbon content.
The surface hardness may drop significantly if the
surface is decarburised severely. However, a slight
decrease in macrohardness will occur, when low carbon

martensite is produced (8).

The Ms temperature increases with the decrease of carbon
and this will be accompanied by incorrect transformation
sequence (9) . The surface layer of a decarburised
component will be softer (lower strength) than a properly
carburised one. As far as fatigue strength 1is concerned,
and in particular fatigue crack initiation, it is g@mﬁalbfa
surface phenomena. SO it is to be expected that decarb-
urisation will lower the resistance to crack initiation.
However such decarburised layer may deform under,cantg;t*

fatigue and consequently accommodate the applied load,

-11-




this perhaps will modify the:féQ’, :/stresses fayour-'\
ably at the contacting surfaces. On the other hand soft
decarburised surfaces are expected to wear and scuff

readily (8).

Surface decarburisation as a phenomena takes place as
the carbon diffuses both inward in the steel and outward

to the gas phase at the metal surface during gas carbur-

ising.
In vacuum carburising diffusion is possible only inwards,
and therefore, whatever the carbon potential is, the

surface will always have the maximum carbon content.

3.1.5 Retained Austenite

On quenching a carburised steel component, the resulting
microstructure will be martensitic and it is possible

for some austenite to remailn in the final microstructure.

Depending upon the Mg temperature, if it lies below the
quenchant temperature, austenite will be retained.

Alloying elements lower the M_ temperature but the carbon

1
S
- (9)
plays the major-part .
In a carburised component there will be a carbon gradient
through the case, and that will be associated with a

gradient in the Mg temperature. Therefore upon carburif  7 Q

sing, the surface with the high carbon content will have fffV

its M_ and M, temperatures lowered, and the M may lie below the

-12-




quenchant temperature and therefore : ‘ étention occurs
The co-existance of the soft austenite with thé“hér&ﬁ 
martensite will reduce the overall hardness of the micro-
structure. As the hardness is controlled by the carbon
content up to about 0.5% C, then it will be the retained
austenite and its amount which will influence the

hardness (lO)‘

The failure of austenite to transform during quenching
means that the volume expansion which. accompanies the
austenite to martensite reaction will not have fully

taken place (ll).

Koistinen(lz) stated that both the distribution and
magnitude of residual stress were détefminedfby the
extent and the sequential martensitic transformation a$
will be discussed in detail under the residual stress

heading.

Fatigue properties of a case hardened component 1is
expected to depend upon increasing the inherent strength
of the material and the development of compressive
residual stresses in the surface layer; howé&er; the
presence of retained austenite reduces both, and théiéeT; 
fore the resistance to fatigue failure is expected-to“bé

lowered (13).

~-13-




Diesburg (14) showed that a micr ure containing
>40% retained austenite is less reeistantnto crack

initlation than microstructure having larger amountj§\V'

of martensite. Retained austenite between 15% and 25%
1s claimed to offer some resistanee‘to crack initiation,
however once the crack is formed austenite will offer
little resistance to its propagation depending upon the
toughness of the martensite and the residual stresses

ahead of the crack tip.

Retained austenite on the other hand is favoured to
increase the contact fatigue properties. Balter et al (15)

and Diamant et al (16)

agreed that high austenite contain-
ing surfaces were superior to those centaining only small
amounts. The property of austenite which is most
responsible for the favourable effeet/repgtted, must be its
ability to plastically deform and werkihafden. Austenite
can either work harden or transform te martensite under
loading, as stated by Richman et al (17), this transform-
ation is associated with enhanced ductility as the
resulting martensite is more ductile than thermaily formed

martensite (17)7

3.1.5.1 Effect of Sub-Zero Treatment on Retained Austenite

The retention of austenite and 1ts effect on the mechanlcal
behaviour of the resulting mlcrostructure sucgests some-

times the necessity for a sub-zero quenching treatment.

As has been mentioned, the quenching temperature sho Jd'g

below room temperature so that complete decomp051t10n of

austenite is possible.

sy [



R. G. Dawes (lg)ShOWed that sdb;;éf@léiéé£ment iS‘detIi;W
mental to fatigue resistance, and aftributédyfhafﬂtﬁ“fﬁé”
increase in hardness upon austenite transformatiéniﬁéfﬁg\ﬂ
associated with a reduction in the resistance to brittle
fracture. Roberts et al (19) showed that refrigeration

to produce a more complete austenite to martensite trans-

formation nas a slightly adverse effect on fatigue prop-

erties.

3.1.6 Carbides

During carburising if the carbon concentration is higher
than the saturation level of austenite at the carburising

temperature, carbide will be formed.

3.1.6.1 Globular Carbides

Globular carbides form during heating the component slowly
between the Ac, and Ac up to the carburising temperature

in a carburising atmosphere at high carbon potential.

With endothermic gas carburising the carbon potential is
extremely high at the Ac1 temperature, decreasing as the
temperature increases, therefore during heating the atmos-

phere condition will favour the globular carbide formation.

The chemical composition of the steel will influence the

tendency to form carbides (ZO);

Kozloviskil et aﬂjl),Fig. 5 showed how the amount 0£'carbid§tg‘w'

phases increase towards the surface, while the-PrOpOrtiQh\t

of chromium and manganese in the solid solution decreases.
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Network Carbide

Slow cooling of super-saturated aﬁsfenite.frqm the carbur-
ising temperature will be associated with preéipitatioﬁﬁof'
carbide at the austenite grain boundaries, however if
cooled quickly much, if not all, of the excess carbon

would be retained by the resulting martensite austenite

structure.

Austenite will reject some cérbon as carbides FeSC from the
solution. As the grain boundaries are high energy tracks /!
and the mobility of carbon atoms as an interstitial is
higher than within the grain, which eventually will result

in carbide network.

Carbide formation and its subsequent growth will be at the
expense of the matrix elements and consequently the solid

solution will be impoverished in the elements involved.

As a result there is a local lowering of hardenability in
the vicinity of the carbides and the possibility of forming
low alloy martensite or even non-martensitic microstructure

(21)

upon quenching .

3.1.6.3 Carbides and Material Properties

Surface hardness of a carburised component is an'important 
requirement, which could be influentea/by many factors.
Carbide microhardness is high, butiaﬁy non-martensitic
structural features would tend to upset any hardﬂgss ?

increase due to carbide.
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Transformation upon quenching Wil} ~1n'residUai
stresses; (discussed in section‘ﬁ.Sj?ﬂ;HowevGr, as carbide
does not undergo the martensitic expansion aiong'Withféhy'
non-martensitic transformation products, the overall
resulting expansion will be reduced. Moreover, the occur-
rence of a high temperature non-martensitic transformation
near the surface before that of the underlying martensite
will be accompanied by a non-ideal transformation sequence,
Consequently the magnitude of the surface residual compre-
ssive stress will be less than if no carbide had formed
and the structure had been martensitic (20).

Due to Parrish (20) it would be expected that with the
reduced compressive or even with tensile stresses, the

bending fatigue strength of the carburised component will

be adversely affected.

3.1.7 Internal Oxidation

Carburising steel at temperature 9OO—9SOOC, is generally
associated with internal oxidation of some alloying
elements in the steel. The degree of which depends upon

the elements affinity for oxygen.

Parrish reported that in gas carburising the atmosphere
is decidedly reducing to the base metal iron. However,
for alloying elements with greater affinity for oxygen
than iron, the atmosphere 1is potentially oxidising and

the ratio of the partial pressures of the oxidisingyand_ﬂ\ ,.Hf
p P

reducing constituents in the atmosphere H0 ang G023
Py ’ ?EBf

2 L —
will determine the oxidation potential of the elements

3)

involved
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Parrish (3) reported such oxidatio tential at

930°C as Fig. 6 illustrates, and Fig. 7 shows that elements

which favour internal oxidation are generally necessary to

the steel.

Oxygen 1s absorbed on the metallic surface of the steel
component, then it diffuses and penetrates along the
austenite grains and sub-grain boundaries. Generally
penetration depth is less than 25 um. However, oxide can be
found within the grains when the extent of oxidation 1is

severe and the steel composition is encouraging (ZO).

Mitchell et al (22) illustrated the increase of internal
oxidation with manganese content and suggested that the
severity of attack is governed by the time of the gas

metal reaction.

Arkhipove (23) however, reported a less extensive oxidation
of chromium in 0.8% Cr than in al.65% Cr steel. On the
other hand he and others (24) showed that oxides observed
in the surface up to 8 um contained manganese chromium and

silicon, and only silicon oxides persisted at greater depths.

Work by Arkhipove (23) again showed that, whereas chromium
migrated to the surface, the nickel migrated-into the body

and as a result nickel content exceeded 5% -1n some zones,

Robinson (2% confirmed that the diffusion of elements
reduce the composition gradient, however it.is understood =

that much of the elements migrating to the surface 1s

-18-



utilised in forming oxide 1eé&iﬁgﬁi
(26)

e matrix material

below average alloy content

So 1t 1s to be expected that the formation of oxides would

produce a local compositional gradient.

-

3.1.7.1 Effect of Internal Oxidation on Material Properties

The elements involved in the oxidation process will leave
the austenite matrix adjacent to the oxide particles. How-

(3)

ever, the carbon level may also be reduced The removal
of elements from solid solution at high temperature will be
accompanied by reduced hardenability in the affected zone,
and it 1s possible that a moderately agitated o0il quench

would fail to induce martensitic transformation.

The chemical and microstructural effects which have been
discussed will influence the properties of the carburised

component.

A martensitic microstructure is essential to provide the
necessary hardness (800 Hv) and the required strength in a
carburised steel surface, However due to internal oxidation
a non-martensitic microstructure may be formed and conse-
quently, low microhardness values are obtained in the
affected zone. Moreover the inherent strength of the
material in the affected zone will be lowered due to the

migration of the alloying elements to form oxides (24).

The problem of internal oxidation and its detrimental effect

on the material properties recommend the prevention of such

surface oxidation.
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conventional gas carburising due t

internal oxidation.
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3.2 Residual Stresses and Caib

Carburising factors that are likely/to influénce_the fatigue
behaviour of a carburised and quenched component'haveﬂ“
already been discussed. However residual stresses as an
outcome of carburising are expected to influence fatigue

properties directly and through those factors previously

discussed.

In this section residual stress origin and development in a
carburised and quenched steel component will be discussed.
Moreover the effect of other carburising factors on the

residual stress distribution and magnitude will be considered.

The transformation of austenite to ferrite, pearlite, bainite,
and/or martensite 1is accompanied by volume changes of the
steel, Fig. 8, because of the compositi@nalégradient,fnamély
that of carbon within the case and the*core.. On quenching,
different parts of the component will undergo the transform-
ation at different temperatures, and therefore at different
time§27XThe time lag of transformation within the carburised
component gives rise to internal compatability stresses,

which will consequently be accompanied by the generation of

residual stresses (28) (see Fig. 9).

3.2.1 Residual Stresses Generated by Phase Transfprmatioan -
in Case Carburised Steel =

The generation of the residual stress can be followed by
using the continuous cooling transformation curve, shown in

Fig. 10,that of low carbon steel with carbon gradient

through the case.
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It can be seen that the core ﬁi-/ff /_WZCarbomﬁcnhfent
will transform before the beginningiéf transformation in
the high carbon case. Therefore the core will expand in
the radial and circumferential as well as in the axial
direction. While the case has no tendency to change its
volume at that time, the - ~+ . - austenite which
comprises the case is sufficiently plastic at that temp-
erature, that it will undergo sizeable plastic deformation
to maintain compatability with the (now larger) core. It
will, however, afford some resistance to the forces causing
de formation, so that axial tension will be created in the
case, with the corresponding compressive stresses being

generated in the core. The resulting stress distribution is

shown in panel b of Fig. 10,

On further cooling, the austenitic surface undergoes 1ts
plastic deformation and wou1d~%end'tocaxhibit the attendant
increase in volume on transformation. However the presence

of the (now) cool riglid core prevents the surface, or case, X
from undergoing ifg full free-body expansion. Consequently
the case actually has smaller dimensions than it could
otherwise have, and thus it will be under a state of
compressive stresses, and the final stress distribution in

the axial direction is shown again in Figure 10, panel c.

Austenite transformation in a case of carburised component
may generate a variety of residual stress distribution.

They may be tensile orT compressive on the surface and vice
versa in the core; moreover the peak of the strﬁssfdistrii;«_

(28)

butions may also vary .
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Uncarburised quenched components we have a different

residual stress distribution, as Fig} 11 illustrates.

3.2.2 Factors Influencing Residual Stresses

In the following sections the effect of different carburi-

sing factors on residual stresses will be reviewed.

3.2.2.1 Re{ained Austenite

In a carburised and hardened component the development of
residual stresses in the case will be in some way related
to the amount of untransformed austenite. Kolstinen (12)
showed that both the distribution and magnitude of

residual stress were determined by the extent and sequence

of the martensite transformation,

Maximum compression occurs at some distance from the surface,
where the martensite transformation was essentially total,
but lowér values of residual compression were observed at
the surface where the amount of untransformed austenite was
relatively large. High values of compiessive residual
stresses were favoured to negate applied tensile stresses;
Fig. 12 shows the residual stress distribution as related

to the amount of retained austenite. - On the other hand,
Diesburg (14) showed that high retained austenite causes the
highest level of compressive residual stresses. He also
showed that there is no direct relationship between retained

austenite and resildual stresses in a given area, except

that the amount of retained austenite appeared to~1imit«ther,~\”?

maximum compressive stress attainable in the martensite, He
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showed that the specimens having the highest amount of
retained austenite, exhibited the highest level of compres-

sive residual stress.

Refrigeration, i.e. sub-zero treatment, transformats the
retained austenite, in doing so one would expect modification
of the residual stresses. Coleman et al (29) showed that
sub-zero treatment does not result in a significant change in
the residual stress. Table 1 summarises results by Balter

et al (30) where it can be seen that sub-zero treatment
reduces the bending and impact strength, while Fig. 13 shows
the residual stress distribution before and after sub-zero
treatment at fIZOOC, however a repeated sub-zero treatment
is claimed to produce a more significant effect on the

(29)

residual stress , as Fig. 14 illustrates,

3.2.2.2 Decarburisation

The reduction of carbon content due to decarburisation at

the surface will be accompanied by an increase in the
austenite decomposition temperature. Therefore updn”qdéﬁéhing
a decarburised component, transformation will take place
prematurely at the surface, besides progressing outward and
inward from the case core interface, as shown in Fig. 15, and
tensile residual stresses will be produced in the surface
when the underlaying austenite eventually transforms to

(8)

martensite

The influence of decarburisation on residual stresses has

31)

been investigated by V.S. Sagaradze et al ( and resgltS  fQ“

are shown in Fig. 16, where it can be seen that with no
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decarburisation the residual‘éﬁifa;; fﬁpféssionfcfv

20 Kh2N4A steel was aboutv400 N/ﬁmZ;JBﬁt'with;degaruuji_
sation to a depth of 0.3 mm the surface compressive streés
was virtually zero. Where severe decarburisation had

taken place to a depth of about0.5 mm then the surface

was in a state of tension to a value of 200 N/mmz.

3.2.2.3%3 Carbides

Carbide formation process, as has been discussed, 1s
associated with extracting alloying elements from the matrix
material and eventually result in the impoverishment of the

zone adjacent to the carbide.

Carbide itself does not undergo the martensitic expansion,
along with any non-martensitic transformation products
adjacenf to it, and that in effect will reduce the overall
transformation expansion of that part of the case contain-

ing it. Added to this,is the fact that in the event of a
non-martensitic transformation taking place near the

surface, the transformation temperature will be abowve that

of the underlaying martensite, and hence correct transform-
ation sequence will not occur. Consequently the magnitude

of surface or near-surface residual stresses will-be: lower
than if the structure had been martensitic. The loss of
surface compressive residual stfesses due to the presence

of carbides was documented by Kuo (32), other factors may haQé
contributed, a greater part was probably due to ‘the preseﬁgéj]

of free alloy-containing carbides (20) (Fig. 17)
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The extent of reduction in the?tsmp yejfesidual stréssés
will somehow be-related to the sizé:éﬁd4the-amount‘0fu'*
carbides formed, ‘
Koistinen (12) showed the effect of a film of carbide and
suggested the development of a high residual tensile stress

in the outer 0.025 mm of the surface, see Fig. 12,

3.2.2.4 Internal Oxidation

As has been shown that internal oxidation in depths greater
than 13 um influence the surface microhardness and bending
fatigue strength. Consequently, it is to be expected that
residual stresses at the surface of the case are adversely

affected ).

In this respect work by Arkhipowet al (24)
showed the effect of internal oxidation (the existence of
non-martensitic product as a result of internal oxidation);

such results are summarised in table 2.

3.2.2.5 Tempering

Following carburising and hardening,components are usually ‘}f
heated to some temperatures within the range 140-250°C and
soaked at that temperature for 2 to 10 hours. The micro-
structure of a carburised component is unlikely to be

greatly modified by tempering below 200°¢ (33).

