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Abstract

In the present work the effect of ion nitriding, laser hardening and hot dip
galvanizing upon the fatigue limit and notch sensitivity of a B-Mn
Swedish steel SS 2131 have been investigated.

The fatigue tests were performed in plane reverse bending fatigue (R=-l).
The quenched and tempered condition was taken as the reference
condition. The microstructure, microhardness, fracture surface and
coating appearance of the fatigue surface treated specimens were studied.
Residual stress and retained austenite measurements were also carried
out.

It was found that ion nitriding improves the fatigue limit by 53 % for
smooth specimens and by 115 % for notched specimens. Laser hardening
improves the fatigue limit by 18 % and 56 % for smooth and notched
specimen respectively. Hot dip galvanizing gives a slight deterioration of
the fatigue limit (9 % and 10 % for smooth and notched specimen
respectively).

Ion nitriding and laser hardening decrease the value of the notch
sensitivity factor q by 78 % and 65 % respectively. Hot dip galvanizing does
not modify it.

A simple schematic model based on a residual stress distribution, has
been used to explain the different effects. It seems that the presence of the
higher compressive residual stresses and the higher uniformity of the
microstructure may be the causes of the better fatigue peiformance of ion
nitrided specimens.



1. INTRODUCTION

Fatigue fracture usually initiates and propagates from a free surface,
particularly in the presence of a notch, so that surface treatments
(mechanical treatments, thermal treatments and surface coating) can be
used for improving fatigue and also wear and corrosion resistance.

Some of the most recent surface treatments techniques used in enhancing
fatigue properties are ion nitriding and laser hardening.

In the ion nitriding process, high voltage electrical energy is used to form a
plasma in an evacuated chamber containing a low pressure gas (N2 + H2),
through which nitrogen ions are accelerated to impinge on the workpiece.

In laser hardening, the surface layer of material is heated above the
transformation temperature. It is then allowed to cool rapidly to produce a
very hard phase, martensite.

On the other hand, hot-dipping in zinc is used in iron and steel to protect
against corrosion. It is important to know what effect it may have upon the
fatigue properties of the base metal when damage by corrosion is not
involved.

Despite of the great scientific and commercial importance of the above
mentioned surface treatments, at present, there are few experiments
investigating their fatigue behaviour.

Objective

The main objective of this work is to determine the effect of ion nitriding,
laser hardening and hot galvanizing upon the fatigue strength (especially
fatigue limit) and notch sensitivity of a B-Mn steel (SS 2131).

All the specimens were first quenched and tempered and after that the
different surface treatments were applied on them. The Q&T were taken as
the reference condition. The fatigue test was performed in plain reverse
bending fatigue.



Outline of the Thesis

Chapter 2 contains an overview about the fatigue behaviour of smooth
specimens and the influence of notches and surface treatments (ion
nitriding, laser hardening and hot galvanizing) on their fatigue strength.

In Chapter 3 all the experimental details about material, specimens,
surface treatments, fatigue tests, etc are given.

The results of the bending fatigue tests and other studies are presented in
Chapter 4. These results are analysed and discussed in Chapter 5 and the
main conclusions are drawn in Chapter 6.

The part of this work concerning the fatigue behaviour of smooth surface
treated specimens has been published earlier (70).



2. BACKGROUND

The background contains a brief overview of fatigue of metals. First, the
stages of fatigue of smooth specimens are described on the basis of the
physical mechanisms involved in simple systems such as pure metal or
simple precipitation hardened alloys, preferably in the form of
monocrystals. Then, a discussion about stress resistance versus strain
resistance is made, taking into account the stress-life and strain-life
curves. Next, the effect of different factors on fatigue strength of smooth
specimens are enumerated and finally, it is made an overview of the
influence of notches and surface treatments (ion nitriding, laser hardening
and hot-dip galvanizing) upon the fatigue strength.

2.1 Fatigue of Smooth Specimens

2.1.1 Stages of Fatigue

Fatigue can be defined (1) as the progressive localized permanent
structural changes in mainly dislocation substructure that occurs in a
materials subjected to fluctuating strains. Fatigue may end in cracks or
fracture.

The fatigue process can be divided into three stages:

A. Fatigue hardening and/or softening.
B. Crack initiation.
C. Crack propagation ending in final fracture.

A. Fatigue Hardening and I or Softening

From the experimental data obtained (using the cyclic stress-strain (CSS)-
curve) by different researches the following features of cyclic hardening
process can be established:

a. Depending on the value of the cyclic-strain-hardening exponent
n1, a metal may (i) cyclically harden, (ii) cyclically soften (iii) be
cyclically stable or (iv) have mixed behaviour (2). Another
equivalent criterion was founded by Smith et a! (3).



b. The process is very intensive at the beginning, but after a
relatively small number of cycles it reaches a saturated
character.

c. There is an intimate relation between the saturation stress
amplitude and the formation of persistent slip bands (4).

d. During the process there is an absence of long-range internal
stresses (5).

e. The principal dislocation mechanisms responsible for cyclic
hardening and/or softening are the multiplication, interaction,
annihilation and rearrangement of dislocations (6). In
particular, cross-slip is the most important parameter
determining the fatigue life spent in the hardening/softening
process. The metals can be divided in wavy slip materials (e.g.
Cu, Al, Ni, Fe, carbon steel) with easy cross-slip due to their
medium or high stacking fault energies and planar slip
materials (e.g. Fe-Si alloy, austenitic steel, a-brass) with difficult
cross-slip due to their low stacking fault energy.

f. The dislocation mechanisms produce a metastable hardening or
softening state which tends to instabilities and strain locations in
the form of coarse slip bands (persistent slip bands: PSBs).

g. The hardening or softening process for fee single crystals,
correspond to the first (region I) of the three regimes exhibited by
the cyclic stress-strain curve (7), see Fig 2.1. In regime I the
crystals harden homogeneously and exhibit a hard vein structure
(containing dislocation multipoles of a high density of primary
edge dislocations) surrounded by dislocation-poor channels with
a very low density of screw dislocations (6).



B. Crack Initiation

Generally, the cracks are initiated on the surface at localized sites of high
strain (large deformation inhomogeneties) such as PSBs, grain boundaries
and hard inclusions.

PSBs in Various Materials
In fee single crystals the ess-curve, Fig. 2.1, shows a marked plateau
(regime II). During this regime, PSBs (having the so called wall or ladder
structure) are formed due to localized unstabilities of the veins (matrix).
The PSBs are softer than the veins. No PSBs are formed below yil, Fig. 2.1
and some authors (8, 9) have related it and its associated threshold stress to
the fatigue limit of metals. Then, the initial formation of PSBs may be
considered the critical threshold damage necessary to nucleate a fatigue
crack. According to Yan et al (10) thermally activated processes such as
vacancy formation by dislocation climb must be essential for PSBs
nucleation.

In polycristals, depending on the grain size and on the loading history, the
ess curves can or cannot show a plateau (11). A new dislocation structure
called labyrinth structure (two dimensional wall structures) have been
found (12).

In bec metals also PSBs with a regular ladder structure have been
observed. But in these materials cyclic deformation is strongly dependent
on temperature, impurity content and strain rate (6).

In precipitation hardened alloys with a more planar slip mode, after initial
hardening these alloys undergo a subsequent softening when the well-
ordered precipitates are sheared by dislocation (13), leading to planar
localized deformation and the development of PSBs which are much
thinner than the particle diameter. These materials are highly susceptible
to stage I shear cracking (6).

In precipitation hardened alloys with a more wavy slip mode, the PSBs are
nucleated in the plateau region shortly before the peak stress is reached.
These bands are very narrow (less than 100 nm) compared with that for
single phase materials (1 to 2 um) and are formed inside of large



deformation bands of primary dislocations which develop during the
hardening stage inside the vein structure (11).

Crack Initiation in PSBs

In wavy slip single crystals the PSBd form smooth extrusions which
gradually roughen during further cycling (14) forming narrow intrusions
as initiation sites for cracks. It must be emphasized that int. asion
formation and crack nucleation are two different processes (15). Recently
Hunsche and Neumann (16,17) demonstrated that the crack initiation is
really a nucleation process influenced by the environment. These cracks
are very unevenly distributed over PSBs (18).

In planar slip single crystals fatigue crack initiate at surface roughnesses
which is introduced by the relatively large slip step caused by localized
shear on individual slip planes during the cycling (19).

Crack initiation in the intrusions formed by the PSBs also occur in many
cases in poly crystals. The PSBs are more efficient nucleation sites in
precipitation hardened materials.

Crack Initiation at Grain Boundaries

Crack initiation on grain boundaries is not so common in polycrystals,
instead the tendency is the formation of cracks in localized slip bands
within the grains. However, when a strong slip band impinges on a grain
boundary, a so called "L-shaped crack" form at the intersection of grain
boundary and slip band (18,19). This interface is also a crack nucleation
site for precipitation-hardened material with a Mgher content wavy slip
takes place and a high strain amplitude.

Recently, PSBs and cracking at twin boundaries were found (18).

Crack Initiation at Inclusions

In single crystals and polycrystals which are pure enough, crack initiation
usually occurs in localized slip bands within the grains. However, in
commercial alloys which always contain inclusions, the cracks generally



initiate at the inclusions or at the interface inclusion-matrix. They act as
strain concentration centres. The degree of the influence of inclusions on
the crack initiation process depend upon

(i) size and shape, orientation to the tensile stress location relative to the
surface and deformability of the second phase particles,

(ii) deformation and strength characteristics of the matrix and
(iii) stress amplitude (20, 21).

Another kind of metallurgical defects acting as preferred sites for crack
initiation (20) are:

a) aging inhomogeneities in aluminium alloys; proeutectoid ferrite and
retained austenite in quenched and tempered steels.

b) Pores due to gas evolution or shrinkage in cast metals.

c) Coherent annealing twins in single phase and multiphase materials.