However residual stress magnitude and distribution are

influenced by tempering. Workinrlﬁrk(sgandothers is_preSQnted&jxﬁ

in Fig. 18 where it can be seen that tempering at 6®OC‘haS:a5\w

little effect. While tempering at IOOOC produce a<ppsitiféi;'
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reduction, being maximmm‘betwééﬁ 100 aﬁﬂ;léboc, 'It'Can
also be seen that at above 160°C there is a téndewcy £df

the curves to level off.

Parrish (33) concludes that tempering appears to shift the
peak compressive stress towards the core, Fig. 19, and

that the magnitude of the compressive stresses is reduced.
This must necessarily reduce the magnitude of the balancing

tensile stresses.

Coleman and Simpson (29) illustrated the expected relief in
residual stress with tempering. However it was noted that
the effect of tempering is maximum in the high carbon
positions of the case. They indicated as well that the
maximum compressive stress increases somewhat with sections
size, and the maximum compressive stress shift away from

the surface.
Sagaradze et al (35) showed that maximum compressive residual
ctress of 1225 N/mm’ at .05 mm depth drop to 540 N/mm’ on

tempering at 140°C for 1 hour.

3.2.2.6 Case Depth

Case depth is the depth to which the carbon penetrates.
However, a more used term is the depth to 500 HV hardness

generally effective case depth.

Deep case produced by prolonged carburising can modify thef  5;jfﬁ

surface microstructure and hence the residual stress

distribution in the quenched case. Increasing the case
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depth 1s more likely to fa?oﬁf of products,

such as internal oxidation, excessive retained austenite

and free carbides, all of which adversely affeétfﬁhew W“
residual stress distribution, as have already been discussed.
However Coleman and Simpson (29), in Fig. 20, showed how

for two surface carbon contents, increasing the case depth
causes a general shift of the peak compressive residual
stress away from the surface . Meanwhile in the present
work a fixed case depth has been aimed for the testing

programme.
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3.3 Fatigue Strength and Qéfb”w‘

The performance of a carburised component under rapeatedf
stresses may be influenced by the metallurgical features

arising due to carburising.

In the past a lot of work has been carried out to investigate
the effect of the carburising factors on the fatigue
performance. However they have been considered separately.
Perhaps the comprehensive investigation 'Fatigue Durability
of Carburised Steels' was unique in its scope. Some
published papers investigated the effect of carburising
without considering the ratio of case depth to section size.
In other instances there is no indication of the micro-
structures involved. Deductions made by investigating the
effect of decarburisation on a medium carbon spring steel

are misleading as its carbon profile bears little similarity

to that of a carburised piece subjected to decarburisation.

In this section we will review the carburising factors as

they affect the fatigue strength,

3.%3.1 Decarburisation

In practice carburised parts may exhibit slight surface
decarburisation, as has been discussed, It is generally

believed that such surface decarburisation lowers. the. .

fatigue durability.

Bidwell, J.B., (1) gummarised instances in the literature /;f,'

where decarburisation has been reported to produce poor

durability, benificial, OoT no effect,
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However Chaney, J.M. ( ~-51igation,showéd '

40% reduction in bending fatigdefresistaﬁce’upon‘Q;ZZ mm
decarburisation of carburised 3% Ni~Cf sfeel;,Simiiérif
Sagaradze,'V.S. (4) showed a reduction in Béﬁd;ﬁQNféfiéue
Iimit in excess of 50% by decarburising KhGT steel to a
surface hardness of 410 HV when the depth of decarburisation
was about 0.5 mm. lle and Malygina (31) using 20 Kh 2N4A
steel showed 50% reduction in bending fatigue when surface
carbon content is reduced from 0.8% to 0.35%, as they quoted.
They also showed that decarburisation does not necessarily

reduce the static bending strength.

As cxample of the effect of decarburisation on the fatigue

limit is shown in Fig. 21.

Jackson et al (37) reported a marked decrease in the fatigue
limit of SAE 4140 steccl when a reducfion of the order of

50% was produced. Sachs (38) however stated the effect of a
shallow decarburised layer to be comparatively harmless
provided it is thinner than the case.

(39)

Robinson's results indicatc that at low testing
stresses (690 N mm—z) homogeneous (non decarburised)
martensitic steel has considerably better life than

decarburised steel, however at high testing stresses

(1034 N mmuz) the reverse 1s truc.

3.%.2 Retained Austenite

Many studies have been carried out to investigate the
influence of retained austenite on the fatigue behaviour of

a carburiscd and hardencd stcel component.



., (8). . , . ..
Parrish®in his review of the lite uggested that the
effect of retained austenite is complicated for'the fact of
austenite ability to transform and/or work harden by applied

stresses.

In this context Kozyrev and Toporove (40), using a 12% Cr
alloy steel, showed that the impact fatigue resistance
increase with the austenite content at high level of applied
stress and vise versa at low level of applied stress, how-
ever at intermediate stress level retained austenite seems not
to influence the impact fatigue resistance  as Fig. 22
illustrates. Richman et al (7 however, using SAE 4027

steel showed that the stress induced transformation produced

2 more ductile martensite than thermally generated martensite.

Meanwhile Razim (41) using 14 NiCr lﬁ'gfééi"éhowéd‘ISV

and 26% reduction in'rotating bending fatigﬁe strength in a
tempered and untempered condition when the retained austenite
was 80% compared to a martensitic structure with less than

2% retained austenite., Accordingly he quoted a fatigue limit
of 598 N/mm2 in rotating bending specimens carburised to a
case depth of 1.0 mm, surface carbon 0.75% and 800 HV surface
hardness. He went on and showed that shot peening improved
the fatigué behaviour of gears if the structure contains |
amount of retained austenite. Parfisﬁ(ss)/réferring to work by’ 
Wiegand et al (42) suggested that 15%-25% retained aUstenité
results in a noticeable reduction in the fatiguevlimit, as ‘

shown in Fig. 23.




On the other hand. Kern (43) hasquote 15 range :ynvo't, to
cause any problem in gear performahéé provided the hardness

i1s at least 570 HV.

George, Krauss et al (4 ) on the other hand using SAE 8620
steel specimens carburised for 6 hours at 927°C in a 1.0%
carbon potential showed that the unidirectional bending
fatigue strength is increased from 965 N/mm2 to 1650 N/mm2
when the retained austenite is decreased from 35% to 18%

by re-hardening, as shown in Fig. 24. Although the fine
microstructure with the finely spherodised carbides may
also have contributed, the main cause would be the retained
austenite. The carbide possible effect will be discussed

later.

In assessing the effect of retained gusteniggi_consideration
must be given to the type of loading the component

(containing it) will be subjected to.

For instance, in a gear component where direct contact
loading is acting along with bending as well as other
stressing conditions, deformation of the surfaces containing
retained austenite is likely to improve the overall fatigue
performance of the gear, as has been confirmed by Kern and

Weigand (42’43).

However as the present work is dealing
with only the bending fatigue strength therefore the effect .
of retained austenite will be confined to a pure bending .

condition.
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3.3.3 Sub-Zero Treatment

It has been mentioned that sub-zero treatment reduces the
amount of retained austenite, and consequently influences

the fatigue strength.

For instance, Richman et al (17) showed that refrigeration
of Fe-16Ni alloy steel has no effect on the axial fatigue
strength, however 40126 steel containing about 43% retailned
austenite showed superior life in axial £fatigue

than being refrigerated to 23% retained austenite.

However work by Sargaradze et al (35)

showed that the cold
treatment has a negative influence on the fatigue limit of
carburised 20 Kh 2N4A, as he quoted about 7% decrease 1in

the bending fatigue upon cold treatment. He pointed out

that such treatment produced the lowest fatigue strength.

Meanwhile, on the same issue, Roberts et al (45)-showed-that
refrigeration results in reduction in the fatigue durability.
He attributed the reduction to the transformation-of =
austenite sub-surface, rather than at the surface, consequently
it is only to be expected that tensile stresses are Trespon-

sible for the reduced durability,

Refrigeration influences the fatigue behaviour through its
effect on residual stresses and retained austenite, in
particular the proportion of austenite within the case and

at the surface.
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Whatever the outcome of refrigerat ?%isfihe.literaturevl
underlines its detrimental effect on the fatigue properties,
However such treatment has not been applied in;the.prgéént‘\

work.

3.3.4 Carbides

It has been discussed how the carbide formation influence
the microstructure and the resulting residual stresses.
However, their effect upon fatigue properties may depend

upon their shape and distribution (ZO)’

For instance, Kozlovskii (46) showed that the presence of
free carbides in a martensitic matrix structure have a
detrimental influence, and as a result the bending fatigue
strength has been quoted to be reduqed/hy‘zs%~30%._Similarly
Gyulikandanov et al (47) using 20 Kh@NV4ME steel showed

that continuous carbide network reduced the fatigue limit.

(48

Meanwhile Robinson ) showed that partial or discontinuous
carbide network has no detrimental influence on the

reversed bending fatigue durability of SAE 6120 carburised
to about 1.0 mm case depth, This can be seen in Fig. 25,
(44)

Referring to results by Krauss et al it can be suggested

that the bending fatigue strength of SAE 8620 increased

from 965 N/mmZ to about 1650 N/mm% upon the reduction of
retained austenite as well as the formation of spheroidised
carbides as was mentioned earlier, but Sagaradze 49) usiﬁg 
20 Kh 2N4A showed in a separate study that the formatiqnﬁi'

of spheroids of carbides did not reduce the fatiguerlimit;f
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Geller et al °9 showed that £ es are detrimental
to contact fatigue properties. However when finely distri-
buted their presence 1s claimed to be beneficial{;”ﬁééﬁﬁﬁile

carbide network was shown by Razim (51) to be beneficial

under contact loading conditions.

3.3.5 Internal Oxidation

Internal oxidation in the surface layer of conventionally
carburised components result in a localised reduction in
microhardness and inherent strength of the material in the
affected zone. As the fatigue behaviour of a carburised
component is related to both, the formation of internal
oxides will be associated with reduced fatigue strength.
For instance, Arkhipove et al (52) using a range of
carburising and carbon-nitriding steels showed how increasing
the microhardness is accompanied by increase in the bending
fatigue strength, as shown in Fig. 26. Weigand and lesch(27)
have reported that surface hardness must fall below 680 HV

for a decrease in the fatigue to occur, as can be seen in

Fig. 27.

Robinson (25), using SAE 8620, produced results where he
indicated that the special atmosphere treated samples (oXide
free surfaces) showed a better bending fétigue strength than

the conventionally treated ones.

The severity and depth of internal oxidation may have the"j;f{*7

say in affecting the fatigue behaviour of a carburiseahixﬁf\x"

component. Beumelburg (53) found that oxides to depfﬁ of
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6-10 ym did not significantl&fin the'fotatingﬂbeﬁdiﬁg
fatigue strength as compared to a néﬁ;bxidised test piéce,'and
difference was noted when the depth of oxidation exceeded

16 uym. A threshold depth of 13 um has been suggested over

which reduction in the fatigue limit was obtained.

An increase of depth of oxidation from 13 to 30 um reduced

the fatigue strength of 15 Cr steel by 45% (3) . However,

Robinson (25) using SAE 8620 steel showed that 13 to 15 um

of internal oxidation caused the fatigue limit to be

reduced by 20%.

On the other hand, Diesburg (54) suggested that the depth of
surface oxidation did not appear to control the impact

fracture stress.

In spite of the possible conflict to the depth where the
internal oxidation effect is significant, it does influence
the microstructure, microhardness and the residual stresses
at the surface of the component,as has been discussed.
Consequently the bending fatigue resistance is expected to

be adversely affected.

Summarised results of work By Arkhipov et ali(sz)are presented.f, 

in table 2.

As for contact fatigue properties, it was indicated by

Sheenen et al (55) that the presence of internal oxidatiénfﬂf“py *

is not detrimental to contact fatigue resistance. They

suggested that deformation within the oxidised layer“wou1d{'ﬂ;5u_i
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bring about a more favourableTEigﬁfi ion of the contact

load.

Internal oxidation is associated with the oxygen potential
of the carburising atmosphere gases, therefore oxygen free
atmospheres will avoid internal oxidation. In this respect
"vacuum'' carburising may be preferred to conventional gas
carburising, as the products vacuum carburised are free
from internal oxides. Consequently components vacuum
carburised should have no compositional gradient, neither
non-martensitic transformation products in the surface
layer. Therefore the fatigue properties are expected to be
superior to those conventionally gas carburised. In this
context Casper (56) using SAE 4320 steel specimens tested
in rotating bending, showed the superiority of vacuum

carburising, as Fig. 28 illustrates.

3.3.6 Tempering

The effect of tempering on the fatigue properties is seen
through its effect upon the residual stresses on one hand
and the overall toughening effect of tempering. In other
words, the fatigue limit will be influenced by two ®pposing
factors. The reduced brittleness of the case, which

favours an increase in the fatigue limit, and the reduction
of the compressive stresses whichireﬁpggsfthe fatigue limit.
Roberts et al (45) using SAE 8620,5tee1,showed that
tempering is detrimental to the bending fatigue strength7’4 

and attributed that to the lower residual compressive str§s§3W ;¥~

near the surface, and the slight reduction in the grQSSJ

hardness gradient.
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In view of the present work it’wés?f:lt{that the relief of
residual stresses upon tempering.maf overshadow the effect
of different carbon profiles. So tempering treatment was

not practiced in the present work.

3.3.7 Case Depth and Section Size

A lot of work has been done on case depth and section size
effect on the fatigue properties. For instance, Dawes and

Cooksey (5)

illustrated how for a 7.6 mm diameter test
piece the maximum bending fatigue strength was obtained
with a case depth of about 0.6 mm, i.e. a case depth to
section thickness ratio of about(0.08, see Fig. 29 .

In another study, B. Pathi Raj (58) has reported that a
case to section size ratio of about 0.122 resulted in a
maximum bending fatigue strength. Moreover Kiyoshi

(59

Funatani ) in his investigation showed that a case to
section size ratio 0f0.0611 occurred at maximum bending

fatigue strength.

Revising many other sources 1t was apparent that a range
of case to section size ratio of 0014 to0.21, and as
quoted by Tauscher(6®), covers most of the findings for

maximum bending fatigue strength.

Considering a gear component for instance, Kern (43)ths
described how to determine the case depth to resist case
crushing of gear surfaces. First of all choosing the ;te?lr

which develops a core hardness of 300-460 Hv, then:
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2. 1x1070

¢.D. = F cosgy/ /
C.D. = -effective case depth (to‘Séb HV)wr mm ¢
Wt = tangential tooth load - N
F = Face width - mm
X = Pressure angle

As far as the residual stresses are concerned, the work by
Coleman and Simpson showed that the maximum compressive
stress increases somewhat with section size and that the
maximum compressive stress occurs deeper. Furthermore,

they showed that increasing the case depth increases the
depth of the stressed area. Meanwhile Luther, R.G. et al(él)
has reported a compressive residual stress near the surface
of 416 N/mm2 in a 19 mm dia. bar having a case depth of

1.5 mm.

3.3.8 Residual Stresses

It has already been discussed how the residual stresses are
influenced by many metallurgical variables. Therefore the
influence of the residual stress on the fatigue strength 1is
evident through those variables.

It is known that compressive residual stresses increase the
fatigue strength. In this context, Bernhard Syrev et al (62)
showed that the fatigue strength of CK 45 steel 1n reverse |
bending decreases as the residual stress decreases and
changes from compressive to tensile. He quoted a bending
fatigue strength of 920 N/mm2 at -200 N/mm2 residual stréss.-

in the hardened condition. It was also observed by
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Ya Umaniskii et al (63) using 30K t%that‘indreésing

the compressive residual stress im : ;fhé,bending:fatigue
strength. However Thomson (64) summarised, stating\tham,the
residual stress pattern generally could not be directly

correlated with fatigue durability.
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3.4

Different applications may requiré:céfburised-components"

to be subjected to various stress system.

As far as fatigue testing is concerned, there are three
common methods of applying a stress cycle varying from a
maximum nominal tensile stress to a numerically equal

°

nominal compressive stress, l1.e. a Zero mean StTEsSS loading

cycle (65):

1 - Reversed direct stress - Push-Pull
2 - Reversed plane bending

3 - Rotating bending

On the other hand, unidirectional stressing 1s an altern-
ative method, with the absolute value of the minimum stress

above zero.

As far as case-hardened specimens are concerned, fatigue
data in reversed direct stress are limited, for the simple
reason that axial loading in the presence of a tensile
stress at the core provides the most deleterous fatigue

(61) -

condition, stated Lutheret al In this context

he has reported 2% increase and 5% decrease of

fatigue strength respectively upon case hardening.

However most of the fatigue data has been in rotatiﬁg |
bending, e.g. Luther (61) showed improvement in the bending'
fatigue strength of about 60% in reference to normalised

samples. Similarly, Frost et aﬁéSAuoted about 50% increase\

in fatigue limit of carburised and quenched as compared

A1 o




to that in received conditidﬁa <dfher55ve;g¢ ;'A
results by Gardiner (66) using 81824t4% Ni) steel showed
an increase of about 10% in bending fatigue strength of
carburised and hardened in reference to a hardened
piece. Pathi Raj (58) using IS 20 MnCr case hardened
steel showed 30% increase in bending fatigue strength

of carburised and hardened over that of through hardened.