C. Crack Propagation and Final Fracture

Crack growth has been divided in two stages. In stage I (crystallographic
propagation) the microcracks nucleated at the surface initiation site grow
along planes of maximum shear stress (slip planes) until a critical depth is
achieved, it depends on the material and the stress amplitude, but is
seldom greater than a few tens of microns. At this point only one crack
usually grows in a stage II (ron-crystallographic propagation) mode along
planes perpendicular to the stress axis. This stage ends by the fracture of
the remaining cross-section.

Stage I is controlled by the shear component of the applied stress whereas
stage II is controlled by the normal component. At ambient temperatures
and in the absence of the aggressive corrosive medium fatigue cracks are
usually transcrystalline (22).

The crack propagation rate in stage I is generally much iower than that in
the stage II, then the life spent in stage I may be much higher than that



spent in stage II. This is the case for smooth specimens. In sharplv
notched or precracked bodies almost the whole fatigue crack propagation is
stage II type (22).

Laird and Feltner (23), working with copper, nickel and aluminium alloys,
have found that stage II cracking dominates the life at high amplitude, but
only play a minor role in the long-life regime.

It is generally agreed that the rate of crack growth is controlled by the
plastic deformation, particularly strain hardening, at the crack tip and the
factors which can influence on it are: Load ratio R = Kmin /Kmax » the
fracture toughness of the material, the material thickness, the strain rate,
material microstructure, temperature and environment. For details of the
effect of these factors, see for example (24-28).

During the last 20 years a series of models for fatigue crack growth have
been developed. For a review, see (20, 30-32). Taking into account the
mechanisms operating in the tip of the advancing crack the models can be
devided into two groups:

a Damage accumulation models and
b Plastic-sliding-off models.

Another division into three groups have been suggested by Bailon and
Antolovich (32):

a Phenomenological models
b Dislocation models
c Models based on the micro low-cycle fatigue process.

Recently, much attention has been paid to the problem of short fatigue
cracks, see for example (33, 34), since this problem has been closely
connected to that of the fatigue threshold. The behaviour of short crack is
strongly affected by the crystallographic structure of materials (grain
orientation, Schmid factor, dominating slip system and grain boundaries).



2.1.2 Fatigue Life Curves

In assesing the fatigue resistance of metals, it is necessary to distinguish
between stress and strain resistance, as metals in general respond
differently to strain cycling than to stress cycling when measurable plastic
strains are present.

A. The Stress-life Curve (Whaler or S-N curve)

It is denned as dependence of che stress amplitude S on the number of
cycles to fracture N.It is the oldest fatigue characteristic.

The fatigue strength is defined as the maximum alternating stress which a
material will withstand without failure for a given number of cycles.

Some metals such as cast and wrought iron, low and medium strength
steels, stainless steel, aluminium-magnesium alloys and some titanium
alloys exhibit a definite fatigue limit Sf (stress below which failure does not
occur in any life-time). See Fig 2.2. High strength steels and non-ferrous
metals, such as aluminium alloy do not exhibit such fatigue limit. For
these materials the concept of endurance limit is used (the stress
amplitude needed to produce a failure in a specified number of cycles,
normally 5 x 10^).

The S-N curve can be divided (22, p 139) into different regions according to
both number of cycles and stress (See Fig 2.3): finite-life region (N<Nf),
infinite life region (N>Nf), quasistatic fracture (in symmetrical cycling) or
dynamic creep (in pulsating cycling), low-cycle fatigue (102<N<10^) and
high-cycle fatigue (N>1()5).

The true stress amplitude Oa c a n De related to life N, see for example (2) or
(22), by

oa = cf(2N)b (2.1)

where o<= fatigue strength coefficient
b = fatigue strength exponent
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<*i and b are fatigue properties of the material. Equation (2.1) fits the
experimental results well in both the low-cycle and the high-cycle region.

B. The Strain-life Curve

In the 1950's Coffin and Manson established the relation between the
plastic-strain amplitude £ap and N:

(2.2)

where £f: fatigue ductility coefficient
c : fatigue - ductility exponent of the Manson-Coffin curve.

£f and c are also fatigue properties.

Manson has shown that a metal's resistance to total strain cycling can be
considered as the summation of its elastic and plastic strain resistance,
hence, the fatigue life curve expressed in terms of the total strain
amplitude eat can be written in the form

(2N) + ef (2N)C (2.3)

A schematic representation of this equation is shown in Fig 2.4. It can be
seen that in the low cycle region the plastic strain component
predominates, emphasizing the importance of ductility, and in the high-
cycle region the elastic strain is more dominant and strength will control
performance. An "ideal material" would be one with (i) a strain hardening
exponent n of about 0.1 to insure cyclic stability, (ii) a high fracture strength
to resist the imposed loads and (iii) a high fracture ductility to acommodate
large plastic strains at critical locations (notches, inclusions, voids, etc.)

The transition fatigue life Nt can be calculated by equating the elastic and

plastic component.
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C. The Fatigue Limit

According to Klesnil and Lukas (22) the phenomenon of fatigue limit can be
seen either from the point of view of critical condition for nucleation
(expressed in terms of stress and plastic strain amplitudes) or from that of
critical conditions for subsequent propagation of already nucleated
microcracks of critical length (expressed in terms of crack length and
treshold stress intensity factor.)

Experimental results support the idea that the stress fatigue limit and the
corresponding plastic strain fatigue limit (this is of the order of 10-5 for all
materials (36)) mark the transition from reversibles dislocation processes to
irreversibles dislocation processes in the saturation (regime II of ess-
curve.) This trt nsition can be interpreted as the formation of fatigue slip
bands in the surface. Measurement on single crystals have shown that a
plastic strain amplitude of about 10'4 is required to produce a single PSB.
This led Laird (37) to the conclusion that" A true fatigue - stress limit and a
true fatigue - strain limit connected directly through the cyclic stress -
strain curve exist for crystalline materials: These limits are based on the
stress and strain requirements to form persistent slip bands."

Recently many papers, see for example (38) and (34), have reported details
of the behavior of short cracks (crack with treshold stress intensity factor
lower than that for macrocracks) and the authors of some of them (see for
instance 12, 39) claim that the stress fatigue limit is the threshold stress for
short cracks, which nucleated, grew up to the critical size and became
dormant. This also explains the crack arrest phenomenon al sharp
notches (39, 40). The growth rates and threshold values for short crack
experimentally obtained are used by Usami (41) to estimate component
fatigue lives and fatigue limits for components containing defects.

2.1.3 Influence of Different Factors on Fatigue Strength

Fatigue behavior is influenced by many factors of which the major ones
are:

1. Type and nature of loading
2. Size
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3. Stress or strain distribution

4. Surface conditions

5. Directional properties

6. Stress or strain concentrations

7. Mean stress or strain

8. Environment

9. Metallurgical factors and material properties

10. Strain rate and frequency

This work is concerned with the effect of surface treatments (ion nitriding,

laser hardening and hot dipping) upon the fatigue strength and notch

sensitivity of the SS2131 steel. For this reason both the effect of notches and

surfaces treatment will be discussed in the following two sections. For

details about the other factors influencing fatigue behavior see for instance

(1,21,24-26,42-45)

2.2 Influence of Notches on Fatigue Strength

2.2.1 Notches. Definition of Kt and Kf

In a broad sense "notch " is used to refer to any discontinuity in shape or

nonuniformity in material. Notches can be classified (46) as:

a) Metallurgical notches such as inclusions, blowholes, quenching,

cracks etc.

b) Mechanical notches such as grooves, holes, threads, key ways, fillets,

surface identations etc.

c) Service notches such as chemical or corrosion pits, scuffing, chafing

or fretting, impact identations etc.

Usually the term notch as used in its narrow sense refer only to

mechanical notches.

Notches are usually present in structural components . They do not affect

so much the monotonic behaviour of ductile materials, but the fatigue

behaviour is strongly dependent upon the notches, both for ductile and
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brittle materials. Examination of fatigue failure, reveals that in many
cases the cause of failure has been the initiation of a fatigue crack at the
root of the notch. This is so, because a notch (also called "stress raiser")
develops localized stresses and strains at and near the notch boundary.
Therefoi'* the cyclic stresses at these places are higher than the nominal
cyclic t trusses far from the notch .The higher the stress concentration the
lower the fatigue limit and the shorter the fatigue life. The degree of stress
concentration of a notch is measured by the stress concentration factor Kt
(also called theoretical stress concentration factor) which is defined as the
ratio of the maximum localized el? stic stress Omax to the nominal or
average stress an (see Fig 2.5).

Kt = am a x /on (2.4)

ömax may be determined mathematically (using the theory of elasticity) or
by experimental stress analysis while a n is always calculated from the
elementary stress formulas assuming no stress or load concentrations to be
present, and is based on the measured minimum cross-sectional area. The
values of Kt is a function of the geometry of the specimen and the loading, it
does not depend on the mechanical properties of the material. Peterson (47)
and Neuber (48) present values of Kt for a large variety of different
geometries and loading.

Notches generally reduces fatigue strength. But as the reduction is lower
than the reduction which would correspond to Kt, it has been common
practice to define a fatigue strength reduction factor (or effective stress
concentration factor) Kf as:

v_ fatigue strength of plain specimens Sp
f fatigue strength of notched specimens Sn

Kf depends on the material, specimen size and shape, state of stress, type of
loading and fatigue life range. Kf may have any value in the range from 1 to
Kt and it is usually smaller than Kt. This difference may be attributed to the
fact that the calculation of Kt is based on the assumptions of an isotropic
material which is perfectly elastic and homogeneous and whose stress
conditions and strength properties are not affected by time or temperature.



However, a real material is anisotropic, sensitive to time and temperature
and far from homogeneous (46).

Specimens geometrically identical but of different material have different
values of Kf, this suggests that some materials are more sensitive to the
presence of a notch than others. The materials is regarded as less notch
sensitivity the smaller the values of Kf for a given Kt. A value of Kf=l means
that due to yielding, the notched specimens redistributes the stress to reach
the same level as the plain specimens. A value of Kf = 1 means that due to
yielding, the notched specimens redistributes the stress to reach the same
level as the plain specimens. A value of Kf=Kt means that ömax in the
notch is responsible for failure and this gives a reduction in strength
corresponding to Kt. Ductile materials have high notched strength (low
values of Kf). Or* the other hand, high loads tend to give low notch
sensitivity whereas low loads tend to give higher values, since the ability of
the material to yield in each half-cycle becomes less with increase in cycles
to failure (26).

For some stainless steels the value of Kf may be less than one and for some
quenched and tempered steels it may sometimes be greater than Kt (46).

2.2.2. Theories of Notch Sensitivity

A measurement of the degree of agreement between Kf and Kt is given by

the notch sensitivity factor q also called notch sensitivity index.

In 1932, Thum proposed (51) the following relation for q

(2.6)

Thum assumed that q is a material constant which depends only on the
material properties, q may have any value between q = 0 if Kf = 1 (notch
insensitivity) and q = 1 if Kf = Kt (full notch sensitivity).

Therefore taking account eqs (2.5) and (2.6)
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Neuber, using the elementary block concept : fatigut failure is governed not
by the maximum stress but by the average stress over an elementary block
of finite size, which is determined by the structure; introduced the
dependence of q on the notch radius R:

q= ; f2.8j
I + VRVR

where the so called Neuber's parameter R' is a material parameter. Khun
and Hardrat (49) determined an empirical relation between R' and tensile
strength of the material.

Neuber's formula cannot be applicable to extremely small notches (with R <
0,05 in). Russel and Walker (50) showed that q for low alloy steel specimens
with different thermal treatment and different hardness are proportional to
the hardness only between 20 HRC and 35 HRC and decreases for higher
hardness value.

Peterson (51) with the assumption that strength depends on the stress at
some critical thickness h of the material layer near the notch root where
the stresses should be higher than the material fatigue limit, derived his
formula:

Kf-1 1

where a is a material constant (a = 0.0025 inch = 0.0625 mm for tempered
steels and a = 0.01 inch = 0.25 mm for normalized steels).

Based on a model of "inherent flaws" such as inclusions, cavities, surface
discontinuities and crystals themselves with their anisotropic properties,
dislocations and boundary effects, all of which produce non-uniform micro-
stress distribution, Heywood (26) proposed the formula.

(2.10)

where the material notch alleviation factor a' is a material constant.
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Siebel and Stieler assumed that the notch sensitivity is better related to the
stress gradient than to the notch radius (52) and they proposed the relation

= 1+<N/S^X (2.11)

where X is relative stress gradient and Sq is a material parameter which is

dependent on the yield limit of the steel.

Buch and Switek derived a two-parameter formula (53). They present the
notch sensitivity Kf/Kt a s a function of the notch radius R and dependent on
two material parameters A and h

K, i f 2-1 h ")

where: h is the critical thickness of the material layer near the notch root
which takes into account the stress gradient and is supposed to be constant
for a particular steel (but not for all tempered or normalized steels). A takes
into account the local cyclical strain hardening and is determined
experimentally from fatigue test on specimens with a large notch. RQ is
introduced to avoid the divergence of Kf/Kt when R —» o and its value is
determined from the condition that for a very small hole or notch radius

Buch (52) claims that the two parameter formula allows a quite exact
description of the notch-size effects whereas the formula of Stielter,
Peterson or Neuber overestimate the notch effect and underestimate the
effect of specimen size.

The semi-empirical relations obtained from these models can be well
accepted as good approximations. The eq (2,9) and (2.11) are perhaps most
frecuently used in engineering practice.
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2.2.3 Theoretical Derivation of Fatigue Limit of Notched Bodies

Lukas and Klesnil (.22, 54 ̂  assumed that the fatigue limits of notched
specimens is given by the same process, as in the case of smooth
specimens. First, when the local stress and strain values at the notch root
are just equal to the critical values Oc and £ac respectively the critical crack
is nucleated. When the crack has a critical length lc it will propagate, if the
stress-intensity factor amplitude is just equal to or higher than the
threshold valued Katb-

With this assumption and by using the Neuber's rule, they got a relation
between Kt and Kf.

The principal features pointed out by them in the infinite life region are:

(a) The effect of cyclic plasticity on the difference between Kt to Kf is
small in comparison with the effect of stress gradient. The fatigue
limit is primarily given by the behaviour of nucleated cracks in the
stress field of notch.

(b) The ratio Kt/Kf depends very strongly on the notch radius and on the
critical length lc, but only very weakly on Kt.

(c) The ratio Kt/Kf increases with increasing values of 2/R and
increasing value cf lc-

(d) The material constant is defined as critical crack length lc.

In the finite life region, particularly for high amplitudes considerably
exceeding the fatigue limit, they affirm that the influence of cyclic
plasticity on the stress and strain concentration at the notch root can
be, especially for ductile materials very strong. On the other hand,
the nucleated cracks leave the stress field of the notch relatively
quickly and crack propagation is thus little influenced. Thus, a notch
mainly influences the number of cycles spent in nucleation of critical
cracks.
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Influence of Surface Treatments on Fatigue Strength

A fatigue failure generally originates at the surface, so that the surface
condition has a profound effect on fatigue strength, surface treatments can
consequently be effective in increasing fatigue strength. They also should
strengthen against oxidation, corrosion and wear, but this is not always
attained.

Surface treatment can influence fatigue strength (a) by affecting the
intrinsic fatigue strength of the materials near the surface (for example by
strain hardening or by a surface coating) (b) by introducing or removing
residual stresses in the surface layers and (c) by introducing or removing
irregularities in the surface which act as stress raisers.

Surface treatments can be classified (21) as:

(a) Mechanical treatments, including the normal processes of machining,
grinding and polishing and also especial treatments like shot peening
and surface rolling.

(b) Thermal treatments, such as flame and induction hardening and
laser hardening.

(c) Surface coating, including case hardening (carburizing, nitriding,
cyaniding, ion carburizing and ion nitriding) and plating and dipping
processes.

Fig (2.6) illustrates the classification of surface treatments. This work is
concerning the influence of ion nitriding, laser hardening and hot-dipping
in zinc on the fatigue behaviour of the SS 2131 steel. Therefore a brief
overview of these three surface treatments will be given below. For
dicussions about the effect of the conventional surfaces treatments, see for
example (21, 24, 55-58).



2.3.1 Ion Nitriding

A. Process

Heating by a glow discharge, especially ion nitriding, has been coming into
more widespread industrial use in the last years. The characteristics of the
ion nitriding process (also called plasma nitriding or glow discharge
nitriding) have been well described, see for example (59-63).

Essentially, in ion-nitriding the workpiece is used as the cathode where the
metallic vacuum vessel interior serves as the anode. Between these two
electrodes an electric iield is established, which ionizes the nitrogen atoms
contained in the atmosphere (H2 + N2) at a proper pressure ( 0.2 - 3 Torr). A
sharp drop in voltage near the cathode produce a glow layer (plasma of
positive ions and electrons) which envelops the workpiece. The positive
nitrogen ions are attracted toward the negatively connected workpieces,
they hit upon the surfaces, are thus occluded and heat up the pieces to the
necessary diffusion temperature (nitriding temperature).

The process variables of ion-nitriding are: gas composition, gas pressure,
temperature and time. The voltage and amperage are determined by the
desired temperature for a given installation, charge and gas condition,

Accordingly to Keller the major controlling mechanism for the penetration
of nitrogen in the ion nitriding process, is a sputtering of iron from the
cathode into the cathode fall area where FeN is formed, backscattered, and
adsorbed on the cathode. Then decomposed into Fe2N and Fe3N, yielding
nitrogen into the lattice to form the case. On the other hand, Jones at all
(59) claim that the major controlling factor is the bombardment of NH+ and
NH2 ion which are formed by dissociation of ammonia.

B. Microstructure

Normal ion nitrided layers, consist of a diffusion layer and of a compound
layer (white layer). At normal temperature range (500-550°C) and even at
low temperature (350-500°C) (60) depending on the composition of the
treatment gas, the compound layer can be made up of different iron
nitrided structures; (a) The single phased Fe4N structure (y '-phase), (b) the
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single phased Fe2-3 CxNy structure (e-phase) and (c) a mixture of these two
structures (y'+e phase). Ion-nitriding is the only nitriding process capable
of producing a thin monophased y '-white layer (which is more ductile than
the other white layers). Moreover, Edenhofer (61) has shown that much
tougher nitrided layers is achieved with ion-nitriding by totally supressing
the white layer,

Fengzhao et al (65) has studied the microstructure (fine structure) of ion
nitrided layers in pure iron and structural steel. They pointed out that: The
abundant substructure in y' - Fe4N (dislocation, stacking faults and twin
substructures) strengthens and toughens the ion-nitrided layer, whereas
the irregular distribution of dualphase (e + y') in nitrided layers leads to
greater brittleness.

C- Mechanical Properties

The hardness in the nitrided case depends on the concentration and size of
alloy nitrided precipitates formed in the diffusion zone and on the parent
material hardness. This mean that the treatment time, the alloy content
and the nitriding temperature are responsible for the depth and hardness
of the diffusion zone. Edenhofer (66) reports that the maximum surface
hardness for a quenched and tempered alloy steel 32 Cr Mo V 12 10 is
obtained by ion nitriding at 450°C. He also found that a combination of
monophased compound layers with diffusion zones which are largely free
from grain boundary carbonitride precipitates produces the smallest
decrease in the ductility of workpieces . Whereas the greatest
embrittlement is caused by polyphased compound layers combined with
diffusion zones which are rich in precipitates.

Edenhofer (66) also reports that the fatigue strength of quenched and
tempered 30 CrMoVQ steel is increased by over 80 % after ion nitriding. He
points out that in the case of plain carbon steels this increase may even be
greater, rising to as much as 130 % depending on the carbon content,

Under cyclic loading, cracks in the compound zone can serve as initiation
points for the propagation of fatigue cracks. Then reducing the thickness of
the ion nitrided compound zone further improves the fatigue peformance.
Maximization ccurs at the limiting condition where the compound zone is
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absent (63). However, Bell and Loh (67) claim that the thickness of the
compouna layer does not influence the fatigue characteristics of plasma
nitrided En 40B steel (0.28 C, 0.26 Si, 0.56 Mn, 0.010 P, 0.014 S, 3.32 Cr, 0.52
Mo, 0.28 Ni). They also shown that the fatigue limit increases with
increasing case depth (from = 34 % with case depth 0,12 mm to 75 % with
case depth 0,56 mm.) They point out that the case core boundary constitutes
a region of maximum tensile stress and the presence of inclusions in this
region is detrimental. Therefore the effect of increasing the case depth on
the fatigue limit can be viewed as effectively moving the fatigue crack
initiation site further into the core. Honbeck (68) reports that the fatigue
strength can improve or decrease depending on the strenght of the core.