Perhaps the alignment of a rotating bending specimen
during the test is the most worrying feature. Distortion
during quenching a carburised rotating bending sample and
the difficulty to ensure complete alignment in practice
makes it possible for sequential whirling to occur and

consequently affecting the data produced this way.

Such alignment is not likely to influence results prqdﬁced
by plain bending, whether reversed or unidirectiongl. In
this respect and as far as reversed bending is concerned,
Eriksson et al (67) using C-Mn steel showed about 80%
increase in bending fatigue strength of carburised compared
to the non-treated. On the other hand, Lazaridis 68 )
using SAE 4027 showed 40% increase in bending fatigue
strength at 105cytles of carburised and quenched compared to
quenched and tempered, despite the fact that the case
depth was 2 mm on a section thickness of 6 mm, i.e. case
to thickness ratio of 0.33, above the literature findings

for maximum bending fatigue strength, see section 9.7.
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Data about the bending fatlgu unidirectional

bending was introduced by Krauss et al MA),see¥hg 24, zum
others, e.g. Depaul (69), where he investigated the
fatigue behaviour of a range of steel SAE 4118, 4626,
4620, 4817 and Ex.l, at different case depths. His

results at a case depth of about 1.0 mm are shown in

-

Fig. 30.
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3.5 Fatigue StrengthVand_Méé =

In practice components for’automofi§éidrivelines,-efg.
gears, are generally subjected to unidirectionai
bending. Despite this, there is extremely limited
amount of data compared to rotating bending. ' Moreover
as some case hardened components may exist under a high
mean stress in practice, data concerning this effect

would be useful.

3.5.1 Stress Ratio - Mean Stress

Stress ratio is defined as the minimum to the maximum

cyclic stress (73)

g -
min
R

]
max

Its value is -1 under reversed stressing condition.

Unidirectional bending represents the case where the.
stress ratio could be zero, if the minimum cyclic stress
is or close to zero, or greater than zero depending upon

the value of the minimum stress.
Referring to Fig. 31, the mean stress (om) may be

expressed as:

Using equation (1) the mean stress can be expressed 1n

terms of the stress ratio as:
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The above equation shows howfﬁhéfmgén,§ﬁfe§s is related

to the stress ratio through the maximum cyclie stress.,

The effect of mean stress on the fatigue strength of
different metals is generally expressed by Goodman and

Gerber (70), diagrams as shown in Fig. 32.a.

However as far as case hardened components are concerned,
Karuss et alOMJhasdetermined the bending fatigue strength
of carburised SAE 8620 steel at a stress ratio of a

value greater than zero, where he used an R value of 0.26.

Hayama gt algl)

using S45C, SNC21 and SNC steels, studied
the effect of mean stress on fatigue strength of
carburised steel in the tempered condition. His results
are shown in Fig. 32.b. as a reference, despite the fact

that the case depth was about 1.8 mm on a section 4 mm

thickness.
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3.6 Stress Concentration

of stress raiser, such as fillet, hole, etc. ngéwer, in
laboratory testing, those different forms of stress
concentration features are represented by a notch. The
stress acting at the root of the notch depends upon its

radius, or in other words on the stress concentration

factor.

A lot of work has been done on different metal to show
that stress concentration features reduces the fatigue
limit. Published work is presented in the form of
fatigue strength versus stress concentration factor.

Fig. 33 is an example of such presentation on mild steel(és).

As for a case hardened component, not much interest has

been shown to study the effect of stress concentration.

However, Toru Funukawa et al (72) ip nis investigation using
SCMZ1 stéel specimens tested in rotating bending, showed
that the bending fatigue strength of carburised steel

were very similar at a stress concentration factor of

2 and 6. He also reported that crack propagation rate
increases with crack length at high }oot radius (0.5 mm),
and stay almost constant at a root radius of 0.08 mm.

(58)

Meanwhile Pathi Raj illustrated the decrease in

bending fatigue strength of carburised IS-20 MnCr as the
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j:éékéhowed;é'

stress concentration factor increases

2

decrease of about 100 N/mm” when the stress concentration

factor is increased from 1.5 to 1.9,as can be seen in

Apart from the above-mentioned two sources no data 1s

available.

In a gear component the stress concentration is between
1.2 and 2 (73), but. in other engineering components,
higher values of stress concentration may OCCUT. Existing
data, e.g. that due to both Raj (58) and Funukawa (72)

was derived from rotating bending. Therefore there is a
need for further data to broaden our understanding of

these effects.
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3.7 Notch Sensitivity

The general term "notch sensitivitf” iS'uSQd to relate
the actual effect of a notch on'the fatigue strengthﬂi?"
of a member to the effect one might expect from elastic
theory. It is generally accepted in the field of metal

fatigue to define the notch sensitivity as:

oo X -
Q"K__
t
where Q = notch sSensitivity
Kf = fatigue notch factor
Kt = stress concentration factor (elastic theory)

If materials conform to elastic theory and fatigue strength
depends on the value of the maximum principle stress then

K¢ would be equal to K . In fact K; is often less than K.
This discrepancy,which 1is expressédgiﬁ;fefms of notch
sensitivity,is due to plastic deformation at the root of

the notch during cyclic stressing, stress gradient,and'h1
addition, the presence of biaxial or triaxial stresses.

Also residual stresses may influence the notched

fatigue strength.

Under reversed stressing the material must continue to

deform plastically in"every cyclelif the fange of‘stfess'
at a notch is to remain reduced,ctherabiiity of_materialé
to behave in this way 1s quiteliimiféd. Therefore ﬁofches

exert large influences under such conditions.

Under cyclic bending plastic deformation may influence
both the plain and notched fatigue strength depending upon

the applied and yield stresses. In particular in unidirect-
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ional bending if the test piéc@{yigiﬁsgﬁy the first
loading cycle it will then cycle according to the

developed compressive and externally applied stre$sesc74).

Notch sensitivity under rétating bending conditions at
different specimen sizes and stress concentrations are
given in table 3 for a number of carbon and alloy steels.
It can be seen that notch sensitivity increases with
carbon and alloying contents. The low notch sensitivity
quoted for the 20 Cr 10 Ni steel in the annealed
condition would suggest the possibility of work hardening
and plastic deformation, consequently raising the notched

fatigue strength.

Pathi Raj (58) in his investigation using carburised I.S.

20 MnCrl steel in the tempered Condigion/pyoducedfﬁOtched
fatigue strength results. Notch sensitivity of 0.43

was determined from his results. That 1is Considerably

(75) showed

lower than those listed in table 3. Weigand et al
that compressive residual stresses can reduce the notch
sensitivity of brittle material. He also

concluded that internal compressive SEITess would raise the
alternating fatigue strength of specimens subjected to
embrittlement whether due to material, i.e. hardening, or
due to shape embrittlement from a notch effect. Therefore
the notch sensitivity of a carburigeqacomponent-is 1ik¢ly

to be influenced by residual stresses, mean stress.and

notch root radius.
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3.3 TFatigue Crack Initiation

Fatigue failure is generally consiééredftafbe the
consequence of crack initiation and its sﬁbsequentv
propagation. However the process can be initiation
dominated, where most of the fatigue life is consumed

in the formation of a microcrack. On the other hand,

1t can be propagation dominated process, where the crack
initiates early and it takes it the rest of the fatigue

life to propagate and cause final failure.

Fatigue data in the form of S-N curves generally
represent failure with no indication to the stress to

initiation.

This has been the case for the fatigue data about case
hardened components except one or two investigations
where the fatigue crack propagation was studied and the

initiation life was estimated.

In particular and as far as a case hardened component
is concerned, it has already been made clear that most
of the fatigue data are produced by rotating bending,
where it is difficult to detect crack initiation during

testing.

Considering the case of a high strength material, crack
initiation is slipless, 1.e. not as a consequence of slip
process. However the possible mechanism would be the
coalescence of microcracks to form a macrocrack which when 3

of critical size leads to propagation and eventually

failure.

-50-



Morris et a1(76) showed that thes menllfetlme is partlj
governed by the formation of suchdﬁécrocracks.‘yln the
same context Lankford (77) showed that when fatigﬁe*““
life was 1O5 cycles for high strength steel, 103 cycles
were required to initiate a matrix microcrack which may
develop to a macrocrack stage. Moreover he suggested that
most of the initiation period which is associated with the
total fatigue life of martensitic steels consists of the

intermitent growth of very small cracks impeded by prior

austenite boundaries.

Kozyreve etal(78huﬁ reported that the durability of the case
hardened specimen containing a notch is mainly governed

by the time of transmission of the fatigue crack into the
core, and showed that about 94% of the total life was

consumed in developing the crack.

On the other hand Magnusson et al (79), using low alloy
case hardened steel, showed that the initiation of the
fatigue crack tends to occur after about 90% of the r
fatigue life and pointed out that slag inclusilons acted

to initiate the crack.
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3.9 Fatigue Fracture Mechanisms

Fatigue crack initiation in case hardened steel is
believed to be associated with transgranular fracture,

and then an intergranular propagation through

the case.

For instance Krauss et al (44) showed that the case
fracture surface away from the initiation zone is inter-
granular, and reported that not éll the case fracture

was intergranular. They stated that much of the fracture
was transgranular through the martensite and retained

austenite.

They also showed that fracture initiation was very smooth,

flat and transgranular in the case.

Eriksson et al 67) confirmed that the fracture surface of
the case is intergranular, and reported that the centre of
the fish eyes on the fracture surface was 0.7 mm below the

surface, and so he claimed a sub-surface origin of crack

initiation.

Lazaridis (68) on the other hand made confirmation of the
transgranularity of initiation and the intergranularity
of crack propagation in the case, changing into a mixed
mode, i.e. inter-transgranular, and finally to entirely

ductile fracture with dimples.

It is apparent that the fracture surface gives an

indication of the crack initiation site, microcracks and

the intergranularity of propagation through the case.



3.10 Step Loading Technique

Fatigue test data are generally preSénted in S=N: form; fto
produce part of the S-N curve, e.g. 10° - 10° cfcles, at

least 20 samples would be needed.

However fatigue testing may aim at a variety of purposes,
depending upon which the number of samples tested and the

procedure followed through the test will be selected.

In view of the wide aims of the present work and the need
to restrict fatigue testing tomanaginable levels, it was
decided to determine the bending fatigue strength at 106
cycles based on the ASTM "A Guide for fatigue testing and

statistical analysis of fatigue data" (80)

It was felt that the increasing amplitude test - Step
Method - would fit the present programme, although in this
method it has been observed that under-stressing does not
greatly affect the true fatigue limit of materials such

as many of the alloy steels and a few nonferrous materialscgl).

-53-



Typica; darbon profile

€ Carbon

Depth

B. Effect of time

% Carbon

Time

-54-



2 hoursat'0.12% CO4

2 hours at 0.12% CO4 +
! hour 3t 0.30% CO4

0.8 /
c
.g 2 hours at
S 0.6 0.12% CO4 +
R 2 hours at
0.30% CO4
0.4 p

0.2 ! ! l\l

|
0.2 &4 0.6C.2 .0 12 14
Depth /mm

Fig.2 Optimisation of boost/diffuse ratio for En 354

carturised in endothermic gas/propan at 9250C.(6)

“Theoretical gradient, computer generated:
i 10387C / 0.5 hour
1.8 - =.= = Same plus 0,5 hour dittuse
e 927°C /5.5 hours
16} Expenmenta: results:
' Q 1038°C - Carburise / drttuse, vacuum
[927"C ‘Straght carburise, 0.95% C potenual
' 4 O-927°CCarpurise / dilfuse, atmosphere
<
Q
4 1.2
®
5]
c
3
Y10
2
]
5 0.8
<
Q.6
0.4
0.2
O 3 3 i 1 A

0 0.2% Q.5 0.73 1.0 .25 1.5

Depth /mm

ey
-

o
(W)
(@]
f
e}
(¢

on gradient of SAE 3620 steel.(7}

-55-



4 Carbon

3
\A
3
Depth
Fig.4 Carben distribution in an as carburised

surface (A),and in a carburised and

diffused treatment (B).

~100

Ed

H
= 10
k=) E ! ¥4 i '\
3 R ! , ‘
S lao ;9 S— R— i
> 2 ! . ;
3 2 v/ . _ N
R a : { i |
< 80 2 8 ’ : Xl g
e 2 A | <
3 2 X | i g ! Z
2 3 4 i : i g
X W70 7 L 1479
o 2 | i , ; 3
2 £ | ] i z
3 < Chromium in | i o)
% F60 & 6F—s0lid solution= . 12 8{
E g i | b3
< £ L | 2
- 50 3 5 - ‘ ; ’ 1 10 a
= 0] : | -
s 2 q i ‘ Manganese in 3
5 ta0 3 4 — __in carbide phase_j g
@ = RN p EG ] ! 3]
- 2 i i i : o
T - \ == 2
> , : ;
5 r30 2 3 T ; ; ; 6 3
E 2 .ﬂ//j Sen : L -
3 : A =S U S P
c r20 z 2 / : ; 4.3
e 3 ; : PO e i -
= g i % of the carbidel O~ 3
= 3 , s S 5 2
: f-TO c 1 — ohase === ¥ e s
3 i ; i | ; Q
: | I
S ko 0 ‘ ’ —

0 Qu 0.2 032 .04 05 0.6

- —
Chromium in \ 73 i

carbide phase / ! :
11 L Manganese in
Vsolid sofution

i Na
{ VA
i v

Distance from surface, mm.

Fig. 5 The distributionof alloying elements

vetween phases in the case-nardened
layer of 25KnGT steel after quenching

and tempering.(21)



14 TR -

i Ti ’ ST .
1215- 'Calcuiations based on the equations
10r oxxDATxON,DMe+H:O‘=MeQ’+ Hy oo (1)
g OF METALS .
6l | l@'\"e*Coz:MaO*'CO.“.(?)

ARG ]
EIY

_a- REDUCTION OF Mo | tﬁ
METAL OXIDES Ni

-6 LA

-S]L Cu

Fig,6 Oxidation potential of zlloying
elements and Iron in steel heated
in endothermic gas with an average
composition of ZO%CO 35§%CH ,0. 5%CO ' (3)
o.zB%Hzo (dew point -10C) 3‘} ?2%\1 .

W/WO4

'Fe/FeQ
Botiing point Zn

Q
Q
Q
S FelFei0s MoiMoO
Q
U

10-6

200 300406 300 T 700 1300|1200
600 800 100G 1400
Temperature, °C

Fig.7 Effect of Carbon dioxide to Carbon
monoxide potential ~at different:
temperatures on the oxidation of

some metals.(3)




C.128

Specific volume CC [ gm

0.4 0.8 1.7 1.6 2.C % Carbon

Fig. 8 Specific volumerof steel phases versus carbon content.(ga)

lCOO*——

Center

Temperature [ °c
B
o

| ! .

10 100 10CC  Time /Sec.

|

Compression o Tension

LUHC) .

Center

‘:U(HP[' . \\

)
w

Fig.9 Schematic illustration showing the development of

resicual stresses on cool-down of metél}ic«materiAIQ(27), .

~-58-



: (a) o o
Co e T N [ e T
o g e i el
{
= 6CC | : i:trans,[ ] mrans-il
) { I tphases phases
‘5 ' ! e ll l | ! l
% 4C0 | : ! l ! ‘
: ! | it i :l,ﬂ {
2 , aust. iR o |l ’;;7§I%<Li-
5 2co ; ! 1 I .
A N () I A
| | | | ek d | Ll
0.1 10 10 100 10 8 ' . .
\ < a 2
Time ( Secs) 15 mh ﬂ 3
- +
S 0 Pt © ‘
. £ “ 5
CCT diagram for a 5Cmm o g 2
Q
var of plain carbon steel, | - 8 a7
1 Longitudinal stresses
Fig.l0 Schematic illustration of the development of residual

-2

N mm

Longitudinal residual stress

400

00

2CC

100

steel (0.15/C) bar,50mm dia. (28)

! o

Measured
- — — —Estimated

uncarburised
quenched & tempered

——

stresses on quenching a case-carburised plain carbon

carturised

quenched & tempered

1.0 2:0 3.0 4
Cepth | mm

-59-

.0

Fig. 11 Measured residual stress distributicns (longitudinal only)

in beth carturised and uncarburised chrome-carbon steel,(ZEJ




1.4 35 7 Y T T
1 -—10% Fe,\C | | | - Wy
. i 5
.29 30} ; ' g
3 { -
2 , Lo -0 =
1.04 e

[
4]
ey =

B F] > :
- > H 3
3 \
= A i o
2 0.84 % 20§— s .0 9
bt a 1 -
= b \l\ x ; Stress ' =
8 064315 A
s lE D NN s
S 044310 7 - 2
Py N 1% 2
o & \ : &;
e O —
~ J | I
}\\’\Austenile
0~ 0 -
0 05 19 15
: 1 i
DEDT“ sy MM

Fig.1l2 Surface tensile siresses
in the outer layer of a carburised
SAE1018 steel, caused by the presence

of carbides (12).

Treatments
Temper ﬁ-SZE-QG;;cn Sub-zero
1 - 8co°c =
. \/T:L—d::’:—: 2 - " -120°C
_S—zoo - == 2 S 65000 ) _2
2200 K - 4 650°C " -120°¢
é—aoo-\\x _____ 4 - - - —
5.2 ] 014 o.lé
Depth,nm

Fig.1l3 Residual siresses in carburised
case of 18Kh2N4vA cefore and after
sub-zero treatment.