The improvement of fatigue resistance can be explained at least in part by
the formation of compressive residual stresses in the diffusion zone on ion-
nitriding (69-71).

2.3.2 Laser Hardening

A. Process

Important progress in the study of lasers has been obtained in recent years
which has permitted practical application in diverse fields. In particular,
practical application of lasers in the metal working uses (welding, cutting,
drilling, surface treatment, etc) begun relatively recently with the
development of high power lasers.

A laser is a device that converts electrical power into a finely controlled
beam of light (̂ .=10,6 urn for CO2 laser) with a high power density 10^-10^
W/cm^, which when impinges on a surface, part of its energy is absorbed
as heat at the surface.

There are three different types of laser surface treatment (72).

(i) Heating, including annealing and transformation hardening

(ii) Melting, including alloying, glazing, cladding and grain refining,

(iii) Schocking, including shock hardening.
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The laser surface hardening process is fundamentally similar to the
conventional surface thermal treatments (flame and induction hardening)
in the sense that in both processes, increased hardness and strength are
obtained by a solid phase transformation (austenite-martensite). A
essential difference is that in laser harden' ig only a thin surface layer is
transformed, leaving the interior of the workpiece practically unaffected.

In laser hardening, a thin surface layer is heated locally extremely rapidly
(l()3-106 °C/s) to austenitizing temperatures and then is allowed to cool
rapidly (10^ °C/s-10l4 °C/s) to produce by self quenching a very hard phase,
martensite.

The major independent process variables for laser hardening are (1) laser
power, (2) beam configuration (size, shape and energy distribution), (3)
scan rate, (4) composition, morphology, and thickness of energy absorbing
coating, (5) composition, micro structure and thermal properties of base
material and (6) section thickness of a part. The depending variables are (a)
depth of hardness, (b) geometry of the heat-affected zone and
microstructure, and (c) metallurgical properties of the laser heat treated
material (76).

There is a great number of reports in the literature dealing with the
process variables of laser hardening (63, 73-80).

On the other hand, it has been developed analytical models (77, 81-83) and
numerical models (74,76, 84-86) to calculate the temperature and hardness
distribution in the workpiece as a function of process parameters. These
models are reviewed in (80).

The major advantages of laser hardening are: (i) The ability to control the
power density precisely, assuring heating to a controlled depth and thereby
reducing distortion, (2) ability of the laser to harden inaccessible and
localized areas, (3) efficient energy usage through rapid processing and (4)
the production of uniform case depths on irregular parts as a result of the
laser's depth of focus. (87).
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B. Microstructure

In laser hardening the same metallurgical reaction occurs as in the
conventional hardening processes. However, there are basically two
problems (64) associated with laser hardening:

(1) The high heating rates combined with the small but finite time above
the A3 point to form a homogeneous Fe-C solid solution, result in
high peak temperatures. Under such conditions there may be a
tendency: to form retained austenite, to produce surface melting
(especially in workpiece with complex design or curved surfaces) and
to form a thin surface layer, 5 to 20 um thick, of a phase that has yet to
be categorized accurately.

(2) The formation of a backtempered zone due to the overlap of
hardening passes.

Related with the microcstructure andthe two problems mentioned above
several studies have been conducted (82, 83, 86, 88, 98). Some results
obtained from these investigations are:

(1) Under otherwise equal conditions, the kind of microstructure and
therefore the mechanical properties are strongly dependent of the
pulse power densities (89)

(2) The laser heated layer is divided into four sublayers, that is, the fully
quenched layer (white brigth layer), the partially quenched layer (the
first dark layer), the fully tempered layer (gray layer) and the
partially tempered layer (the second dark layer. These four layers are
formed by differences in the heating and cooling conditions. (94, 95)

C. Mechanical Properties

The maximum surface hardness and case depth can vary very much in
laser hardening depending on the material properties and laser
parameters. Molian (87) has made an interesting summary of laser
hardening data on ferrous alloys available from literature. From it, he
demonstrates that high laser power, large beam size, square or



rectangular beam configurations, low scan rate and energy absorbing
coating are required to obtain deep cases and adequate coverage rates.

Relatively few studies have been conducted on fatigue properties of laser
hardened materials. Most of them (70, 72, 76, 91, 99-103) report that fatigue
properties of steel and cast iron are improved by laser transformation
hardening. However, Sholtes and Mordike (96) report no significant
increase in fatigue strength for plain carbon steels and Bergman (93)
reports a decrease in fatigue limit of a laser surface melted ferritic iron.
Ericsson and de la Cruz (70) point out that the way laser hardening is
carried out is extremely important for the results.

2.3.3 Hot Dipping in Zinc

A. Process

Hot dipping in zinc (also called hot dip galvanizing ) is one of the most
efficient and economical method to provide protection to the base metal
against corrosion.

In hot dip galvanizing, iron and steel products are first pretreated by
pickling and fluxing and then immersed in a bath of molten zinc (430-
470°C) to form on their surfaces an alloy coating of zinc of 25-100 urn
thickness.

The process variables for hot dipping in zinc are: temperature, time of
immersion, thickness of metal to be coated, rate of cooling and bath
composition.

For more in depth coverage about the hot galvanizing procedure, there are
many excellent treatments, of which (104) and (105) are representative.

B. Microstructure

The zinc coating consist (106) of four phases (layers):

(1) The r-phase (Fe3Zn21) above the steel surface
(2) The 5i-phase (FeZn7) above T-phase
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(3) The £-phase (FeZni 3) above 81 -phase and
(4) The Tj-phase (nearly pure zinc with a very low iron content) on the

outer surface.

The proportion of these phases in a galvanizing coating depends upon the
process variables. In spite of the intense progress reached in the hot
galvanizing technology, there is still divergence of opinions about the
possibility of four or five phases (107).

C. Mechanical Properties

The Fig. 103 of Ref. (106) shows the microhardness distribution in zinc
layers obtained by hot galvanizing. From it can be seen that the thin F-phase
has the highest microhardness (about 500 kg/mm2), the 5i-phase has a
relatively high microhardness (about 450 kg/mm2) and the £ and "n phases,
have a low microhardness.

The 81, which has a columnar structure, and £ phase are very brittle (104).

Hot galvanizing has little effect on the tensile properties of steel (104).

The few available studies (21, 24, 26,108) show that electroplated zinc has no
effect on fatigue strength whereas hot dipping in zinc reduces fatigue
strength, particularly for the higher strength steels. The reason for the
different behaviours is that electroplated zinc does not produce
discontinuities of a size sufficient to grow directly as a crack into the
substrate. On the other hand, the brittle phases developed in hot galvanizing
may crack at stress levels less than the fatigue limit of the metal base thus
producing cracks which can penetrate the substrate directly (24).

Karpenko et al (106) report that hot dip galvanizing improve the corrosion
fatigue resistance of steel exposed to water and to water from the petroleum
layer. However, it has no effect on corrosion fatigue of steel in a 3 % sodium
chloride solution.
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Fig. 2.6 Clasification of the surface treatments



The main purpose of this work is to study the effectiveness of three different
surface techniques: ion nitriding, laser hardening and hot dipping in zinc,
in improving the fatigue life and notch insensitivity of the steel SS 2131.
Thus, reversed bending fatigue testing, which provide maximum stresses
at the surface, is one of the most suitable test in order to identify the effect of
the surface treatments above mentioned. Accordingly, it has been used in
the present work to get the Wöhler fatigue curves.

In this part, all the experimental details are described.

3.1 Material

The material used in the present study was the Swedish standard steel SS
2131. Its chemical composition is given in table 3.1. The steel was supplied
as hot-rolled bars, 20 mm in diameter from Fundia Steel AB.

Table 3.1 Chemical composition of steel SS 2131.

C
0.25

Si

0.29

Mn

1.27
P

0.024
S
0.008

Cr

0.42

Ni

0.09

Mo
0.01

Ti

0.03

B

0.004

N

0.0099

3.2 Specimens

The hot-rolled bars were cut into 80 mm long pieces which were turned to 18
mm diameter. They were austenized at 850°C for 1 h, quenched in oil,
tempered to produce a hardness of 290 HV. The hardness was constant over
the cross-section. The measured tensile properties were: yiel stress (0.2 %
offset) = 779 MPa, tensile strength = 873 MPa. Maximum elongation = 6.6
mm. The values are averaging hiplicate testes.

Fatigue tests were carried out with smooth and notched specimens, see Fig.
3.1. The geometrical values were choosen so that Kt=1.05 for smooth
specimens and Kt=l .7 for the notched ones.
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Fatigue specimens were machined and ground to surface finish Ra 0.5 um
in the test section. The smooth specimens were subsequently electropolished
to remove the cold worked surface layer.

Specimens were made in as rolled (only for smooth specimens) and
quenched and tempered condition (Q&T). The latter were divided (for both
smooth and notched specimens) into four groups that were:

(i) Q&T
(ii) Q&T plus ion nitrided
(iii) Q&T plus laser hardened
(iv) Q&T plus hot galvanized

The fatigue behaviour of the Q&T specimens were taken as reference for
comparison with the results of the Q&T plus surface treatment specimens.

3.3 Details of Surface Treatments

3.3.1 Ion Nitriding

Ion nitriding was carried out by Brukens Hårdverkstäder, Älvsjö, at 480°C

for 24 h to a surface hardness of 644 HV5.