-60-




— 152 g T e
200 F1908 mm (0.7580)
diameter g uh
" Direct'quenched
| _into.oil at,320°C:
1C0 Case depth
1.25/1.50 mm
{0.050/0.06Q'in}
oF 4
;== After
-1CC » B quenching
~== - Quenched
f and cooled
-200tT 10 -75°C
: : A Quenched
A and cooled
83 N . =
-0 -7 to -75°C
: o twice
1 i i 1 1
0] 1.0 2.0 3.0

Depth / mm

Fig. 14 Residual stress in carburised case of SAE 9310

29)

before & after sub-zero treatment.

Time in seconds
@ fzom startof quench . @

==

900
800
700
600}
GC) O(J
g g
3 3
3 ©
of 1 o
Surface Axis “Surface Axis
5 Tne effect of decarburisation on the progress of

(8)

transformation of a carturised surface .

a. Free from decarburisaticn.

v. Decarburised surface.

A=



1 T T T E 400 ' |

) :})l_1 35 .‘__5 Cr /,«"
E 20p [ [
3 10 pid .
4 . ol2 \ ///1 ‘ L0 z
@ ‘ : E
E - 10 ‘\ \ i >
3 -20 = - 200
° N\ 7 A ;
¢ _ag : / L
< P Case

—40 -)\/ } I depthi—l L _400

. . 3
-0y o 1.4
Distance from surface, mm

-

jon
oQ

16 The effect of decarburisation on
residual stresses developed in carburised

and hardened plates.The carbon content
at 0.002mm was estimated to be:-

Curvel,1%;Curve2,0.64%;Corve3,0. 3540 3

10 l r100
2
W 0 - ,f{’/J )
ot o -, RN
E Q, g [ —— L1
£ 10 ) ry 7 S 00
* ol 1.0 mm case depth | L 200 :
2 20 N /1® 1.26% carbon L
Y £
s 30 r;o( tempered L .300 §
_,g 40 /4\ 0.8 mm case depth L 400
5 / 0.9% carbon
2 s50}-adie not tempered L .500
'@ ®
& 60 --600
-70 L-700
0 0.1 020304 0506 07 0.8
Distance from surface, mm

Fig.17 The loss of surface compressive
residual stresses due . to the presence

of a highly-developed carbide zone in
2OKnNVAMF steel.(47)

-62-~



stress

58 8 v’
i
L

0¥ Sveshnikaov 7 . db Kh
o Xirk :SAE8E620
Weigand & Tolasch 16MaCr

c Motoyama 1 SCr22

Max. tangential residual

Il

5 TG00 760 300

Tempering temperature, °C

Fig-18 The change in peak compression due to

tempering after carburising and oil

quenching.

N

E

=

T~

Z - .

"] i . ‘

N+ 1 | | ' -
it ; i

[’2} { |
9 ) As i i
%—200 75°C |V quencned s0°C | 100°C 1s0°C | 200°C 250°C
a ST TSE 070705 0370406 020406 020406 070406 020408
é')_«_ Distance from-surface. mm

¥

ig.1y Residual stresses (tangential

(33)

in cyanide~hardened 4CKh rings

sefore and after tempering.

-63-



Residual stress N mm

Residual stress N mm

3.0

280 -
140+
. ==
Case depth Time gyl
.o < -~
-lAO“—base ept C.75mm - 1l.4mm ///‘,/,-’ﬁiZSmm
AN - —
-280 -\ = / -7 T
- I
-420 . 1 ) 1 ;
0 0.5 1.0 1.5 2.0 2.5
Distance from surface A mm
280 - b. Carbon potential 0.7%
140 —
C
-140 |
-280 |-
-420 ' ' ' [ ‘
C 0.5 1.0 1.5 2.0 2.5

Distance from surface, mm

Fig. 20 The effect of case depth and carbon potential

on the residual stresses of carburised and

0il quenched,SAE 8617(19mm dia,).(29}

-64-



~ "000'—

#‘1‘
800 - A Y T Y o o
Decarburnisation En 26
L free Totol case 2.5mm 4
Surface 0.94%C

o}
o

" M~ Decarburised

i
t
m
t
i
_l

8

® 1
Core
i . s 3 i N i
9] 1 2
Qistance from surface, mm

~1400 ® K 155
~1200

Free from
decarburisation

Microhardness, HV 0.03

N/mm

#3800 ~ \

600 L ™\ Oecarburised

i ]

0% 10° 10° 10
Cycles

cycles

Fig.21l The effect of decarburisation
in carburised En 36 steel,on
a.Microhardness and.

b.Bending fatigue strength

(36)

440 N/mm?

1

€05 N/mm?

Q
104 |

- 785 X[/mm?

(WS}
\

i

'

10 20 0 40 % 60

% Retained austenite

70

Fig. 22 Effect of retained austenite on the

impact fatigue resistance of a

/ 4
1.45%C / 11.5%Cr steel.( ©)

_£C



N/mm2

I

750

5CC
250

Alternating bending fatigue strength

Fig. 23

I

— =Through hardening

Case hardening

T
AN

»Ww

X0 X0 700 900
Hardness , HV

Rotating tending fatigue strength
of case~hardening, through hardening

and tool steels as a function of

surface hardness.(%4%)

&- .
o 3
Iy
r
;i ° gr 2
% 1
P
i ; : i
1 105 108 107
cycles

Fig. 24 Bending fatigue strength of SAE 8620

1l.Cirect gquench;2.Single reheat and
2.Couble reheat,after carburising.

—66-

(44)



1100 [~ 90

~

~
021 &~ o
51000 Y
= : il N
~
9m "0 Box cootad, reneat 774 C “:'h. ﬁ' iy
03 ~ parttal neaTwork of comentite - - J
) Q Dveect auench, reheat 774°C P
[+ 800 Z tree trom cemmmtite o)
js - Said DOINIS ~ 1UDEUr1ICE Ofigin
5] a s 6 7
10 10° 10 10

Cycles

Fig.25 The bending fatigue strength of carburised
samples of SAE 6120, comparing those containing

a partial network of cementite with those free
(48)

from cementite.

2
8
|

&
(@]
|

B
o
l

Fatigue limit/ N/mm

.[é

00 40 200 o

Surface microhardness of
tooth root/ HV

Fig. 26 The effect of tooth root surface

hardness on the bending fatigue
strength of 4mm modulus gear.(52)

AT -




10C0

8ce

8

Fatigue limit N/mm°

4C0 L

200 | | |
4C0 600 800 10C0

Hardness  HV

Fig.27 The rotating bending fatigue strength

of case hardened 12mm ia) specimens
notched z@ad unnotched.

cuum carburisig
1000 . ‘

N

£ 900 |

= gas carburising
a 8C [

o]

5=

700 ; | . 16
104 100 10
Cycles

Fig.28 Fatigue chracteristics (rotating bending), of
SAE 4320 with vacuum and conventional carburising

)(56)

o ,
(Tempered at 160°C for 4 &ars.

-68-



.
F

<
“ e

‘Endurance limit N/mm?

Fig

stress N/mm2

Nominal

£

Case depth/thickness ratio

0.066 0.1 0.2 0.5
&0 +
éco FBlank™ " T ST
| carburised
400
200
.25 Q0.5 1.25 2.5

Case depth, mm

.29 The relationship between fatigue

strength and case depth for En 353

and 354 case hardening steels.(5

1000
900
800

7CC

)

IS s
— 4817
N gb2e
\\\\\¥ — 4626
4118
02 10 1@4;_:/
Cycles

a case depth of apout 1.0 mm

-69 -~

(69)

SAE

0 Sending fatigue strength of carburised steels with



Alternating stress

stress range max.stress
/‘\’“
o
o]
-~ ]
a mean stress
jor ) '
£ i
C -
minl stress Time
=
Q
e
n
0w
(3]
|
Q.
g
Q
Q

Fig.31 Tensile stress cycle

NS
Ex]
= (L “arburised(2C0°C tempered)
32 gV 8C0
20K
Gerber parabula 2. 49 arggrised(270°c tempered)
E BV O
" 3 Quenched & tempered
Goodman g 2F HV 230
line
a1k N
C v | 1 234 56 q00
Mean stress N/mm?
Mean stress
. Theoretical presentation. “ ps Experimental presentation,

Effect of mean stress on the fatigue
(U) tensile strength Mo . +a}

. ; étrength of carburised , ‘quenched
(GEQ fatigue ;trengtb and tempered specimens. : :

Fig.32 Mean stress effect on fatigue strength.(71)

-70-



N/mm2
.._l
O
o

stress

" plain fatigue limit
o Lo
L complete fracture
- non propagating cracks
I\ L fo ! 1 i ! | l i { 1
5 1C 15
stress concentration - K¢

Fig. 33 Nominal alternating stress versus K; for reversed

lxj
Ho
a

direct stress mild steel specimens.

60CH
I

00+
/ =

4001

(65)

4 The effect of stress corcéntration

factor (K,) - notch root radius (-
on rotating bending fatigue str%?gth
of carburised steel specimens.( !

-71-



TABLE 1
The effect of sub-zero t

atment (~12@OC) on the properties
of carburised 18Kn2N4vA (30) . i

Te
(3

Heat treatment Retained Bending
after Condition austenite Strength Impact Hardness
Carburising % Nmm N/mmZ2 H.V.

0il quenched As

from 800°C; quenched 62 1530 25.5 699
low tempera- _,
ture tempering Sub-zero 20 1442 19.5 790
Tempered at As :
650°C; oil quenched 54 1697 40 740
quenched from
800°C, low Sub-zero 10 1608 - 790
temperature
tempering

. Air cooled As
from 900-750°C quenched 90 1618 59 470
0il quenched;
low tempera- Sub-zero 20 1353 19.5 740
ture tempering

TABLE 2

The effect of depth of non-martensitic layer on hardness,
residual stress and bending fatigue strengths in
carburised and tempered 4 mm modulus gear

Depth of Microhardness Residual  Bending
Case non-marten- in tooth stress at fatigue
Steel depth sitic layer root 10um d%pth limit2
mm um H.V. N/mm N/mm
20 Xh NM 1.2 7 560/720 0-(+ 50) 695
25 MO5Kh 05 1.2 6 510/575 - 646
18 Kh GT 1.2 16 415/440 +(253-432) 598
30 kKh GT 1.0 30 375/440 +(139-185) 540
18 kKh GT 1.2 17 380/500 - 532 .
18 Kh 2N4VA 1%0.5 17 265/575 - 482
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TABLE 3

Notch Sensitivities of Carbon and
Alloy Steels

, Stress Fatigue

Carbon or concentration strength Notch

Alloy steel “Factor Factor sensitivity Reference
N K Q

0.18% C 3.3 2.4 0.61 65

0.3% C 2.0 1.8 0.8 65

0.37% C 3.3 2.3 0.56 65

0.4% C 2.0 1.8 0.8 65

Ni-Mo 3.3 | 3.0 0.87 65

Annealed 26 0.8 0 74

20 Cr 10 N1
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NOTATIONS FOR SPECIMENS AND
GROUP DESIGNATION

Gas Carburising
Vacuum Carburising
Only Hardening
Rotating Bending
Three Point Bending

Four Point Bending (Notched Condition)
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4.0 Experimental Procedure and‘TéthﬁiﬁUeé

4.1 Design and Production of Test Pieces

A range of test pieces were designed to meet various .
Tequirements in the project. Design was carried out
according to testing machine capacity, section size to
provide a reasonable case to diameter ratio and finally
a span to diameter ratio of 6.6 (82) for three-point

bending test pieces.
Test pieces were produced according to the required
dimensions, however slight variation in the dimensions

were found. This was taken care of in the calculations.

4.1.1 Material and Test Piece Geometry

Three types of carburising steels were uéed as the
material for the test pieces in this work. Basically
635 Al4 steel was used for preparing the majority of
specimens for fatigue testing, in the programme,
however test piéces of 835 AlS5 steel were aléo used 1in

a primary stage of the test programme.

In addition steel type 080 M15 was used for:

1. The estimation of residual stresses
2. Investigating the effect of stress concentration
factor

3. Skimming bar for determining the carbon profile

by chemical analysis.
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The chemical compositions of the steels involved with

their designations are listed in the following tableli

Steel C Si Mn Ni Cr Mo
635 Ald 0.15 0.24 0.67 0.75 0.52 -
080 M15 0.15 0.12 0.64 - - -
835 AlS 0.16 0.24 0.23 3.89 0.9 0.21

Cylindrical specimens were selected for the fatigue testing
programme in order to produce uniform carburising and on
subsequent hardening a uniform residual stress distribution.
This geometry is preferred to rectangular. Corner effect
in rectangular geometry is likely to result in carbide

(83)

formation in the corners and create a complicated

stressing situation.

4.1.2 Test Pieces Preparation

1. Three-point bending (3-P.B) test pleces were turned
from stock round bar of 635 Al4 steel. Flat surfaces
at the loading points were milled - see Fig. 35a - to
avoid twist and specimen movement during the test.
Finally specimens were polished by emery cloth. For

full dimensions and geometry see Fig. 35a.

2. Four-point bending (4-P.B) test pieces were turned
from 635 Al4 steel bars, then notched in the middle
circumferentially with a stress concentration factof
of 1.5. Values between 1.2 and 2 for gears were

reported by Vallance et al (73). Flat surfaces at

-76-



91

€1

*(ww) suoysuawIp pue Laqawoen G 314

-aoet1d 3897 Suyppusq juyod anojy Te0TIPUTTLDY *q

91" ‘Pd 3001 ydjou

99 _ 66

948

f
b~
b~

1




(O3]

the loading points were milled to avoid twist and
specimen movement during the test. Full dimensions

and geometry are shown in Fig. 35b .

Rectangular section specimens of O8OM15 steel were

shaped and notched as shown in Fig. 36a. See appendix 1

for full dimensions and notch root radius. Notch

geometry, root radius, and the design dimensions were
(84)

according to Peterson , as well as considering

case depth to section ratio.

Specimens were copper plated on the sides so as carbur-
ising will take place on the notch side and the one
parallel as can be seen in Fig. 36a. The notch roots
were given a final polish to eliminate any irregularities

at the root of the notch.

Flat bars of O80M1S5 steel were shaped to dimensions,
then grounduto obtain flat surfaces. Copper plating
was applied to allow carburising to occur on one side-

only, see Fig. 36b.

Skimming bars of O80M15 steel were turned on the lathe

to dimensions as can be seen in Fig. 36c.

Round bar of 635A14 and 835A15 steel were turned into
rotating bending test pieces according to the dimensions

illustrated in Fig. 37a. Notched test pieces were also

produced with the same gauge diameter and at a stress

concentration of 2.8.
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7. Tensile test pieces of 635A14 steel were turned on
the lathe to a test diameter of 13.7 mm, see Fig. 37b

for full dimensions and geometry.

4.1.3 Carburising and Hardening

Test pieces were divided into groups for carburising and
hardening. Seven groups were selected for gas carburising
and two more were vacuum carburised. Gas carburised
pieces were hardened by oil quenching from carburising
temperature. However vacuum carburised pieces were
hardened by reheating to 810°C for 45 minutes, then oil
quenched. One additionai group (H) was hardened in the
uncarburised condition to represent the core properties,
see table 4A.

4.1.3.1 Gas Carburising

Methane CH4 is burned with air catalystically in a gas

producing unit to produce a carrier gas

ZCH4 + OZ +~ 2CO + 4H2 .......... < (1)

The carrier gas is given an extra addition of CH4 to
adjust the carbon potential to the required level,

e.g. v0.8% C.

CH, + CO, » 200 + ZH,  «oooooiiens (2)

CH4 + HZO -~ CO + SHZ ........... (3)

However the water-gas reaction, which is the fastest of
the furnace reactions, maintains equilibrium between ...

CO, H H,O0 and CO, according to:

22 2 2
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CO + H,0 - CO, + H

2 pot il sas e

and the main gas carburising reactions are:

2€0 ~» [c]  +cCO, el (5)
Fe '
CH4 -~ [c] + 28, e (6)
Fe
co + H, » [c] + H,0 e (7
- Fe

Fig. 38 shows a schematic illustration of the furnace used

at Lucas for gas carburising.

Carburising was carried out either in a single stage or

in boost/diffusion process.

In the single stage technique the carbon potential 1is
fixed over the carburising cycle, ahd the carburising
time will control the case depth. While boost/diffusion
is split into two stages. The boost stage which 1s
carried out at high carbon potential, followed by a
diffusion stage at a lower carbon potential, which will

give the required surface carbon concentration.
However, in the present work both techniques were used to.
carburise the test pieces and produce the required carbon

profiles.