3.3.2 Laser Hardening

Laser hardening, for smooth specimens, was carried out in a 2.5 kW CO2
laser by the laser group at Luleå Institute of Technology. By rotating and
translating the specimens simultaneously the beam was made to follow a
spiral curve on the test section. The power of the beam was 1500 W, the beam
diameter 5 mm, the pheripheric speed of rotation 2.75 m/min, the distance
between two consecutive turns was 3.25 mm, i.e. there was a overlap of 1.75
mm between two turns.

For notched specimens the power of the beam was 1425 W, the pheripherical
speed of rotation 0.6 m/min, one turn where start and stop overlapped.
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3.3.3 Hot Dip Galvanizing

The hot dipping for both kind of specimens, comprised the following steps:

1) activation in weak hydrochloric acid at 20°C for 5 min

2) rinsing and flux addition for 5 sec plus drying in hot air, and

3) dipping in zinc at 465°C for 60 sec and cooling in cold water for 15

sec.

It was carried out by Gunnebo AB.

3.4 Microhardness Measurements

Microhardness measurements were made to obtain microhardness profiles

and from this to determine maximum surface hardness (peak hardness)

and hardening depth as well as to aid in characterizing the fatigue

behaviour as a function of the hardness produced by the surface treatments.

The hardening depth was defined as the depth at which the hardness was

50 HV above that of the base hardness (core hardness). Each hardness value

represents the average of two individual values.

Most of the microhardness tests were conducted using a 300 gf load.

3.5 Metallography

Surface treated specimens were sectioned, mounted, and prepared for

metallographic examination with a "Me F2" Universal Camera Microscope.

The metallographic examination was focused on the determination of the

microstructure of the surface layers.

3.6 Plane Reversed Bending Fatigue Tests

The fatigue testing for smooth specimens was carried out in constant

amplitude plane reversed bending (R=-l) with frequency 47 Hz at room

temperature. The working principle of the fatigue machine is described in

detail.in (55).
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The fatigue strength was achieved by subjecting test specimens to repeated
loads of specified amplitude and determining automatically the number of
cycles required to produce final fracture. Such results, when plotted
graphically, give the well known Wöhler curve (S-log N).

Between 5 and 10 specimens were used in the finite life region.

The fatigue limit was determined by the staircase method using 10
specimens. In this method, a specimen is tested at a stress near from the
fatigue limit, if it survives to the required life unbroken (210? cycles in this
work), the next specimen is tested at a higher stress, but if it breaks the next
speciimen is tested at a lower stress. The difference between successive
stress in this work was 30 MPa.

The fatigue testing for most of the notched specimens, in the finite life
region, was carried out in the same fatigue machine but with frequency 60
Hz at room temperature. All the other notched specimens, particularly
those used to determine the fatigue limit, were tested in the same machine
and with the same conditions as that of the smooth specimens. It was
checked that the values of the stress measurements at 47 Hz and 60 Hz
agreed within the experimental error .

3.7 Residual Stresses and Retained Austenite Measurements

The residual stress was measured on an ion nitrided (without remove of
white layer) and a laser hardened smooth and notched specimens by X-ray
diffraction, with computer controlled X-ray difractometer (109), using CrKa
radiation and the sin2y method with \|/=45°, -30°, 0, +30°, +45° and parabola
fitting to the points above the 90 % level. The exposed areas were 1x3 mm for
the tangential stress and lxl mm for the axial stress measurements. Only
tangential measurements were made for the notched specimens.

3.8 Fracture Surface Analysis and Coatings Appearance

All fracture surfaces were first examined in optical stereomicroscope
(Nikon SMZ10) and some in a JEOL 25 SIII scanning microscope.



The fracture surface analysis was concentrated in the identification and
location of the crack initiation point.

Some studies in coating appearance were also conducted on ion nitrided and
laser hardened specimens.
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4. RESULTS

4.1 Microstructure and Microhardness

The microstructure of the Q&T specimen, which constitutes the core of the
surface treated specimens, consists of tempered martensite, Fig. 4.1.

4.1.1 Ion Nitriding

The thickness of the white layer obtained by the ion nitrided process, was
about 4 mm for both smooth and notched specimens. See Fig. 4.2a awa Fig.
4.3a respectively.

A microhardness profile (HV 0.3) in a cross section of smooth specimens is
given in Fig. 4.2b. It indicates a peak hardness of 650 HV 100 mm below the
surface and a hardening depth of 0.40 mm (base hardness +50 HV).

The microhardness profile (HV 0.3) for notched specimen is given in Fig.
4.3b. In this case the microhardness profile reveals a peak hardness of 590
HV at the surface and a hardening depth of 0.30 mm (base hardness +50
HV).

4.1.2 Laser Hardening

A low magnification cross-section of a smooth specimen is shown in Fig.
4.4a indicating a hardening depth between 0.3 and 0.5 mm. The
microhardness cross-section is shown in Fig. 4.4b and it shows a peak
hardness of 640 HV 0.3 and hardening depth of 0.35 mm, i.e. the hardening
profile is fairly close to the ion nitride one for smooth specimens.

The microstructure of laser hardened layers for notched specimens is given
in Fig. 4.5a, showing different layers formed at different depths. It was
verified that this microstructure correspond to or is close to the overlapping
zone. It presents a curious outer bright layer which has the highest
corrosion resistance as can be seen from Fig. 4.5c because this picture was
taken 24 hours after that the specimen was etched. The etching used to reval
retained austenite was 10 ml of HNO3 + 100 ml of HC1 + 100 ml H2O + 0.3 ml
staining agent (110). The hardness profile for the overlapping zone is shown
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in Fig. 4.5b and shows a peak hardness of 620 HV 0.3 and hardening **epth
of 1.3 mm.

Fig. 4.6 shows the microhardness profiles (HV = 0.025) corresponding to 3
different zones: the overlapping zone, the region opposite to the overlapping
zone, and the region between these two zones. It can be seen that the
hardness at and close to the surface is not uniform and changes very much
from one surface area to another.

Fig. 4.7 shows a circumferential microhardness profile (HV = 0.025) at
depths 0.015 mm and 0.025 mm below the surface. These figures also show
that the hardness is nonuniform along the whole surface and therefore the
correspondent microstructure is also nonuniform.

4.1.3 Hot Dip Galvanizing

For smooth specimens the zinc layer was about 10 urn to 13 |j.m thick, see

Fig. 4.8.

For notched specimens the zinc layer was about 16-19 |im thick, see Fig. 4.9.
This figure shows the 4 different phases: T, S2,

4.2 Fatigue Results

The Wöhler curves for smooth specimens (P) are shown in Fig. 4.10a-e.
Whereas, the Wöhler curves for notched specimens (N) are shown in Fig.
4.11a-d.

Figures 4.12 and 4.13 show the S-N curves for each treatment condition all
together, for smooth and notched specimens respectively.

The fatigue limits for both smooth and notched specimens determined by the
staircase method, are given in table 4.1. The fatigue limits and the fatigue
strength at N=2105 and N=2106 are also shown graphically in Fig. 4.14
and 4.15 respectively. The linear parts of the finite fatigue life of the S-N
curves was drawn by eye.
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The values of the fatigue strength reduction factor Kf were calculated by
using the eq. (2.5). The values of notch sensitivity factor q were calculated
from the eq. (2.6). Finally, using the Peterson's formula Eq. (2.9), the values
of the material constant a were calculated. The values of Kf, q and a are
given in table 4.1 together with the fatigue limits, peak hardness, case
depth, retained austenite and residual stresses values.

4.3 Fractography and Coating Appearance

4.3.1 Ion Nitridingr

Fig. 4.16a-g show the relevant aspects of fracture surface and coating
appearance of ion nitrided specimens. A typical fracture origin at a
subsurface non metallic inclusions of a smooth specimen is shown in Fig.
4.16a, b. This type of failure ocurred for load amplitude level below 1000
MPa. The initiation points are between 0.3 to 0.7 mm below the surface. Fig.
4.16c shows a mixture of intergranular and transgranular fracture in the
case region (about 220 mm below the surface). It also shows fine striations.

For all the notched specimens the fatigue crack origin is at the surface. A
typical crack initiation region is shown in Fig. 4.16d. Secondary cracks were
found in the compound layer (white layer), see Fig. 4.16e-f.

The granular surface aspect, as a consequence of the glow discharge
process during ion nitriding is shown in Fig. 4.16g for a fatigued notched
specimen. Secondary cracks are also shown.

4.3.2 Laser hardening

Details of the fracture surface and coating appearance of laser hardened
specimens are shown in Figs. 4.17a-n.

The fatigue crack initiation ocurrs below the surface at slag inclusions for
some smooth laser hardened specimens and at the surface for another
specimens. For all notched laser hardened specimens the crack initiation
failure occurs at the surface, see Fig. 4.17a-b. Fig. 4.17a also shows that the
fracture of the case hardened is less ductile than of the matrix.
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Fig. 4.17c shows the intergranular nature of the secondary cracks developed
at the surface coating region near the border of the fracture surface.

Fine striations are revealed at the case hardened zone, Fig. 4.17d. A
transcrystalline-intercrystalline fracture mode exhibited by the case
hardened zone is illustrated in Fig. 4.17e, whereas Fig. 4.17f shows the
fracture mode near the final fracture region i.e. in the core material;
dimples and secondary cracks can also be observed.

Fig. 4.17g-l show different portions of the surface coating of notched laser
hardened specimens, obtained in a single pass of the laser beam. Three
different surface microstructures were found at different parts of the
coating. One of them is a martensite structure with grain boundaries
clearly revealed without any etchant, Fig. 4.17g. The other one is a dendritic
structure, Fig. 4.17h-i, which indicate that local surface melting ocurred in
that region. The third one is an outer thin layer, Fig. 4.17j, which in some
regions covers the martensitic and dendritic structures (see Fig. k and 1
respectively). That layer in the case of fatigued specimens presents a pattern
of lines, Fig. 4.17j.

The surface coating also shows some kind of defects produced by the laser
hardening treatment, Fig. 4.17m-n.

4.3.3 Hot Dip Galvanizing

The initiation point for fatigue crack for smooth and notched hot dipped
specimens is at the surface, Fig. 18a-c. The Fig. 4.18c also shows the
different phases of the zinc layer. Fig. 18d shows striations at the crack
propagation region.



Fig. I Q&T specimen. Light microscope view of the micro-

structure 3% nital, 1040 x. Tempered martensite.
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Fig. 4.2 Smooth quenched and tempered plus ion-nitrided
specimen.
(a) Microstructure with white layer 4um. Mag. 800x
(b) Hardness profile.
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FIG 4.3 Notched quenched and tempered plus ion-nitrided
specimen.
(a) Microstructure with white layer 4 um
(b) Hardness profile.
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Fig. 4.4 Smooth Q & T + laser hardened specimen.
(a) Macrostructure. Mag. 5x. Hardening depth varies

between 0.3 and 0.5 mm.
(b) Hardnees profile.
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Fig. 4.5 Notched Q & T + laser hardened specimen.
(a) Microstructure Mag. 1125 x. Different layers

are formed at different depths.
(b) Hardness profile.
(c) Microstructure. Mag. 1365 x. Laser hardened

layers showing different corrosion resistance.
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(b) Region opposite to overlapping zone.
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Fig. 4.7 Notched Q & T + laser hardened specimen. Cir-
cunferential microhardness profile. rfV=0.025.

(a) at h=0.015 mm below the surface.
(b) at h=0.025 mm below the surface.



Fig. 4.8 Microstructure of smooth quenched and tempered
plus hot dipping in zinc. Mag. 800 x. Zn layer thick-
ness about 13 um.

Fig. 4.9 Microstructure of notched quenched and tempered
plus hot dipped specimen. Nital 1 %. Mag. 1450 x.
Zn layer thickness about 18 um.
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Fig. 4.10a As-rolled specimen. S-N curve.
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S-N curve.
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Fig. 4.1 Od Smooth quenched and tempered plus laser
hardened specimen. S-N curve.
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Fig.4.10e Smooth quenched and tempered plus hot dipped
specimen. S-N curve.
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(a)

(b)

Fig. 4.16 Q & T + ion-nitrided specimen. Fractography and
coating appearance.
(a) Smooth specimen. SEM view of crack initiation

point. 45 x.
(b) Enlargement of crack initiation point of (a). 700 x.
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(c)

(d)

Fig. 4.16 (c) Notched specimen SEM view of fracture surface
taken in the case hardened region 1500 x.

(d) Notched specimen. SEM view of crack initiation
area. 1500 x.
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(e)

(f)
Fig 4.16 (e)-(f). Notched ion-nitrided specimen. SEM fractogra-

phy of nitrided layer snowing secondary cracks
in the compound layer, (e) 2000 x (f) 4500 x.



Fig. 4.16 (g) Notched ionnitrided specimen. SEM view of
coating appearance. 2000 x. Granular surface
with secondary cracks.
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(a)

(b)

Fig. 4.17 Q & T + laser hardened specimens. Fractography
and coating appearance.
(a) Notched specimen. SEM view of the fracture sur-

face. 45 x. multiorigén fatigue failure.
(b) Notched specimen. SEM view of the crack initia-

tion area. 1000 x
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(c)

(d)

Fig. 4.17 (c) Notched laser hardened specimen. SEM fracto-
graphs. 2000 x. Crack initiation area and inter-
granular secondary cracks at the coating.

(d) Notched laser hardened specimen, SEM fracto-
graphs. 2000 x. Fine striations in the case har-
dened zone.
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(e)

(f)

Fig 4.17 (e)-(f) Notched laser hardened specimen. SEM fracto
graphs of transgranular-intergranular mode

of fracture : (e)in the case hardened zone. 3000 x.
(f)at the final fracture region.1500 x.
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(g)

(h)

Fig. 4.17 (g)-(h) Notched laser hardened specimen. SEM views
of the surface coating, (g) Martensite structure.
Not etched. 2000 x. (h) Dendritic structure. Not
etched. 1500 x.
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(i)

(i)

Fig. 4.17 (i)-(j) Notched laser hardened specimen. SEM views
of the surface coating, (i) Dendritic structure.
Not etched. 4500 x. (j) Thin layer covering some
portions of the surface. Not etched. 1000 x.
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(k)

(1)

Fig. 4.17 (k)-(l). Notched laser hardened specimen. SEM views
of the surface layer partially covering: (k) the
martensitic structure. Not etched. 700 x.and
(1) the dendritic structure. 200 x
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(m)

(n)

Fig. 4.17 (m)-(n) Notched laser hardened specimen. SEM
views of surface coating, (m) cracks pro-
duced by laser treatment. Not etched 450x.
(n) Defect produced by laser treatment.
Not etched. 450 x.
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(a)

(b)

Fig. 4.18 Smooth Q & T pus hot dipped specimen. Scanning
electron micrograph of initiation site for fatigue crack.

(a) Mag. 70 x.
(b) Mag. 700 x.
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(c)

(d)

Fig. 4.18 Notched Q & T plus hot dipped specimen. Scanning
electron micrographs of surface fracture.
(c) initiation site for fatigue crack. Mag. 3000 x.
(d) striations in the crack propagation region. 1500x.
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5. DISCUSSION

5.1 Effect of Surface Treatments on the Fatigue Behaviour of Smooth
Specimens

The Q&T condition gives a higher fatigue limit than the as rolled condition
but virtually no improvement in limited fatigue life, see Fig. 4.10a and 10b.
To analyse the effect of surface treatments on fatigue behaviour, the Q&T
condition can be regarded as a reference state to the three surface treated
conditions.

5.1.1 Effect of Ion Nitriding

From the Fig. 4.10c, 4.12, 4.14 and 4.15, and Tables 4.1, 4.2 and 4.3 it can be
seen that the ion-nitrided condition gives the highest fatigue limit and
longest fatigue life.

Ion-nitriding increases the fatigue limit of the Q&T condition by 53 % and
the fatigue strength by 72 % at N=2 105 and by 55 % at N=2104 cycles.

The fatigue failures for load amplitude level below 1000 MPa (N>104) are all
initiated subsurfacely and start at slag inclusions. The initiation points are
between 0.3 and 0.7 mm below the surface. For the two specimens tested
with larger amplitudes the failures started at the surface. Thi s is in perfect
agreement with the results for carburized steel specimens using the same
specimen geometry (114, 55). This can easily be understood if strain rather
than stress is seen as the controlling factor. The distribution of total (elastic
plus plastic) strain is given by the geometrical shape and the overall loading
condition, in the present situation the strain distribution is practically
linear. For high strain amplitudes the hard surface material has a lower
fatigue life than the softer core and hence will fracture first.

It is surprising that the ion-nitrided specimens are superior to the
specimens treated by the other methods even at high amplitudes, Fig. 4.12.
Ion-nitriding is 35 % more effective than laser hardening and 62 % more
than hot galvanizing in improve the fatigue limit (Table 4.2, row 3). The
higher compressive residual stresses present in nitrided specimens, Table.
4.1, row 6, may be part of the explanation.
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5.1.2 The Effect of Laser Hardening

The laser hardened specimens have compressive residual stresses, see
Table 4.1, row 6, at the surface which is beneficient for the fatigue
properties.

The laser parameters are such that the hot zone is almost approximated by
a ring which is moved along the specimen, i.e. like progressive induction
hardening.

This can be understood from the following calculations and Fig. 4.4.

The time to rotate the specimen one turn is trot=0.071 sec, the diffusing
distance rrot during trot is rrot=^4 atrot=l-61 mm, where a is the thermal
diffusivity (=9.1 10-6 n2 s-1). The overlap between two turns is 5-3.25=1.75
mm.

This situation has been treated by Melander (113) who shows that
compressive residual stresses are obtained, see also Ericsson (114).

Laser hardening gives better fatigue-properties than the reference Q&T
condition, Fig. 4.1 Od and Fig. 4.12. From Tables 4.1, 4.2 and 4.3, it can be
seen that laser hardening increase the fatigue 1-mit by 18 % and the fatigue
strength by 14 % (at N=2105) and by 23 % (at N=2-104) respect to the Q&T
condition. This is not always the case, Scholtes and Mordike (96) reported no
significant improvement by laser hardening flat specimens exposed to
plane reversed bending of CK45 steel (-AISI 1045 steel). However they found
tensile residual stresses in the surface while here compressive stresses
were measured. Singh, Copley and Bass (99) found a slight improvement for
the same steel in rotating bending. Bergmann (93) reports a decrease in
fatigue limit for laser melted ferritic SG iron, as measured by the pull-pull
test. It is obvious that the way laser hardening is carried out is extremely
important for the result.

The fatigue crack initiation occurs under the surface at slag inclusions in
four laser hardened specimens 3nd at the surface for another four
specimens. It is a tendency that the former have longer fatigue lives.



Table 4.1 Summary of the experimental results

1

2

3

4

5

6

7

8

9

10

11

Condition

Type af specimen

Peak hardnesp HV

Case depth, mm

Retained austenite, %

Residual Stress, MPa

Axial/Tangential

Fatigue mit (FL), MPa

Fatigue strength

N = 2105cycles

N = 2104 cycle?
v F.L. (plain)
^ F.L. (notched)

0 T R
q

Q&T

Plain

(P)

. . .

. . .

. . .

. . .

. . .

416131

480

624

Notched

(N)

. . .

. . .

. . .

. . .

---

260130

370

620

1.60

0.86

0.26

Ion nitriding

Plain

(P)

650

0.40

. . .

-570+40

-600+50

635134

824

968

1.13

0.19

6.82

Notched

( N )

590

0.30

. . .

-701164

560146

560

613

Laser hardening

Plain

(P)

640

0.35
. . .

-450+30

-370+75

491128

549

768

1.21

0.30

3.73

Notched

( N )

620

1.5

61.9

. . .

-210127

405164

457

733

Hot galvanizing

Plain Notched

(P) (N)

. . .

. . .

. . .

. . .

. . .

377132

400

672

. . .

. . .

. . .

. . .

. . .