Carburising temperature was about 925°C, and quenching =

from carburising temperature was always adopted. See

table 4A for carburising conditions of different batches.
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TABLE 4 CARBURISING AND HARDENING

A. Thermal and thermochemical (carburising) treatments
in conventional gas carburising atmosphere at 925°C

9

2

Nature of

Group Technique Time/minutes Carbon ‘carbon
Potential profile
H - 45 Neutral -
to the
steel
G1 Boost 300 . 1.2 Flat
diffuse 60 0.8 plateau
near
surface
G2 Boost 255 1.2 Decarbur-
diffuse 24 0.35 1ised
G Single
3 stage 300 0.88 Steep
G Single
4 stage 280 1.0 Steep
G Single Over
> stage 480 1.2 carburised
G6 Boost 240 1.1 Relatively
diffuse 60 0.8 flat
G7 Boost 300 1.1 Relatively
diffuse 60 0.8 flat
B. Vacuum Carburising
Time/ Nature of
Time pulse No. of “Pressure ' carbon
Group Technique minutes minutes pulses Torr profile
V1 Boost 14 2 5 50 -3 Flat
diffuse 37 10 plateau
near
surface
v, Boost 52 1.5 15 50 _% Over ‘
diffuse 47 T 10 carburised
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4.1.3.2 Vacuum Carburising

This process was utilised éo as tbzﬁroduce carburised

test pieces free from internal oxidation. The

process is carried out under vacuum by direct introduction
of hydrocarbon. Propane CSHS was used, which on contacting
the steel surface is cracked releasing carbon atoms for
solution with the steel, and the carburising reaction

taking place at the hot steel surface is:

CHg > s[c]F +AH, e . (8)
e
It is a two-phase process.

1. Propane is introduced by pulses to supply carbon
to the steel and causing it to be absorbed

according to reaction (8)

2. Diffusion is allowed to take place at the same

temperature and under vacuum.

Carburising temperature was 1040°C and gas quench was

used to cool the charge. Post vacuum hardening treatment
was carried out at G.K.N. Industries by heating the charge
to 810°C, which is soaked at that temperature for about
45 minutes, and finally oil quenched. See table 4B for

carburising details.

Many carburising boost/diffuse combinations werelattempted
then it was decided to carburise for four pulses, each |
pulse duration was 2 minutes at 5O Torr, and then diffused
for about 37 minutes. Full details and description of the
cycle are shown in Fig. 39. The vacuum furnace used for

_carburising is shown in Fig. 40.
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It has been mentioned that three types of steels were

used in producing the test pieces reqdired for the

testing programme. They were subjected to either  aalak
the carburising conditions listed in table 4. However,
full details about type, number, geometry and steel of
test pieces at their particular carburising treatments

are shown in table 5.
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TPABLE=5

Specimens, Steels and Treatment

-89 -~

! Thermal Test Piege -
Group treatments Steel Type Number Geometry*
Gl Gas carbur- 635 Al4 3PB 4 Plain
ised and
hardened " 4PB 4 Notched
G2 reoon 635 Al4 3PB 6 Plain
" 4PB 5 Notched
G3 e 635 Al4 3PB 10 Plain
" 4PB - Notched
" RB Plain
080 M15 3PB 16 Notched-
flat
" 3PB 2 Plain
G4 ten 635 Al4 3PB Plain
835 AlS RB Plain
" ‘ RB Notched
G5 roon 635 Al4 3PB 4 Plain
" 4PB ‘ S Notched.
G6 oo 835 A1lS RB Plain
" RB 4 Notched
G7 A 835 A1lS RB Plain
" RB Notched
V1 Vacuum. 635 Al4 3PB 4 Plain
carburised " 4PB 5 Notched
and
hardened
V2 noon 635 Al4 3PB 4 Plain
H Uncarbur- 635 Al4 3IPB Plain
ised T
hardened 4PB Notched
* Unless mentioned is cylindrical



4.2 Testings, Measurements and Techniques

4.2.1 Rotating Bending

This was carried out to produce fatigue strength data,
based on failure while the mean stress is zero, i.e.
stress ratio of -1. The nature of loading is a canti-
lever with triangular bending moment. The fibre stress

was calculated according to:

32 PS
, - 32 BS ()
where P is the Load

S is the span length - the distance between
the centre of the bearing and the fracture
point

d is the gauge diameter.

Figure 41 shows a test PieCe"ugdgral ading.

4.2.2 Unidirectional Bendiggr

(1) Three-point bending (S-P.Bj/
Plain cylindrical specimens were designed to be
tested in 3-P.B. in order to determine the
fatigue strength based on failure. Stress

calculation was carried out using:

s = 16 PS o (5)
| T 53

where P is the load applied
D is the diameter
S £ 53 mm depending upon the location
of fracture.
Distance between the two support points, i.e.

total span length,was chosen to be 106 mm.
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(11)

Test piece in 3-P.B. is shown in Fig. 42.

Moreover, notched rectangular section pieces
were also tested in 3-P.B. However, span
length was 60 mm and stress to initiation was

determined using:

s = 1.5 BS i (6)

bh?
where b is the thickness

and h is the width of the test piece

Four-point Bending (4-P.B)

Practically it was not possible to determine the
initiation stress on plain cylindrical specimens
in 3-P.B. loading. Crack detection needed the
use of potential drop equipment. Initiation was
always occurring at the spot weld. Consequently
the initiation stress bears no relevance to the
true stress to initiate a crack. The damage

caused by the spot weld was not reproducible.

However 4-P.B. loading was ultilised to test
notched cylindrical samples (with circumferential
notch at a stress concentration of 1.5). In this
case the stress concentration factor and the test
section diameter will act more effectively and
ensure crack initiation at the notch. Consequently
that will facilitate incorporating the potential .
drop attachment to decide the stress level at

crack initiation.
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The stress to initiation was calculated

according to the equation:

av}
Q

16

o = ==
m

o
~
~3
—

ooooooooooo

o

where P is the load
a is the outer span length which was
26 mm, while the innéf:Spgn was 64 mm

d is the gauge diameter.

Test piece in 4-P.B. loading is shown in Fig. 43a.
Stress ratio of 0.3 was used always except for
investigating the mean stress effect, where a

stress ratio of 0.1 and 0.7 were also used.

4.2.3 Fatigue Test Variables

4.2.3.1 Carbon Profile Effects =

Notched and plain specimens Wéféiﬁégfed‘iﬁ-rbfating and
unidirectional bending. The béndiﬁg/fétigue strength
based on failure was derived from rotatihg‘and.threg—point
bending. However that based on initiation was derived

from four-point bending.

Bending fatigue strength was determined for seven types of
carbon profiles produced by gas,carpﬁriéing and two types ‘

of carbon profiles produced by vaCJﬁm caﬂmnising,  Accordingly
a comparison of the fatigue strength tdifailure and

initiation can be made for different carbon profiles and the
associated metallurgical factors, and to enable an evaluation
of vacuum carburised pieces due to the freedom from internal

oxidation.
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4.2.3.2 Mean Stress Effect

One particular carbon profile, i.e. single stage G3, was
chosen and produced on all test pieces designéd for this

investigation.

Fatigue testing was carried out on rotating bending at
sero mean stress and in unidirectional bending, namely

three-point bending, at three stress ratios:

(1) R = 0.1 low mean stress
(i1) R = 0.3 medium mean stress

(iii) R high mean Stress

I
O
~3

The fatigue strength at 106 based on fallure was

determined at the four levels of mean stress.

4.2.3.3 Stress Concentration Effect

The same carburising treatment, G3, was used for this purpose.
Fatigue testing was carried out in unidirectional, three-
point bending, with the potential drop attachment. The
bending fatigue strength for different notch geometries

and stress concentration factors was determined. Fatigue
strength was based on the initiation of fatigue crack at

the root of the notch. Initiation was assumed to have
occurred when voltage increase of 3 to 5 uWv i's recorded by
the potential attachment. However specimen was further

cycled until a crack was observed visually.

4.2.3.4 Hardening in Comparison to Carburising and
Hardening Treatment

Plain and notched hardened cylindrical samples were tested

in three and four-point bending respectively, in order to
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determine the fatigue strength at 106 Cyéles based on
failure and initiation. Consequently a comparison can

be made with those of carburised samples. Furthermore,
the mean stress effect can be compared for both conditions?
Since three-point bending tests of the hardened samples
were carried out at two levels of stress ratio (0.3 and 0.1).
Span length and stress calculation procedures were similar

to those already mentioned.

4.2.4 Fatigue Strength

The main objective in the fatigue testing programme was to
determine a mean value of the fatigue strength at lO6
cycles. The step test method was used to limit the number
of samples and the testing time. In this method each
sample was tested until it actually failed, i.e. each
sample is tested at a stress level, if it does not fail
within 106 cycles it will be retested at a stress level
higher than the previous step by 5% (of the estimated
fatigue strength).' This is continued until faiiure. The
estimated fatigue strength is taken as the mean value
between the stress at which failure occurred and that of

the preceding step at which 106

(80)

cycles were completed

without failure

However an assumption is made that if sample fails at

l1st testing stress level before completing lO6 cycles, the
fatigue strength 1s calculated assuming the specimen has
survived 106 cycles at the step below, i.e. at 5% lower

than the faillure stress.
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In view of the method used, it is not felt desirable
to represent the results in the form of stress versus

number of cycles, however an example 1s given in Fig. 44.

4.2.5 Tensile Test

The tensile strength of carburised and uncarburised
hardened samples was determined. Such data provided an
indication of the mechanical static strength of the
material tested as influenced by carburising and‘hardening.
In addition tensile strength value helped in constructing

a Gerber diagram.

4.2.6 Residual Stress Estimation

The wide aims of the project did not permit detailed
measurement of the residual stress pattern. However it
was felt that a mean value of the residual stress would
be of use in assessing the effect due to different carbon
profiles. For this purpose flat bars of 080 M15 were
provided with some of the batches for gas carburising.
Only one side was exposed to the gas metal reaction as

others were protected by copper plating.

The deflection produced in the flat bars as & result of
carburising and hardening treatment was utilised for
estimating a mean value of the residual stresses. An
assumption is being made that the majority of residual

stresses have relaxed to produce the deflection.

Deflection has occurred due to a negative bending moment

Mr‘ Therefore if the beam is to stay in straight

100~



(a) (b)

o]

O T

tensionmr—compression

Fig. 45 Schematic illustration of residual stress and
distortion; Panel (a) shows the beam in a balanced

state ,under the effect cf both reéidual & applied

stresses,panel (b shows the beam distorted with

the resulting stress distribution.
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B

condition an equivalent bending moment with opposite

sign is required, M.

In reference to Fig. 45 residual stresses were assumed

uniform, compressive in the case, tensile in the core:

oy - d = (t-—d)cC
o = 0 d
c s t-d
where O is the core stress
O is surface stress

d is the case depth
t is the thickness

assuming W is the width

It follows that the bending moment due to residual stresses

M
T

d t
M 5 %yxdx d

d
r s =g Wxdx

274 i 2
o WS - (=) i—] )
"2 t-d’ 2 44

2
d
oW (7 -

d(t+d)
—s— )

dt
‘OSW —2— e (I)

M
T

An external bending moment which would bring the deflection
to zero should have the same magnitude but an opposite
sign. This externally applied bending moment due to the

three-point loading will be associated with a fibre stress o
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M = e
- o wt3
t/2 12
t
M = 9%;— e (I

where o is the applied fibre stress.

Data and dimensions for residual stress determinations
are given in Appendix 3. The measured load in bending,

is that required to bring the beam deflection to zero.

4.2.7 Carbon Profile Determination

A piece of test sample was randomly taken from each batch.
A spark erosion machine was employed to slice a sample of

each piece, which was then mounted in a conductive bakelite.
Samples were polished on emery paper grade 100, 200, 320,

400 and 600 respectively, followed by 6 and 1 u diamond.

Any bevelling which 1is 1ikely to be found after such
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polishing procedure would reduceréﬁétéééuracy of carbon
measurement. Therefore the samples were vibratory polishéd
on ! p diamond until a shiny polished bakelite around the
sample is achieved. This ensured reasonable flatness at

the zone where the carbon is to be measured.

Ultimately samples were given a final polish on y-alumina

to clean them from any residual diamond. They were ultra-
sonically cleaned in an acetone bath and dried instantly.

Then they were analysed immediately or kept in a vacuum

desiccator until required.

The same samples were used afterwards for microhardness

measurements and further metallographic investigations.

4.2.7.1 Carbon Analysis by EPMA Technique

Basically a beam of electrons hits the surface of the
sample. Generated X-rays are collected and converted
into pulses in terms of counts/sec. Consequently the
carbon distribution through the case 1is represented by a

count/rate plot.
Three carbon standards were used to produce a calibration
line which assisted converting the count/rate plot into a

carbon presentage.

4.2.7.2 Carbon Tracing by Chemical Analysis

A skimming bar of 080 M15 steel was carburised with some

of the batches for this purpose.
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The skimming bar was machined on the lathe and turned
at 0.05 mm intervals, chip material was collected and
chemically analysed. The analysis was carried out by

a volumetric method using Strthlein apparatus.

Skimming bar was cleaned by sand blast and chip materials

were handled with a high degree of cleanness.

4.2.7.3 Carbon Profile Plot

The electron probe microanalyser (EPMA) output was in
counts per 25 seconds. As the specimen was travelling
at 30 um/min., i.e. 0.5 um/sec., in each 25 seconds,
therefore the count rate reading will be the mean value
over the 12.5 um, and so represented by a point midway

across the 12.5 um.

The count rate is then plotted versus depth in Fig. 46
for'O8OM15 carburised by G3, as an example of the probe
output. A band of about 95% confidence limit was then
drawn, and the mean curve was plotted. The count rate

was read from the mean curve at various depths and
converted into carbon content with the aid of calibration
line (produced by three standards containing known amounts
of carbon). The resulting ca}bon pfofile can be seen in
Fig. 48. Similarly, carbon profiles for different batches

gas and vacuum carburised are produced.
The carbon profile was also traced using results from

chemical analysis. This was carried out for a few batches,

to provide a reference for the EPMA results.
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The carbon profile at the root of the notch can be easily
determined using the EPMA method and moreover the

technique is not time consuming.

4.2.8 Microhardness Profile and Case Depth Determination

4.2.8.1 Microhardness Values

Microhardness values were obtained at 0.05 mm intervals for
the first } mm. Such measurements were continued at greater
intervals until 2.5 mm depth. However microhardness at the
centre of the specimen was also measured to represent core
hardness. The best curve fit through the resulting point
was then plotted to represent the hardness profile. This

was carried out for all the batches involved.

4.2.8.2 Case Depth

| Effective case depth was deduced from the microhardness

profile (5).

Referring to Fig. 47 and assuming that the boundary of the
case is at 500 HV (BH), by similarity of triangles Abc and

ABC, in terms of hardness and depth, it £01lows:

1 S
Th = t T, -t

(H, - BH)(t, - t;)
=t~ i - ®
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Fig. 47 Effective case depth from hardness profile.
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4.3 Equipments

1. Fatigue

Fatigue test was carried out on two machines,
a) Rotating bending, 3000 RPM
b) ¥ 20 kN Vibrophor, Amsler type, with either

three or four point bending attachment.

2. Electron Probe Micro-Analyser
An EPMA Cambridge Microscan S5 was employed at
15 kV, for determining carbon profiles.v Three
carbon standards were cleaned and traced at every
session on the equipment. A barium stearate

crystal was used.

3. Microhardness Tester
Microhardness measurements were carried out on a
Leitz Miniload Tester, using 300 gm weight and a
standard calibration piece was used as a reference at

ey each session on the instrument.

4. Scanning Electron Microscope
An SEM Cambridge S150 was employed for fracture
surface investigation and fatigue crack initiation,
as well as correlating the microstructure to the

fracture topography.

5. Tensile Testing

This was carried out using a 500 KN Dennison type

machine or a 20 KN Instron.
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Surface Roughness
A Talysurf Model 3 was employed for surface roughness
measurement. All tested samples were checked and

controlled within 0.3 tol.0um roughness (centre line average).

Alignment
Rotating bending samples were checked for alignment
and for this a Universal Measuring machine MO 2148B

with feeler microscope was used.

Vickers Projector Microscope

Metallugraphical investigation was carried out on a
Vickers Projection microscope. This equipment was
also used in a macroscopic investigation of fracture

surfaces.

Potential Drop

This equipment was used to provide a'constant direct
current through the test piece and as V = I R. The
voltage across two points on the specimen is constant
unless the resistance (R) changes and that can only
happen on crack initiation. The above equipment was
used whenever crack initiation investigations were

carried out.
The potential drop electrical attachment can be seen

in Fig. 43b on a 4 P.B. loading attachment on the

Vibrophore.
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10.

Shadow Microscope
A shadow microscope was employed to check the notch
root, and suggest if it needed a final polish at the

root to eliminate any irregularities due to

machining.
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5.0 Results

5.1 Fatigue

Fatigue strength in both rotating and unidirectional
bending of the three steels, namely 635A14, 835A15 and
080M15, were determined. A few examples of calculations

are given in Appendix Z.

Fatigue results are listed in tables 6 to 9, it should be
noted that they include all details of stressing steps

prior to failure or initiation.

Values of the maximum cyclic applied stress at failure
(or initiation) are listed in the first column, while
two other stress levels are quoted to indicate the first
and last (step below failure or initiation) stress levels,
the number of steps used in testing any one sémple are
also listed bearing in mind that if the number of steps
is (n), the number of increments is (n-1). Values 1in
brackets are 5% lower than ''first step' stress at which
failure (or initiation) unfortunately occurred. These
results have been considered on individual basis.