235125

257

570

1.60

0.86

0.26
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5.1.3 The Effect of Hot Dip Galvanizing

The hot dipped specimens have slightly lower (-9 %, row 3 Table 4.2) fatigue
limit than the Q&T specimens and shorter fatigue lives in the long life
region. The fatigue strength decrease 17 % at N=2105 cycles, Table 4.3,
whereas they have slightly higher fatigue strength as N decrease (+8 % at
N=2104 cycles). See Fig. 4.1 Oe, Fig. 4.12, Fig. 4.14 and Fig. 4.15.

The cracks start at the surface at irregularities at the Zn surface, Fig. 4.18.

In handbooks, e.g. (115) and some other papers, e.g. (116) it is also often
claimed that hot-dipping in zinc gives a slight deterioration of the fatigue
properties in air but marked improvement in a corrosive environment
compared with the uncoated steel. Nilsson, et al, (119) found no influence of
hot-dip galvanizing on the fatigue properties for low and medium strength
steels (yield strenth 290-535 MPa). However, for steel with 690 MPa of yield
strength, the endurance limit was reduced by 35 %.

5.2 Effect of the Notch on the Treated Specimens

The presence of the notch with Kt=1.7 reduces by 38 % the fatigue limit of the
Q&T smooth specimens (see Table 4.2, row 3). The fatigue strength is
reduced by 23 % at N=2105 cycles and by only 0.6 % at N=2104 cycles. It
can be seen that the influence of the notch on the fatigue strength is almost
negligible in the low cycle region.

The same type of notch decreases the fatigue limit of the ion-nitrided
notched specimens by 12 % (row 4. Table 4.2) whereas the fatigue strength is
decreased by 32 % at N=2105 and uy 37 % at N=2106 cycles, respect to the
values of the ion-nitrided smooth specimens, (see Table 4.3). Therefore, the
influence of the notch in this case is higher in the short life region (low cycle
region).

The notch decreases the fatigue limit by 18 % for the laser hardened notched
specimens compared with the laser hardened smooth specimens (see Table
4.2, row 5). The fatigue strength decrease by 17 % at N=2105 cycles and by -5
% at N=2-104, see Table 4.3.



Table 4.2 Changes in fatigue limit

1 Condition

2 Type of specimen/

Ref. specimens

3 Q&T, P

Q&T, N

4 IN, P

IN, N

5 LH, P

LH, N

6 HG, P

HG, N

AFL., Q&T

MPa/%

Plain

(P)

Tl56

+60%

4219

-35%

4.144

-26%

4.75

-15%

in
+ 3 %

t39

+10%

Tl81

77%

Notched

(N)
4,156

-38%

. . .

. . .

1375

-59%

4300

-34%

231

-47%

4-145

-36%

4-117

- 3 1 %

T25

1 1 %

AFL, Ion nitriding

MPa/%

Plain

(P)

T219

+53%

T375

+144%

. . .

. . .

T75

+13%

Tl44

+29%

T230

+57%

T258

+68%

T400

170%

Notched

(N)
T144

+35%

T300

+115%

4-75

-12%

. . .

. . .

T69

+14%

Tl55

+38%

T183

+49%

T325

138%

AFL» Laser hardening

MPa/%

Plain

(P)

T75

+18%

T231

+89%

il44

-23%

469

-12%

. . .

. . .

T86

+21%

Tll4

+30%

T256

109%

Notched

(N)

111

- 3 %

Tl45

+56%

1230

-36%

4-155

-28%

486

-18%

. . .

. . .

T28

+7%

Tl70

72%

AFL, Hot galvanizing

MPaflb

Plain

(F)

139

-9%

t in
+45%

4,258

- 4 1 %

1183

-33%

4144

-23%

4-28

-7%

. . .

. . .

Tl42

60%

Notched

(N)

1181

-44%

125

-10%

1400

-63%

1325

-58%

4.256

-52%

4,170

-42%

4142

-38%

. . .

. . .
CO



Table 4.3 Change in fatigue strength at N=2105 and N=2104

dentition

Type of specimen/

Ref. cond.

N=2105 cycles

Q&T (P)

IN (P)

LH (P)

HG(P)

N=21C4 cycles

Q&T (P)

IN (P)

LH (P)

HG(P)

P

---

. . .

. . .

. . .

---

. . .

. . .

. . .

N

4-110

- 2 3 %

. . .

. . .

. . .

u
0.6%

. . .

. . .

. . .

IN

P

T344

+72%

. . .

. . .

. . .

T344

+55%

. . .

. . .

. . .

N

. . .

1264

-32%

. . .

. . .

. . .

1355

-37%

. . .

. . .

I H

P

T69

+14%

. . .

. . .

. . .

Tl44

23%

. . .

. . .

N

. . .

. . .

192

-17%

. . .

. . .

. . .

>l35

- 5 %

. . .

H G

P

i80

-17%

. . .

. . .

. . .

T48

+8%

. . .

. . .

. . .

N

. . .

. . .

. . .

1143

-36%

. . .

. . .

. . .

4-102

-0.2 %
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In the case of hot galvanized notched specimens the presence of the notch
produces a decrease of 38 % in the fatigue limit and a decrease of the fatigue
strength of 36 % at N=2105 cycles and of 0.2 % at N=2104 cycles, compared

with the respective values of the hot galvanized smooth specimens, see
Table 4.2 and 4.3. The effect of the notch in this case is quite similar to that
of the Q&T specimens.

The effect of the notch in the differently treated specimens are summarized
in Table 4.4.

Table 4.4 Effect of the notch in fatigue life

Condition

Decreasing in
fatigue limit (%)

Decreasing in
fatigue life (%) at

N=2105

N=2104

Q&T

38

23

0.6

IN

12

32

37

LH

18

17

5

HDG

38

36

0.2

5.3 Effect of Surface Treatments on the Fatigue Behaviour of Notched
Specimens

The fatigue performance of the Q&T notched specimens have been taken as

reference state to analyse the fatigue behaviour of the three surface treated

notched specimens.

5.3.1 The Effect of Ion Nitriding

As in the case of smooth specimens, the ion-nitrided condition gives again

the highest fatigue limit, Fig. 4.13 and 4.14. The fatigue limit has been

increased by 115 % respect to the fatigue limit of the Q&T notched specimens

(row 3, Table 4.2).

A characteristic of the S-N curve (Fig. 4.11b and Fig. 4.13) is that the knee or
change in slop has been shifted from 5106 (for ion-nitrided smooth
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specimens) to 3104 cycles and the part of the Wohler curve for above the
fatigue limit (560 MPa) practically coincides with the corresponding part of
the S-N curve for the Q&T notched specimens. This means that ion-
nitriding is very effective at relatively low strain and long lives (N>3-104) but
it has not any effect at high strain amplitudes.

The fatigue failures for load amplitude levels above the fatigue limit (560
MPa) are all initiated from the surface, Fig. 4.16d.

It can be seen from Table 4.2, row 3, that ion-nitriding is 59 % more effective
than laser hardening in the improvement of the fatigue limit of the Q&T
notched specimens, and 125 % more effective than hot galvanizing. Again
the higher compressive residual stresses measured in ion-nitrided
specimens (see Table 4.1) must have an important role in the explanation.

5.3.2 The Effect of Laser Hardening

Laser hardening gives 56 % higher fatigue limit than the reference Q&T
notched condition (Table 4.2, row 3) and it gives the longest fatigue life for
load amplitude level above 560 MPa and longer fatigue life in the whole
finite life region than Q&T notched condition, see Fig. 4.13.

Laser hardened specimens all showed fracture commencing from the
surface of the hardened layer. The microstructure of the surface specimen
is nonuniform. Dendrites, Fig. 4.17h, i, were found in the overlapping zone
and a microstructure (martensite) with well defined grain boundaries
(without any etching) were found in other portions of the surface, Fig. 4.17g.
This effect may be the result of impurity segregation of carbonitrides
; -°cipitation in the grain boundaries causing grain boundary effect (117).
The precipitates weaken the grain boundaries and these become places of
stress raiser, from which the crack initiates. An appreciable number of
cracks produced by the laser hardening treatment were also found on the
surface of nonfatigued specimens, Fig. 4.17.

Lower compressive residual stresses compared with that found in laser
hardened smooth specimens were measured on the overlap zone of the laser
hardened notched specimens, see Table 4.1, row 6. The formation of the
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remelted zone and the relative high content of retained austenite measured

(61.9 %) may be part of the explanation of that difference.

5.3.3 The Effect of Hot Dip Galvanizing

The hot galvanized notched specimens have the lowest fatigue limit and the

shortest fatigue life, Fig. 4.13. Hot galvanizing decreases by 10 % the fatigue

limit of the Q&T notched specimens; this can be attributed to the generation

of stress raiser sites produced by ruptures in the brittle zinc layer.

5.4 Effect of the Surface Treatments on the Notch Sensitivity

The Q&T condition will be used as reference state for this anlaysis.

It can be seen (Table 4.1) that the fatigue notch factor K.,. and

the notch sensitivity index q is equal to 0.86 for Q&T. From tn -m

also be seen that ion nitriding reduces by 29 % the value ef k^aad by i 6 %

the notch sensitivity index q of the Q&T condition.

On the other hand, laser hardening decreases the value of Kf by 24 % and

the notch sensitivity index by 65 %.

Hot galvanizing has not any effect neither in Kf nor in q.

5.5 Explanation of the Different Effects

An explanation of the causes which are responsible for the different effects

observed in this work will be intended in the remainder of this discussion.

The independent variables are surfaces treatments (through the change in

hardness and residual stresses) and stress concentration (notch). The

dependent variables are fatigue limit, fatigue strength, fatigue life and

notch sensitivity.

Considering that the hardness profile produced by ion nitriding and laser

hardening are quite similar and that ion nitriding improves the fatigue

limit (29 % for smooth specimens and 38 % for notched specimens) more

than laser hardening and that ion nitriding has 21 % higher value of
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compressive residual stresses than laser hardening, it is reasonable to
assume that residual stresses is the main factor in influencing the fatigue
behaviour in this work. Therefoi J, the analysis of the influence of surface
treatments will be based on the influence of the residual stresses. Ion
nitriding will be taken as the representative surface treatment. It is also
assumed that the core material is homogeneous. A good discussion about
residual stress effects on fatigue of surface hardened steel is given by T.
Ericsson (112). On the other hand, Kloos et al (118) have been earried out on
investigation of factors influencing the development of residual stresses in
induction hardened specimens and how those factors affect the fatigue
behaviour. They made simular analyses than the one used in this work.
Furthermore, the schematic model used to explain the different effects gives
only qualitative results. Strictly, the residual stresses must be considered
as mean external stresses when it is added to the applied cyclic stress
distribution.