The estimated fatigue strength column include the mean
value between failure (or initiation) stress and that of

the preceeding survival run (see 4.2.4)

The statistical mean of the estimated fatigue strength

is determined for each group of tables 6 and 7 and then
listed in table 10. However estimated fatigue strength
results are presented in Figs. 60 and 64, where the

highest and lowest estimated fatigue strength in each
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group are shown as a range with the statistical mean of

the estimated fatigue strength also shown.

Table 8 includes three additional columns where the

stress ratio, mean stress and stress amplitude are listed,
however calculations concerning mean stress and stress
amplitude are shown 1in Appendix 2. Stress amplitude

versus mean stress is plotted in Fig. 71.

The estimated fatigue strength results, table 9, at
different stress concentration factors are plotted in

Fig. 75.

Statistical comparison of fatigue results, between plain
and notched conditions, carburising treatments as well

as direct comparison between gas and vacuum carburising,
were carried out at 95% confidence limit, by analysis of
variance. Results of such comparisons will be considered

in the discussion.
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5.2 Carbon Profile

Carbon profile determined by chemical analysis of O8O0M15
would be expected to occur at a lower carbon level than
that of an alloyed steel, such as 635Ald (47). This was
shown by the present results, despite the fact that
carbon profile on 635Al4 was determined by the E.P.M.A.

In this respect carbon ﬁrofile due to G3 was determined
by chemical ;nalysis and Electron-probe microanalyser
(E.P.M.A.) techniques on two samples of a piéce of 080M15.
The resulting profiles were found to be similar, see

Fig. 48.

A slight drop in the carbon profile was observed due to
the presence of the notch (in 4-P.B. pieces), however the
shape of the profile 1s similar. This 1is illustrated in
Fig. 49 for 635Al4, carburised by G1, however carbon
profile by chemical analysis of O80OM15 carburised by Gl
is also shown for comparison purposes. The presence of
the notch in vacuum carburised pieces did not influence
the resulting carbon profile, see Fig. 50. The effect of

notch geometry on carbon profile is shown in Fig. 51.

Carbon profiles were determined by the E.P.M.A. unless
otherwise stated. It should be noticed that carbon
distribution was determined to a depth 5f about 1.0 mm,
however the core carbon content was determined at greater
depth and was found to correspond to the base steel carbon

content.

Carbon profile results are presented in Figs. 51, 56, 61 and 66.
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5.3 Microhardness and Effective Case Depth

Hardness profiles for different carburising conditions

were determined for the steels involved. They are shown

in Figs. 57, 62, 67 and 73.

The slight drop of the carbon profile,due to the presence
of the notch, may result in slight changes in the hardness
profile and perhaps influence the effective casé depth.
Such a limited variation is not expected to influence the
fatigue behaviour. Case depth, hardness and carbon
content are listed in table 10 a,b along with the mean

fatigue strength of each group.
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TABLE 10a

Effect of Carburising on the Unidirectional Bendlng katlcue
Strength of 635A14

Me‘ an

Group ’ Surface Core Effective Surface Fatigue
Design- Hardness Hardness Case Carbon Strength
ation Geometry HV HV depth mm % Nmm™
Gl Plain 870 283 1.11 0.8 1035
G1 Notched 960 308 1.03 0.75 987
G2 Plain 560 307 1.08 0.5 942
G2 Notched 560 280 1.0 0.45 977
G3 Plain 850 439 1.3 0.81 1101
G3 Notched 800 241 0.82 0.76 1002
G4 Plain 780 366 1.2 0.96 954
GS Plain 980 300 1. 1.2 917
GS Notched 870 300 1. 1.02 708
V1 Plain 860 250 1.03 0.8 1155
V1 Notched 8§40 250 1.06 0.8 1089
V2 - Plain 950 383 2.0 1.12 1120
TABLE 10D
Effect of Carburising on the Rotating Bending Fatigue Strength
of 835A15
Mean
Surface Core Effective Surface Fatigue
Hardness Hardness case Carbon Strength
Group Geometry HV HV depth mm % Nmm
G4 Plain 625 400 1.3 0.97 728
G4 Notched 860 380 1.2 0.88 443
G6 Plain 880 430 1.1 0.87 696
Go6 Notched 850 430 1.06 0.89 484
G7 Plain 930 450 1.4 0.81 689
-G7 Notched 770 435 1.36 0.76 449
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5.4 Residual Stresses

Residual stresses, as a result of carburising and hardening

treatments Gl, G2, G3 and G5, were determined, see appendix 3.

Results are shown in table 11 along with the estimated
fatigue strength of 635A14. It should be noted that residual
stresses were determined on O080OM15 steel specimens; which

may be of higher magnitude than on 635A14 or 835Al5,
depending upon the surface and core carbon contents and

other metallurgical variables arising from carburising.

Only -longitudinal stresses are considered.
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TABLE 11

The effect of Carbon Profiles on the Residual Stresses
of Carburised O80M15

Thermochemical Residual sEress Fatigue SErength
Treatment N/mm N/mm
Gl -661 1037
G2 +103 942
G3 -507 ' 1101

G5 - 306 917

-130-



5.5 Microstructural Investigations

Microstructure examinations showed the martensitic case,
however core microstructure consisted‘of martensite and/or
bainite and ferrite depending upon the steel and the
austenitising temperature. Retained austenite, carbides
and oxides were observed due to particular carburising
conditions. Microstructural variations will be discussed
later. However, typical case and core microstructures are

shown in Fig. 52.
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5.6 Fracture Surface Observations

Examination of fracture surfaces showed the brittle

intergranular fracture in the high carbon case, while
the low carbon core fracture was-ductile, Fig.»53. . This

will be considered in more detail in the discussion.

In an attempt to relate microstructure to fracture
topography, few fracture surfaces were examinéd with

part of the fracture surface in the polishéd etched state,
see Fig. 54. However micrographs produced by the

scanning electron microscope can be seen in Figs. 55 and 86.
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Fig.54, Fracture surface,partly ground to relate

microstructure to fracture topography.
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6.0 Discussion

The fatigue behaviour of carburised steel under reversed
bending has been given more consideration by other

workers than that in unidirectional bending.

The mechanical and in particular the fatigue behaviour of

a carburised component is complicated because of strength
gradient and triaxiality of stresses at the case-core
interface, as well as the wide variation of factors arising
from different carburising conditions and the dependent
nature of those factors. However the fatigue performance
may also be influenced by the type of loading and mean
stress. In this respect most fatigue results quoted in the

literature are for rotating bending.

Compressive residual stresses are one of the main objectives
of carburising. The literature has covered residual stresses
and their variation due to other factors such as internal
oxidation, carbides, etc.. The detrimental effect of
tempering on compressive residual stresses and subsequently
on the fatigue strength is well documented. Despite that

most of the results are for tempered test pieces.

It is intended to discuss the influence of different carbur-
ising conditions on the fatigue strength, mainly under
unidirectional bending. Metallurgical variables will be
considered in conjunction with each carbon profile. However
residual stresses are discussed in light of the present

results, and as influenced by other metallurgical variables.
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6.1 Residual Stresses

The importance of residual stresses in the fatigue perform-
ance of a carburised component is most pronounced in the
untempered condition. Residual stress sign and magnitude
is expected to be influenced by the carburising procedure

and the subsequent carbon profile.

The experimental determination of residual stresses due to
four gas carburising treatments are shown in table 11.
Where a single value represents the mean of the residual
stress in the carburised case. These values do not allow
assessing the effect of residual stresses on the initia-
tion and subsequent propagation of a fatigue crack for
which a knowledge of residual stress distribution 1s
essential. However they may be used in discussing

fatigue strength results.

It can be seen from table 11 that residual stresses are
compressive in all cases except for the group subjected
to surface decarburisation (G2). Maximum compressive

stresses have resulted from boost diffuse-plateau (G1),

2 was determined. Single stage

residual stress of 661 N/mm
carburising (G3), showed a slight loss of compressive

stress. Their value is found to be 507 N/mm2 compressive.
The relatively higher amount of retained austenite due to

G3 may be responsible for the mentioned loss in residual

stress.

~1728~



Single stage over carburised (G5) has resulted in 306
N/mm2 compressive. This is 1less than half that due to

Gl and about two thirds that of G3. The reduced compre-
ssive stresses due to G5 may be attributed to the combined

ceffect of retained austenite and carbides.

Surface decarburisation (G2) has resulted in the complete
loss of compressive stress, and tensile stresses of about
103 N/mm2 has resulted instead. In this case surface
decarburisation is responsible for the resulting tensile
stresses, by the early trans formation at the lower carbon
immediate surface layer on one hand and the severe intermal

oxidation associated with it on the other.

Internal oxidation is expected to exert its effect on
residual stresses, however carburising parameters Were
comparable in all cases. The only exception is the fact
that during decarburisation, air was introduced rapidly in
the furnace to allow decarburisation to occur. Consequently
severe internal oxidation has resulted and influenced the
residual stresses. The freedom of vacuum carburised pieces
from internal oxidation must have a bearing upon their
superior fatigue strength, as will be shown later, however
in this respect residual stresses in the absence of internal

oxidation and tempering might have exerted their full effect.
As it has been mentioned earlier, residual stresses were

determined on O80M15 which 1is a plain carbon steel, in

which the oxidation affinity would not be as high as in an
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alloyed steel such'as 635A14., Consequentl} residual stresses
on the latter would be more influenced by internal oxidation.
Also tne higher surface carbon on 635Al4 at any carburising
potential would result in greater amounts of retained

austenite and carbides, both of which will influence the
resulting residual stresses. When considering fatigue strength
results reference will be made to the residual stress results

quoted in table 11 despife the above differences.
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6.2 Rotating Bending

Despite the whirlling effect, due to specimen distortion
by heat treatment (see appendix 4), a limited number of
samples were designed and tested in rotating bending.
Single stage and boost diffuse carburised 835A15 specimens
were produced according to conditions G4 (single stage),
G6 and G7 (boost diffuse). Both plain and notched fatigue

strength were determined.

The three carburising conditions employed, i.e. G4, GO6 and
G7, have produced the carbon profiles shown in Fig. 560.

The steep shape of the profile due to single stage (G4),
becomes flatter by boost diffuse, G6 and G7. Carburising

by G4, see Fig. 56, has produced 0.97% surface carbon. This,
however, is likely to be associated with retained austenite.
The nardness profiles are shown in Fig. 57, that due to G4
was indicative to the presence of retained austenite. On |
tne other hand G6 and G7 produced lower surface carbon and
the corresponding hardness profiles showed no similar
behaviour to that found as a result of G4. Microstructure
investigation showed and confirmed the hardness profile
indications in that considerable amount of retained austenite
is found in the case - near the surface - of pieces treated
by single stage (G4), howeVer,rcase microstructure due to
both G6 and G7 showed no retained austenite, see Fig. 58,

while Fig. 59 shows a typical core microstructure.

Retained austenite due to carburising by G4 was estimated .

by point count to bDe about 35%.
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Fig.59, Typical core microstructure of carburised

£35415. (x 1000).




The results presented in table 10 shOW~thét slight
variation in the case depth did not influence rotating
bending fatigue strength. As far as fatigue results are
concerned, Fig. 60 shows that single stage carburising Gl
nas resulted in 5% increase in the plain bending fatigue
strength over that due to either G6 or G7. However,
statistical analysis showed that the increase quoted above
is not significant. Consequently this suggests that the
retained austenite to the aﬁount of 35% did not influence

the plain fatigue strength in rotating bending.

The high level of retained austenite due to G4 in compari-
son to either G6 or G7 is expected to lead to lower level
of compressive residual stresses than woﬁld be expected
from G6 or G7. Although residual stresses were not deter-
mined for these conditions, it can only be suggested that
the lower.residual compressive stresses expected due to'G4
did not significantly affect the plain bending fatigue

strength.

As for the notched fatigue strength, Fig. 60, boost diffuse
by G6 produced the highest, where 7 and 10% increase 1is
observed over that due to G7 and G4 respectively. However
statistical comparisons showed that the quoted increase 1is
not significant. In fact case microstructure due to G4 at
the toot of the notch was found to be very similar to those

due to G6 and G7 in the absence of retained austenite.

Notch sensitivity will be discussed later. Meanwhile, the

similar notch sensitivities found due to G4, G6 and G7

treatments indicate tne comparable effect of compressive

residual stresses.
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6.3 Unidirectional Bending

The unknown effect of whirling encountered in the rotating
bending tests may have affected the results produced.
Consequently the project used mainly unidirectional bending.
This may help in assessing the significance of this

stressing mode for practical applications.

The fatigue behaviour of 635Al4 in different carburising
conditions is investigated in unidirectional bending, where
a stress ratio of 0.3 was used for the nature of the machine
and specimens on one hand and to avoid crack closure once

it is initiated.

6.3.1 Gas Carburising

Ideally carbon profiles can be produced by altering the
carburising conditions to maintain the same surface carbon
content and case depth. In practice it is likely that both
surface carbon and case depth will change slightly as
different carbon profiles are produced. Consequently it

is difficult if not impossible to isolate the effect of carbon
profile on the fatigue strength. Accordingly, these effects,
i.e. microstructural differences and residual stresses, will

be considered.

6.3.1.1 Single Stage - Steep Carbon Profile (G3)

Simgle stage carburising in conventional atmosphere under
conditions G3 and G4 produced steep carbon profiles, shown

in Fig. 61. However it can be seen from table 4 that single
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stage G4 was carried out at higher carburising potential.
Consequently, the surface carbon content and the whole
carbon profile is higher than that due to single stage G3.
The higher surface carbon of G4 is associated with some
retained austenite. This is recognised from the hardness
profile shown in Fig. 62, where it can also be seen that
the profile due to G3 did not indicate comparable amounts
of retained austenite. In fact this 1s also shown by the’

microphotographs of Fig. 63.

Retained austenite estimated by point count to be about
289 due to G4 and only 8% due to G3. The actual amount of
retained austenite may be higher than that determined by

the point count technique.

As far as plain fatigue strength is concerned, Fig. 04
illustrates that G3 has resulted in 15% increase over that
due to G4. In this respect statistical analysis showed

the significance of that superiority. Higher level of
retained austenit;, due to G4, is expected to lower the
compressive residual stresses, although the residual
stresses due to G4 were not determined. Their value due to

G3 estimated to be 507 N/mm2

(compressive) where the
retained austenite was only 85%. This can only suggest that
when retained austenite is 28% the compressive residual

stresses could be much lower.

There fore the higher bending fatigue strength due to G3 1s
an indication of the detrimental effect of the high
retained austenite found in G4, on the compressive residual

stresses and consequently on the plain fatigue strengthlin

unidirectional bending.
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6.3.1.2 Boost-diffuse with Surface Decarburisation (G2)

Surface decarburisation of a carburised 635Al4 resulted
due to treatment G2, whose carbon profile 1is shown in

Fig. 61. It can be seen that such surface decarburisation
has caused the surface carbon content to decrease to about
0.5%, while 0.74%C 1s maintained at about 0.35 mm from

the edge. This decarburisation is also indicated by the
hardness profile shown in Fig. 62Z2. It is to be expected
that such surface decarburisation will result in softer
low carbon martensite. In practice decarburisation takes
place due to inaccurate control of the carburising
conditions, or due to reheating for hardening. However
this has not been the case here, as decarburisation was
allowed to occur intentionally by dropping the carburising
potential by rapid addition of air, which in doing so

increased the oxidation potential.

Microstructural investigation of the case revealed
internal oxidation associated with small amounts of
ferrite, see Fig. 65. Residual stress estfmated to be
tensile to a value of 103 Nmm_z, as shown in table 11.
The tensile nature of the residual stresses underlines

the detrimental effect of decarburisation on residual

stresses.

Decarburisation was found to be associated with low
carbon martensite as well as small amounts of ferrite,
both are of lower strength than high carbon martensite.

Furthermore, it is likely that the transformation of



Fig.6

r
e

Ferrite associated with severe internal oxidation

in decarburised 635A14. (x 1000/
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the lower carbon martensite and théifgz ite at the
immediate surface along with the progress of transform-
ation from the case-core interface has left the surface

or near the surface in a state of tension.

Surface decarburisation due to G2 has resulted in 15%
reduction in the fatigue strength in comparison to
single stage G3, see Fig. 64. However the detrimental
effect of decarburisation was proved by statistical
analysis of variance which showed that the fatigue
strength due to G2 is significantly lower than that due

to G3.

It is apparent that the tensile residual stresses along
with the lower strength surface layer, have acted in

lowering the fatigue strength in unidirectional bending.
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6.3.1.3 Boost-diffuse without’Sgtﬁégegﬁééaiﬁufisation‘{Ql)"
Carburising by boost-diffuse fééhﬁiqﬁeé as we have seen
resulted in a flatter carbon profile aé compared to that
due to single stage. However this technique was empioyed
and the carbon profile was allowed to flatten near the
surface by duffision treatment. The carbon profile due to
boost-diffuse Gl is flat - plateau - near the surface,

as can be seen in Fig. 61. The hardness profile shown in
Fig. 62 indicates similar pattern. Microstructure invest-
gations revealed typical case'and core microstructure,
retained austenite, if existing, very limited and was

estimated to be about 4%.

The resulting carbon profile 1s expected to allow the

right transformation sequence to take place. In turn it
is to be expected that compressive residual stresses will
be produced in the case. In fact the residual stress due

to Gl are compressive, estimated to a value of 661 Nmm—z.

The plain fatigue strength due to Gl 1s lowered by about
2 when compared with single stage G3, see Fig. 64. This
reduction is surprising in the light of the compressive
residual stress quoted above 1s higher than the value
quoted due to G3 (507 Nmm~ ). Statistical analysis showed
that the fatigue strength due to Gl is not significantly

different from that due to G3 and consequently suggest

that the quoted reduction has arisen by chance.
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Previous workers underlined:tﬁéi%éé%ifﬁﬁ%?residual
stresses did not correlate with fhe/fatigué strength,
besides that,estimated residual stresseé do nof give
any detail about their pattern which is needed in
visualising any possibility of local yielding due to
high applied stresses.. Therefore it is certain that

for qualitative assessment of this type of boost-diffuse
profile and accurate comparison with single stage,

residual stress distribution 1s essential.
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6.3.1.4 Single Stage - Over Carburised;(GS)

The failure in controlling the required carburising
potential in single stage carburising, and that in
dropping the high potential during the boost stage to
the required level for the diffusion stage in the
boost-diffuse technique, would both bring the surface
layer of the charge to the saturation level of
austenite, consequently resulting in overcarburised

surfaces.

The associated variation in microstructure, the formation
of carbides in the main and their subsequent effect on
the residual stresses and in turn on the fatigue strength
(in unidirectional bending), are all of vital importance
in the fatigue behaviour of a carburised component.
Single stage over carburised profile will be discussed .

according to these effects.

Single stage (G5) gas carburising at high carbon potential.
has produced the carbon profile shown 1in Fig. 66. It
should be noticed that the amount of carbon absorbed at
the immediate surface is actually 1.2%C and, more than
that, the whole carbon profile 1is shifted to a higher
carbon content at any depth of penetration as compared
to any of the other treatments. The saturation of the
surface with carbon has resulted in the formation of
carbides in globular and intergranular form, alongside
with some retained austenite. The hardness profile

shown in Fig. 67 with the hardness dropping gradually
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on approaching the surface indicétes thé4presence of
retained austenite, and the comparatively high micro- |
hardness measured near the surface was indicative to
the presence of the hard carbide particles. Micro-
structure investigation, Fig. 68, has shown both
carbide particles and retained austenite contained in
the martensite case microstructure. The presence of
both retained austenite and carbides is expected to
Jower the inherent strength of the material adjacent
to them as well as reducing the resulting éompressive
residual stresses. This was seen in the value of
residual stresses estimated as 306 Nmm-2 compressive,
which is less than half their magnitude quoted due to

G1 and about two thirds that due "to G3.

Fatigue strength 1in unidirectional/

due to this type of carbon proflierp ,j’i;'10wered by
about 17% in comparison to that due to GS This was
proved to be 51gn1f1cant by statlstlcal analy51s The
reduced fatigue strength is attributed to the presence
of carbides as well as retained austenite. The amount

of retained austenite due to G5 was estimated to be

about 12%, whilst that of G3 was about 8%.

The amount of retained austenite 1is comparable in both
cases, therefore the reduction in the bending fatigue
strength may be attributed mainly to the presence of

the carbides.
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Fig.6€, Carbides and retained austenite in the surface layer

of 635A14, carburised by G5. (x 100C) .



6.3.2 Vacuum - Partial PressurebCarburlslﬂg

Vacuum carburising in practice 1is b351ca11y attemﬁtéd to
ensure the freedom from internal oxidation encountered
in conventional gas carburising. However in Viewuof\the
present work, the resulting type of carbon profile may
have a bearing upon the improved fatigue behaviour of a
vacuum carburised piece. This process was used to avoid
the formation of internal oxidation and carbon profiles
similar to those due to gas carburised Gl and G5 were

produced.

6.3.2.1 Boost/diffuse - Plateau - V1 (Similar to G1)

The carbon profile produced is shown in Fig. 51 where 1t
can be seen that a surface carbon content of 0.8%C was
maintained constant over the first 0.2 mm depth, then it
starts to decrease. The carbon profile is similar to
that produced by Gl. The observed similarity in the
shape of the profile and the surface carbon content
would isolate the effect of internal oxidation found due
to Gl, so that direct assessment of the effect of internal

oxidation can be made.

The hardness profile associated with this treatment, i.e.
V1, is shown in Fig. 02, and it is, like the carbon
profile, similar to that which was associated with GI1.

As both carbon and hardness profiles were similar, 1t

is only to be expected that the same sort of similarity

will be valid on the microstructural bases. In this
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respect microstructural investigation showed similar
microstructures, and retained austecnite estimated to

be 3% due to V1 (that due to Gl is 4%). While inte

oxidation was found to occur up to a depth of 13 hm
in test pieces due to Gl, those due to V1 showed the

freedom from internal oxidation, sece Fig. 09.

As far as fatigue strength in unidirectional bending 1s
concerned, Fig. 64 shows :that vacuum carburising 1is
superior to gas carburising under any of the-discussed
conditions. In particular an improvement of about 11%
is shown over that due to the comparable Gl. Statistical
analysis of variance showed the significance of the
quoted improvement. Which may all be attributed to the
fact that vacuum carburising V1 produced oxide free

surfaces as compared to gas carburising Gl.

Although single stage carburising (Gg)‘pfoduced a higher
fatigue strength than boost-diffusc carburising (G1),
63 has not been compared with vacuum carburising (V1) as

the carbon profiles are different (see Fig. 61).




(&)

(b)

Fig.69, Polished samples of 635414 : (a).Gas carburised,

(u,;.Vacuum carburised. (x 10CC;.




6.3.2.2 Over Carburised V2 (Similar to G5)
Over carburising in conventional atmospheres has already

been discussed on the bases of associated micros

cture

and residual stress variations, however the cbmpéfiSQH
was made with single stage G3. _Vagﬁﬁm‘carbﬁfising
treatments V1 and V2 had been studied and certain
differences were observed. One of thesezégnditions,
that of an over carburised carbon profile (62) will be
compared with similar one (G5) produced in conventional

gas atmosphere.

Vacuum carburising to the saturation level of austenite
produced the carbon profile (V2) shown in Fig. 66, where
it can be seen that the surface carbon 1s greater than
1.1%C, and the carbon profile is shifted to higher carbon

rison to V1.

Microstructural examination revealed the martensitic

case with carbide particles, which appeared;to be fineiy

photograph 1is presented in Fig. 70a.

Free oxide surfaces were absorvedééééi&?due.to‘thié -
_treatment (V2). The absence ofriﬁterﬁaifQXidation dhé

to both V1 and V2 has produced the highest fatigue
strength among all the carburising conditions, the slight
reduction, less than 3%, observed due to V2 in comparison
to V1, may be attributed to the presence of carbides,

assuming it is a genuine difference, and not due to
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Fig.70-a, Fine carbide particles 1in the case of €35414

vacuum c.rburised & oil quenched.{(x 100C)

~.70-b, Carbide net-work in the case of 63521/

vacuum carburised & gas quenched.(x 400)



statistical scatter. Whatever the case 1s, infepnal

oxidation seems to make all the difference.

In order to evaluate over carburised V2 over that due
to G5, although they produced comparable carbon profiles,
it must be borne in mind that they might be associated
with different microstructures. Quenching by nitrogen
after vacuum carburising produced the microstructure
shown in Fig. 70b where the carbides are seen as a
network around the prior austenite grain boundaries.

For hardening, vacuum reheating to 810°C, and o0il quench
was finally employed to produce vacuum carburised and
properly hardened pieces. In doing so the carbide net-
work observed in the.case is broken down into fine

pérticles uniformly distributed in the matrix.

Austenite was seen to be retained in the case micro-
structure due to G5 along with the carbides, however the
lower hardening temperature practiced in V2 would not
allow the retention of austenite mentioned. In fact,

the hardness profile in Fig. 67 shows no sign of retained
austenite, neither does the microphotographs in Fig. 70.
Looking back to Fig. 66 where the carbon profiles due to
V2 and G5 are presented, it can be seen that the depth

of penetration in V2 is slightly greater than that in

G5. The two profiles are comparably similar. Test pileces
produced by G5 showed the lowest fatigue strength, Fig. 64.
Statistical analysis showed that plain fatigue strength
due to G5 and V2 are significantly different. In fact

plain fatigue strength due to V2 is superior to that of
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G5 by about 20%. The superiority quotea may be explained
on the grounds of the freedom from internal oxidétion

in VZQ as well as the relatively large carbide - globular
and/or intergranular - particles found due to G5. It is
rather of importance here to underline the fact that the
presence of the fine carbide particles as a result of V2
is not as detrimental as the coarser ONes, whéther

globular or intergranular resulting from G5.

Therefore it is worth remembering the importance and the
contribution of the carbide particles in VZ is not only
limited towards the bending fatigue strength but also
contributes towards better wear resistance. In effect
overcarburising in vacuum may improve the fatigue
behaviour of a component under simultaneously combined

action of bending and contact loading, e.g. gear teeth.
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6.4 Mean Stress

The fatigue behaviour of carburised 835Al5 has been
discussed in rotating bending, while that of 635Al4 under
different carburising conditions was discussed in uni- |
directional bending and at the particular stress ratio

of 0.3. However, here, the fatigue behaviour of the
635A14, carburised by G3 is examined under the effect of
mean stress. In fact the fatigue behaviour 1is assessed

in unidirectional bending at low, medium and high stress
ratio, as well as in rotating bending. Eventually fatigue
strength-mean stress diagram is constructed and the
behaviour is examined in comparison to the uncarburised
hardened condition H. It should be noted that the ultimate
tensile strength determined in the two conditions G3 and H,
were used in constructing the mentioned diagram, Fig. 71.
However it should be borne in mind that in the carburised
condition, test pieces loaded in tension are different to
that in bending. Actually it can be seen from the diagram
that the tensile strength of uniformly hardened steel,

treatment H is higher than that of carburised G3.

The diagram in Fig. 71, curve A, shows that the bending
fatigue strength at zero mean stress is the highest,
about 880 Nmm—z, however as the mean stress increased the
fatigue strength decreases, similarly curve B shows that
for uncarburised hardened H, the behaviour is the same,

i.e. decreasing with increasing the mean stress, although

less significant than curve A. It can be noticed that at
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an intermediate value of mean stress,aboﬁﬁ 630 Nmmﬁz,f

the bending fatigue strength is similar for both conditioﬁs,
i.e. G3 and H. It can also be seen‘that uncarburised
hardened steel is superior to carburised and hardened at

high mean stresses. While the situation is reversed at

low mean stresses.

The involved microstructure, carbon and hardness profiles
of G3 are as has been shown earlier. However, micro-
structure due to H is shown in Fig. 72. The hardness was

found to be about 440 Hv.
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6.5 Stress Concentration

Carburised components under the effect of a stress
concentration feature may behave different to the normal
behaviour documented for most metals. In fact, the
residual stress, microstructure variation may be of major
importance in differentiating the effect of stress
concentration. Variation of stress concentration factor
is created by altering the geometry of the notch mainly
the root radius. Conventional gas carburising under any
conditions produced carbon profile, at the root of the
notch, shifted slightly to lower carbon content in
comparison to the unnotched geometry. Therefore it would
be expected that carbon profile may undergo changes due
to different root radius,. i.e. different stress concen-

trations.

Conventional gas carburising was carried out on O80OM15 test
pieces. Carburising was according to G3. The carbon
profile through the carburised layer at the root of
different notch geometries can be seen in Fig. 51. In fact
no major differences were found in the resulting profiles.
One of them was plotted as an example. The surface carbon
content varied between 0.7 and 0.77% for different notches.
This however is not expected to produce significant diff-
erances in microstructure or hardness. A hardness profile
is given as an example in Fig. 73. The hardness at the
root of different notch geometries varied between 700 and

840 HV, while core hardness varied between 180 and 270 HV.

Case depth, in effect, was found to vary between 0.3 and
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0.6 mm; such case depth variation was found (86) to
exert little or no effect on fatigue strength at two
values of stress concentration factors. Case and core

microstructure are shown in Fig. 74.

Under completely elastic conditions and full notch
sensitivity the fatigue strength at any stress concen-
tration value may be derived from the plain fatigue

strength.

In case hardened specimens, the notch effect can in part

be relieved by compressive prestressing (75).

The fatigue strength of O80MI15 carburised by G3 was
examined under the influence of a range of stress concen-
tration factors in unidirectional bending. Results are
presented and plotted in Fig: 75. JIéxcan be séen‘that

the fatigue strength is higher than if’aerived from the
plain condition, and that fatigue strength decreases as the
value of the stress concentration increases. The curve
starts to level out at about 2.8 stress concentration
factor. The deviation of the fatigue strength from the
theoretically derived value, increases with stress

(86) showed that

concentration factor, as other results
the improvement, of notched fatigue strength of cgrburised
in comparison to normalised 080M15, increases from about
150% to 270% at stress concentration factors of 1.6 and
7.5 respectively. Therefore it may be concluded that

carburising resulted in more significant improvement at

higher stress concentration factors.
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Tyvoical microstructure of C8CM15 carburised by G3,

Case. (b). Core. (x100C;.
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Fatigue strength deviation has resulted from the reduced
notch effect due to compressive residual stresses and/or
local yielding sub-cutaneously at a depth where the
summation of applied and residual stresses exceeds the
yield value of the material there, see Fig. 76. In this
event the locally tensile residual stresses become
compressive and in effect, the residual stress distribution
may be modified favourably to produce a general increase

in the bending fatigue strength.

In order to validate the mentioned possibilities and for
accurate assessment, the residual stress distribution 1is
needed, as this was not the case here. It is apparent

therefore that further work is required in this respect.
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ig.76, Schematic illustration of modified residual stress

distridution due to subcutaneous yielding.
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6.6 Plain and Notched Fatigue Strength

The reduced effect of the notch : in carburised 835A15 has
already been noticed (see section 6.2). Compressive
residual stresses appeared to play the main part in
improving the notched fatigue strength. Different
carburising conditions were found to be associated with
variation in the residual stresses. Therefore notch
effect is examined here, under different carburising
and hardening conditions, and the notched fatigue

strength is evaluated.

In spite of the fact that plain fatigue strength was
determined under three point bending, while the notched
fatigue strength was determined under four point bending.
It is still possible to compare them from the point of
view of notch effect, i.e. notch sensitivity. Table 12
shows the experimentally determined notch sensitivities (Q)
for the steels and the treatments involved, which will be

discussed in succession.

1. Uncarburised hardened - H

Hardening on its own is not expected to produce a
significant level of residual stress - as they are
tensile 'in through hardened - which is generally
experienced in carburised énd hardened pieces. In
fact the previously discussed reduced notch
sensitivity due to compressive residual stresses 1is
not possible in the hardened condition H. Therefore

it would be expected that the notch is more_effective
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and notch sensitivity 1is in;;qasgﬁi  Actual1y the
present results due to H shgwed/é/notch‘sensitivity
of about 0.47,see Table 12, which among‘other values,
indicate that uncarburised uniformly hardened
material has higher notch sensitivity than when

carburised.

Carburised and hardened

The present experimental determination has shown that
the highest notch sensitivity was experienced in the
group overcarburised as G5, where as has been discussed,
the case microstructure contained large carbide
particles in globular or intergranular form. Conse-
quently they may be responsible to cause an internal

(75) and in turn raise the notch

embrittlement effect
sensitivity to the value quoted in table 12, of 0.57,
The high notch sensitivity can also be seen by
considering the relatively low value of compressive
residual stresses (306 Nmm-z), as compared to other
carburising conditions. On the other hand the lowest
notch sensitivity was due to Gl, bearing in mind the
high compressive residual stresses estimated to be

661 Nmm 2. It is only to be expected that it will
exert the highest effect to reduce the notch
sensitivity and therefore increase the notched fatigue
strength. Carburising by V1 resulted in similar

nofch sensitivity as it produced comparable profiles
to that of Gl. In between those two extreme notch

sensitivities, carburising by G3 has resulted in a
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notch sensitivity of 0.2 , and considering the
value of residual compressive stresses estimated

to be 507 Nmm™

, the slightly higher notch
sensitivity has accompanied the little loss 1in
compressive residual stresses, as can be seen

from table 12.

Surface decarburisation (G2) was found to be
associated with tensile residual streéses.
Accordingly one would expect the notch sensitivity
to raise, but instead it is decreased and the
behaviour was not normal, considering the
relatively high notch sensitivity due to H, where

the effect of residual stresses is negligible.

This particular behaviour of decarburised G2

showing the higher notched fatigue strength than in
the plain condition may be explained on the basis

of the assumption that local yielding at the root of
the notch, Fig. 77, has at least relaxed any tensile
residual stresses, and perhaps caused the occurrence
of compressive residual stresses there. This would
effectively increase the bending fatigue strength
and perhaps raise it over that in the plain condition,
where the tensile residual stresses are expected to
operate in lowering the bending fatigue strength

which has already been discussed.
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Notch sensitivity of 0.24 - 0.36 wﬁéébﬁéérved due
to 835A15 carburised in G4, G6 and G7, associated
carbon profiles were comparable to those found as

a result of carburising 635A14 by G1 and G3.




6.7 Initiation of Fatigue Crack =~

The early difficulties in incorporating the potential
drop equipment on plain specimens made it necessary to
use notched specimens to enable detection of crack
initiation and therefore to determine the stress to

initiation.

Notched fatigue strength determined is based on the
initiation of a fatigue crack at the root of the notch.
Statistical analysis of variance showed no significant
difference between the estimated fatigue strength based
on initiation and failure, consequently stress to
initiation is similar to that of failure at least under
the present test conditions of unidirectional bending at
a stress ratio of 0.3. It may be due to the brittle
nature of the test pieces as they were not tempered.
This has also resulted in some instant failures. The
relatively high stress ratio (0.3) may have assisted in
that brittle failure. In this respect Clark et al (87)
in their study of fatigue crack growth in case hardened
layers, showed that the mean stress has to be increased
from stress ratio of 0.1 to 0.44, so that crack growth
continues. In addition they showed higher propagation

rate in the untempered condition.

Fracture surface examination showed no sign of sub-
surface initiation of a fatigue crack. The introduction
of the hardened layer and the beneficial residual stresses
will both increase the material resistance to crack
initiation and/or delay the development of the micro-

crack into a macrocrack stage.




Once the crack is initiated or developed to producé a
voltage increase of 2 to 3 uv it proceeds to propagate
through the case. When the crack front reaches the core,
its rate of propagation will be influenced by both

case and core. This was the case with cylindrical test

pieces where carburising was allowed to occur all round

the test piece.

The crack front will undergo a change of shape due to the
difference in the propagation rate in the case, core and
at the interface between them.  This can be seen in

Fig. 78. The crack front shape characterises the prop-

agation rate. In the same figure the crack front is leading

on the edges of the piece which is indicative of the fast

propagation rate in the high carbon brittle case.




Crack propagation direction

Fig.78, Crack front behavior influenced by different

propagation rates.(x 4)




:.,,_

6.8 Fracture Topography

Fracture surface examination of carburised and hardened
635A14 has shown the transgranularity of fatigue crack

initiation and the intergranularity of its propagation.

Crack initiation has always been associated with localised
transgranular fracture mode. The initiation zone has not
been easily recognised. It appeared flat due to the trans-
granular cracking process, and was located at the edge,
where the maximum fibre stress has acted. There was no
sign of sub-surface initiation. Although initiation sites
may extent to include a limited area near the edge, there
has been no indication to suggest that crack initiation
did not occur at the surface where the maximum stress
acted. Samples were randomly chosen from different groups
notched and plain and the,above,findings4ﬁére valid. The
initiation zone on few fracture surfaceS’érevshdwn in

Fig. 79 a, b, c, d, and e. It can also be notiCed, in
most of the microphotographs, that surrounding the trans-
granular area of initiation is an intergranular type of
fracture. This is indicative of the fact that the crack

has propagated along the grain boundaries.- In order to

show the changes of fracture mode from brittle'tréns-
granular to an intergranular and e?entually to a ductile,
three micrographs are included inﬁFig;NéO; They show the
transgranular initiation at the immediate surfécé, inter-
granularity of propagation up to a depth of about 0.5 mm
from the edge, then the fracture is mixed inter-trans-
granular, and finally the low carbon core fracture is

ductile. The branching nature of the crack in the core,

s e T
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Mode of fract

Transgranular
initiation.

C.5 Intergranular:
0.8 Ductile.

80, Fracture mode variation with deptih in carburised 635414.
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the core of 635414 tested in




see Fig. 81, is also indicative to the ductility of the
core. Fracture surface examinatién of a rotating

bending sample has shown similar behaviour,:see Eig. 82a.
The transgranular initiation can also be seen in,Fig. 82b,
which also illustrates the intergraﬁular néture of the
case. Therefore it may be suggésted'thét the fatigue
fracture behaviour is not influenced by the type of

loading, i.e. whether unidirectional or rotating bending.

Macrophotographs are shown in Fig. 83, to illustrate the
behaviour of the crack front in the case, core and at the
interface between them. While the crack front in uni-
directional bending is defined by the direction of crack
propagation, it is not fhe case in rotating bending,

Fig. 84; the crack may spread circumferentially before
propagating towards the core. 'Infiaci,thgfinitiation
zone was found to spread along the cifcﬁﬁ%ﬁfeﬁceﬁénd

cover a greater area, see Fig. 8Za.

Fracture surface of tensile test pieces are shown in
Fig. 85 for both the carburised and the hardened conditions.
The latter illustrates the ductile cup and cone type of
fracture, whiie the former demonstrates the flat brittle

fracture.

Fatigue fracture surface was examined in conjunction with
the microstructure. The intergranular case and the

ductile core fractures are shown in Fig. 86 in'fhe'

of the corresponding microstructure.
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Fig.82-t, Typical case fracture in carburised 635414,

tested in rotating bending.(i).Transgranular

initiation; (ii).Intergranular propagation.
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Crack propagation

direction

Fig.83-a, Crack front behaviour in 635A14 uncarburised-

hardened, tested in three point bending.(x 4)

Fig.83~b, Crack front behaviour in 635414 carburised,

tested in three point bending. (x 4/
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Fig.85, Fracture surfaces of tensile test piece of 635414,

(a).carburised; (b).uncarburised-hardened.(x 4)




Fig.86, Fracture surface/microstructure of carburised 635414,

(a).Case ; (b).Core. (scanning electron micrographs).




Fracture surface examination of>cérbufi§éd 080OM15
revealed again regions of transgranular fracture at
the root of the notch, as shown in Fig. 87a. It can

be seen that the flat fatigue fracture extends along

the notch root at varying depths, some intergranular
fracture, Fig. 87b, appeared in the top left part of
the micrograph. The transgranular fracture magnified
is a typical appearance of the initiation zone at the

root of the notch. On the other hand, Fig. 87b reveals

notch root fracture at the side of the notch, where
fracture is intergranular, this may suggest that crack
nas initiated somewhere within the thickness and
extended from there towards the sides, in fact during
fatigue testing it was not possible to see the crack,

despite initiation being 1nd1cated by the potentlal

drop equipment. Crack was seen when it was allowed to

grow.
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7.0 Conclusions

1.

Most of the fatigue testing waézéérried out ih
unidirectional bending and, at a stress ratio of
0.3, carburising in general was not found to
improve the fatigue strength over that of the

uncarburised hardened.

Carbon profiles from single stage and from boost-diffuse
cycles with a surface carbon content of 0.8%, gave
similar unidirectional bending fatigue strength of

635A14.

A carbon profile with 1.2% C at the surface, as a
result of overcarburising, resulted in a significant
loss in the unidirectional bending fatigue strength
of 635A14. This was attributed to the presence of

globular and/or intergranular carbide partiéles.

Single stage carburising resulted in a carbon profile
with 0.94% C at the surface, which was associated with
about 28% retained austenite. This was found to be
detrimental to unidirectional bending fatigue strength
of 635A14. However the same carburising procedure on
835A15 resulted in a 0.97% C af the ‘surface, which was
associated with about 35% retained austenite. This was
not found to be detrimental to rotating bending fatigue

strength.
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5. A carbon profile with surfagéqgéééfbﬁf

isation,
resulted in about 15% loss in the unidirectional

bending fatigue strength of 635Al4.

Carburising as expected, resulted in favourable
compressive residual stresses, except when the
surface was decarburised to about 0.5% C, while
0.74% C was maintained at about 0.35 mm, residual
stresses were tensile. Unexpectedly the boost-
diffuse carbon profile with plateau, showed the

highest compressive residual stresses.

Vacuum carburising brought about a considerable

gain in the unidirectional bending fatigue strength

of 635A14, by preventing the occurrance of internal x
oxidation encountered in gas carburising. Over-
carburising in vacuum was not detrimentai to uni-
directional bending fétigue stfength of 635Al14,
despite the presence of uniformly distributed fine
carbide particles, as a result of reheating for
hardening. This however would contribute towards
raising wear resistance and therefore improve the
fatigue performance of carburised components designed

to operate under combined contact and bending

fatigue.

Increasing the mean stress resulted in decreased bending
fatigue strength of 635Al4, whether carburised or only

hardened. At medium value of mean stress, namely at a“




10.

stress ratio of 0.3, the fatigue stréngth is
comparable in both cases. Howé&ér, carburisation
showed its advantages at low mean sStress and‘in
particular zero mean Stress, where the stress
ratio is -1.0. On the other hand fatigue strength
results at high mean stress, namely at a stress
ratio of 0.7, indicated thatrcarburisation showed
little or no advantages over the uncarburised
hardened condition. As a confirmation, tensile
strength results indicated the harmful effect of

carburisation.

Unidirectional bending fatigue strength of carburised
080M15 exhibited the expected decrease with increasing
stress concentration factor. However the decrease
becomes less pronounced when stress concentration
factors of about 2.8 are reached, then fatigue

strength remains nearly constant.

Notch sensitivity is reduced by carburising. The
effect was found to be more pronounced in unidirect-
ional than in rotating bending. The reduction is
controlled by the magnitude of compressive residual
stresses, as different carbon profiles result in
different magnitudes of residual stresses, the higher

they are the lower 1is the notch sensitivity.
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11.

The initiation of fatigué itk in catbadicid
635A14 or O8OM15 was characterised by a trans-
granular fracture. This was found to be .
independent to the type of loading, 1.e. whether
rotating or unidirectional bending. The trans-
granular initiation spread over a limited zone
adjacent to the surface, however there was no
clear evidence of sub-surface initiation. The

propagation was intergranular through the high-

carbon brittle case.
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8.0 Recommendation for Future Work

1.

Certain carbon profiles were found to be'ﬁreferabie on
the basis of pure bending fatigue, however carburised
engineering components may perform under contact as well
as bending fatigue. Therefore these carbon profiles
should be investigated under contact fatigue so that

direct assessment for practical applications can be

made.

A boost-diffuse carbon profile with a plateau resulted
in a slight loss of unidirectional bending fatigue
strength in comparison to that of a single stage

profile despite the higher compressive residual stresses
of the former. This lack of correlation might be due

to the local yielding depending upon the residual stress
distribution. Consequently qualitative assessment and-
accurate comparison of such profiles in future demands

the determination of residual stress distribution.

Notch sensitivity was found to be reduced by compressive
residual stresses due to carburising. Howevef the
deviation of notched fatigue strength of carburised
080M15 from the elasti; behaviour may also be as a result
of favourably modified residual stresses caused by
localised sub-surface yielding. In this respect

further work is required to validate or dismiss the

above hypothesis by determining residual stress distri-
bution or by using higher strength steel, thus avoidiﬁg“\m

residual stress redistribution.




Retained austenite was found to exert different
effect as its presence.was detrimental in unidir-
ectional bending, and did not influence rotating
bending fatigue strength. This may be an indicé—
tion of its different effect at different stress
levels. In this respect and for accurate assess-
ment of such differences, further work may be
useful if done in plain bending at two or three
levels of mean stress including zero mean sStress

(reverse bending).

Retained austenite is claimed to decrease the bending
fatigue strength to an enhanced degree in the

untempered condition (41); however tempering reduces
compressive residual stresses. Tempering

was not practiced in order to maximise residual stresses
and to allow for examining their full effect on the
bending fatigue strength. Therefore further work 1s
required to broaden our understanding and reveal the
speculated effect of retained austenite on the fatigue

strength in conjunction with tempering and residual

stresses.

Grain coarsening due to high vacuum carburising
temperature may have some effect on the fatigue
properties, thus further work in this respect

may be interesting.
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APPENDIX 1

Dimensions and Corresponding Stress Concentration
Factor of 080A15 Steel Specimens

Notch Root Stress
Specimen Thickness Width Depth Radius Concentration
Code mm mm mm mm Factor
1A 6.0 14.9 0.9 1.35 1.96
1B 6.02 14.95 0.8 1.35 1.93
1C 6.0 14.97 0.7 1.35 1.91
1D 6.0 14.9 0.7 1.35 1.93
ZA 5.97 14.6 0.9 0.75 2.52
2B 6.05 14.8 0.9 0.75 2.5
3A 6.0 11.0 0.7 0.75 2.21
3B 5.92 11.0 0.8 0.76 2.21
4A‘ 5.91 10.96 1.1 1.5 1.89
4B 5.96 10.97 1.05 1.5 1.87
4C 5.98 10.87 1.1 1.5 1.89
4D 5.93 10.97 1.17 1.5 1.91
5A 5.94 13.2 0.74 0.45 2.8
5B 5.92 A13.1 0.55 0.45 2.82
6A 5.96 11.4 0.93 0.55 2.8
6B 6.01 11.4 1.04 0.5 2.93




APPENDIX 2

FATIGUE STRENGTH CALCULATIONS

Random samples of calculations are chosen to illustrate

the procedure followed 1in determining the tabulated

results.

1. Failure stress in rotating bending was calculated
using equation (4), see section 4.2.1

e.g. G3RB5

S = 63 mm d = 6.72 mm p = 392 N
_ 32 63 x 392
° = T 3
(6.72)°
s = 830 N mm°
2. Failure stress in unidirectional bending (3-P.B.)

was determined using equation (5), see section 4.2.2.

e.g. Gl 2

S = 50 mm D = 16 mm P = 16800 N
_ 16 16800 x 50
°c = I 3
(16)
g = 1044 N mm_2

While the stress to initiation was determined on

4 P.B. test pieces, using equation (7), e.g. G 18

a = 26 mm d = 13 mm P = 17200 N
_ 16 17200 x 26

o = T 3

‘ (13)

s = 1036 N mm_2

The estimated bending fatigue strength was determined

by taking the mean value between the stress value at

which failure or initiation occurred and that of the: ' f ff

preceeding survival Tun




e.g. Gl 2

Estimated fatigue strength - 1044 f 1010

= 1027 N mm_

The mean stress was calculated using equation (3)

ile - - 5 1+R
e m max 2

Depending upon the stress ratio, and the followiﬂg
example shows the determination of the mean Stress
and the stress amplitude as both represent one
point on the Gerber diagram

e.g. G3 19 tested at a stress ratio of 0.07

the estimated fatigue strength was determined to

be 1098 N mm

max = 1098

_ 1+0.07
Om = 1098 -—'—'2—-——
O - 587 N mm °

However the stress amplitude o,

%a = %max T m

= 1098 - 587

- 511 N mm

The stress to initiate a crack at the root of the
notch, in test piece of carburised O80MI5, was

determined using equation (6), see section 4.2.2.

e.g. 1A
s = 60 mn, b = 6.0 mm h = 14.0 mm
h = width - notch depth
p = 8000 N
o = 1.5 22
bh

1.5 8000 - 60
- ) 6.0(14)7

- 613 N mm 2




)

201 x 10°
2
m O =
i
201 x 10

]




APPENDIX 3
Data and Calculation of Residual Stresses on Carbuiised/;
O80M15 o
Load at
Thermo- Effective Dimension, mm zero
chemical Deflection case depth thickness width deflection
Treatment (Af) mm (d) mm (t) (w) (P) N
Gl -1.8 0.88 7.0 15.9 720
G2 +0.2 0.79 6.9 15.9 100
G3 -1.5 1.0 7.0 14.2 560
G5 -1.8 1.6 7.0 15.8 600
Residual stress calculation was carried out using‘
. ot .
o, = 33 (see section 4‘2f6)
O’:MX-
I
_PS t/2
=7 T3 b
wt
_ 3PS
Zth
s _ 3PS t
s Z Lt 3d
= ES (Span length S was always 180 mm)
Twid P g y
For example Gl
s _ 720(180)
s 2(15.9)(7)(0.88)
_ 2
o = 661 N/mm




APPENDIX 4

Amount of Eccentricity Found in Rotating Bending Specimens
due to Distortion by Carburising and Hardening Treatments

Location on Specimen

Specimen Geometry | Fixed end * Loading end
(a) (h) ()
G4 1 Plain 0.01765 0.02033 0.01368
G4 2 Plain 0.01734 0.02156 0.02757
G4 3 Plain 0.01693 0.02049 0.01882
G4 4 Plain 0.01645 0.020938 0.0184
G4 5 Plain 0.01736 0.02029 0.03145
G4 6 Plain 0.0176 0.02185 0.03015
G4 1 Notched 0.01609 0.01965 0.0187
G4 2 Notched 0.01730 ©0.041930  0.0143
G4 3 Notched 0.01712 0.01940 0.00805
G4 4 Notched 0.01725 0.02062 0.02175
G4 5 Notched 0.01507 0.02085 0.02555
G4 6 Notched 0.0148 0.02110 0.03010
G6 1 Plain 2.3985 2.3985 2.4018
G6 2 Plain 0.0019 0.0115 0.0072
G6 3 Plain 0.0086 0.0002 0.007
G6 4 Plain 0.0034 0.0102 0.0102
G6 1 Notched 0.0042 0.004 0.000
G6 2 Notched 0.0062 0.0023 0.0005
G6 3 Notched 0.0000 0.0029 0.0003
G6 4 Notched 0.005 0.0029 0.0006

* Fixed end reading is a reference point and it is not
the actual values which matter but it is the amount

of difference from the fixed end which is important.

(a) (b) (c)
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