5.5.1 Explanation of the Effect of Ion Nitriding on Smooth Q&T Specimens

Fig. 5.1a shows the stress distribution in smooth Q&T specimen subjected to
bending fatigue. It consists in a uniform stress gradient with the
maximum stress at the surface and zero stress at the middle (neutral axis)
of the specimen. Under this applied distribi n the measured fatigue limit
was 416 MPa, point I. For all values above the fatigue limit is expected that
fatigue failure occurs. The initiation point of the failure should be at the
surface where the stress is maximum.

When ion nitnding is carried out on the smooth Q&T specimen, an increase
in the hardness of the case and the generation of residual stresses are
observed. Fig. 5.1b gives a schematic representation of an assumed residual
stress distribution introduced by ion nitriding, with the maximum
compressive residual stress (-570 MPa) at the surface.

Then, the stress distribution in a smooth ion nitrided specimen, Fig. 5.1c, is
the result of the (a) + (b) stress distributions. It can be seen that the net effect
of the residual stresses is the high reduction of the applied stress
distribution through the case. The maximum reduction occurs at the
surface. Under these conditions the maximum stress is in the limit between
the case and the core (point D, at a depth h below the surface, and therefore



the fatigue behaviour will be controlled by the core material. The position of
the point I1 depends upon the applied stress distribution and upon the type
of residual stress distribution generated by the surface treatment.

It can be seen that the stress at the point I1 is lower than the original fatigue
limit (point I, Fig. 5.1a) in the amount ASl=Sl-Sl'. This means that the
fatigue limit of the ion nitrided specimens have been increased in ASl due to
stress gradient, Fig. 5.1a. On the other hand the displacement of the
original initiation point I from the surface to a new position I' below the
surface, anull all of the detrimental factors related to the surface
(environment, surface condition etc). This must be treated as an increment
ASs in the fatigue limit. Finally, the case hardness produced by ion
nitriding increases the stress required to produce the local yielding that
leads to crack initiation (predominant factor at long lives). This is also
considered as an increase ASfJV in the fatigue limit, therefore the total
increment in the fatigue limit AFL caused by ion nitriding is

AFL=FL (treated)-FL (untreated)=AS+ASs+ASHV (5.1)

where AFL>0. For this work AFL=(635-416 MPa=211 MPa). This represents
an increment of 53 % (Table 4.2).

It can be seen from the expression for AFL and the discussion above that if
the residual stress distribution is measured then it can be possible to
determine separately the contribution of both residual stress and hardness
when ASs is minimized or when it is known. Under this condition it could
also be possible to predict the fatigue limit of surface treated specimens.

For stresses above the fatigue limit (except at very high stresses), the Fig.
5.1c predicts the failure occurs at a depth h. The values for h can be
estimated using the Peterson's relation with the material constant a given
(51) by

a = ch[Kt/(Kt-l)] (5.2)

with c = 1.2 for bending and K̂  = 1.7. Then:

a = 6 h or h = a/6 (5.3)



85

Using the values for a listed in table 4.1, the following values are calculated

h = 0.26 mm/6 = 0.04 mm (Q&T)
h = 6.82 mm/6 = 1.14 mm (I N)
h = 3.73 mm/6 = 2.62 mm (L H)
h = 0.26 mm/6 = 0.04 mm (H G)

(5.4)
(5.5)
(5.6)
(5.7)

According to the Peterson relation for smooth specimens (Ref. 26, pg. 32),
the initiation point should be at h = 2 mm below the surface.

200 4 0 0 S ' M P a -400 -200 0
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Fig. 5.1 Effect of ion-nitriding in the fatigue behaviour of smooth Q&T
specimens, (a) Stress distribution in bending fatigue test smooth
Q&T specimen, (b) Residual stress distribution introduced by ion-
nitriding. (c) Resultant stress distribution ((a) + (b)) in smooth ion-
nitrided specimen subjected to bending fatigue.
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Fig. 5.2. Effect of the notch on the fatigue , aviour of smooth Q&T
specimens, (a) Stress distribut .i in smooth Q&T specimen
subjected to bending fatigue (b) Stress distribution produced by the
notch, (c) Resultant stress distribution in notched Q&T specimen
subjected to bending fatigue.
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Fig. 5.3. Effect of ion-nitriding in the fatigue behaviour of notched Q&T
specimens, (a) Stress distribution in notched Q&T specimens
subjected to bending fatigue, (b) Residual stress distribution
produced by ion-nitriding. (c) Resultant stress distribution in
notched ion-nitrided specimen subjected to bending fatigue.
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By fractographic analysis the initiation points were found between 0.3 and
0.7 mm below the surface. The difference may be explained, at least in part,
taking into account the brittleness of the case and the presence of internal
stress raisers such as non metallic inclusions which are not considered in
this model.

For stresses well above the fatigue limit, higher than 1000 MPa, apparently
should be expected the same behaviour as before, because, the point I' still
has the highest stress value. However, at these levels of load the following
new facts must be taken into account.

(a) The stress at the surface (point I) has now values higher than the fatigue?
limit of the core material (assuming that the residual stress distribution,
Figure 5.1b, has not suffered any change).

(b) At these high loads the small surface stress raisers can increase
appreciably the surface stress.

(c) At these high loads (higher than the yield stress of the material)
relaxation of the residual stress can occur (35,121), shifting the point I to
higher stress values.

(d) In the region of high loads (low cycle region), the strain controls the
fatigue behaviour and the high strength of the case has not now any
beneficial effect.

All of these facts tend to increase the stress of the surface and it can easily
get higher values than that of the internal point I'. Consequently the
failures must be initiated at the surface. This was confirmed by the
fractographic analysis:

5.5.2 Explanation of the Notch Effect on Q&T Specimens

The notch introduced is characterized by Kt = 1.7 and R = 1.60 mm = 0.06 in.

The v^lue of the fatigue limit for notched Q&T specimens was 260 MPa,
Table 4.1. It means that the fatigue limit has deereased by 156 MPa (-38%)
respect to the fatigue limit of smooth Q&T specimens.
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Figure 5.2a, shows an assumed stress distribution which has to be applied
to get the fatigue limit in the smooth Q&T specimens.

It is known that a notch acts as a stress raiser in the region around the
notch. The maximum stress S ; l i a x developed under an applied stress S n is:
Smax = K t s n - T h e n a t t h e notch root S m a x = Kt Sj = 1.7 x 260 MPa = 442
MPa. Thus it is possible to deduce that the net surface stress introduced by
the notch is 442 - 260 = 182 MPa. Therefore it is possible to assume a stress
distribution like that of the Figure 5.2b generated by the presence of the
notch.

When Figure 5.2a and Figure 5.2b, are added together the resultant stress
distribution in notched Q&T specimen, Figure 5.2c, is obtained.

Actually, the values of the stress distribution are given by S e = Kf Sn . At the
surface this value is Se = Kf Sj = 416 MPa.

The difference (26 MPa in this case) between the theoretical value and the
actual value is measured by the notch sensitivity index q = (Kf -1 )/(Kt -1) =

0.86 (for &T).

It can be seen from Figure 5.2c that as an effect of the notch the stress
values and slope of the applied stress distribution in the region near the
notch is increased. For a given applied stress distribution, the effect of the
notch will depend on the severity of the notch (K{, and R) and on the response
behaviour of the material against the stress concentration. And for a given
notch its effect on the fatigue behaviour will depend upon the applied stress
distribution and also upon the response properties of the material. It is
expected then, that any means which tends to reduce the stress values and
slope of the stress distribution in the region of the influence of the notch will
produce a decrease in the notch sensitivity.

Again from Figure 5.2c, it can be seen as the maximum stress value
correspond to the point I' at the surface, then the failure must be initiated
from the surface for whole stress values above the fatigue limit (260 MPa).
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5.5.3 Explanation of Ion Nitriding Effect on Notched Q&T Specimens

Figure 5.2.c, has been reproduced in Figure 5.3.a. On the other hand taking
into account that the process parameters of ion nitriding for smooth and
notched specimens were the same and ion nitriding produces a uniform
case even in notched specimens (compare Figure 4.2a and 4.3a), it is
reasonable to assume that the residual stress distribution for both kind of
specimens are the same (in notched specimens higher tangential residual
stresses were measured but the standard deviation was also higher, Table
4.1). Thus Figure 5.1b has been reproduced in Figure 5.3b. Figure 5.3c,
shows the new resultant stress distribution.

It can be seen from Figure 5.3c, that the residual stress has three effects, it
anulls the effect of stress concentration (notch), produces a strong reduction
in the applied stress distribution in the case region and shifts the initiation
point I, Figure 5.3a, from the surface to a new position I' below the surface
(depth h). Under this condition, like in the case of smooth ion nitriding, the
fatigue behaviour is controlled by the core material. The total increment in
the fatigue limit AFL respect to that of the notch Q&T specimen is also given
by eq (5.1). But, in this case AS is l.igher because of the applied stress
distribution, Figure 5.3a, has lower values than for the smooth specimens,
Figure 5.1a. This may explain, at least in part, why the higher efficiency of
ion-nitriuing on notch specimens (115%) compared with ion-nitriding (with
the same process parameters) applied on smooth specimens (53%). See
Table 4.2, row 3.

The measured fatigue limit was 560 MPa. This stress practically
compensates the effect of the compressive residual stresses. This means
that the stress at the point I in Fig. 5.3 a at the surface can be slightly above
or below the fatigue limit. This can explain why the highest standard
deviation was observed for the fatigue limit of the notched ion-nitrided
specimens.

For values above the fatigue limit the maximum stresses are all at the
surface, then failure for all the fatigue life must initiate from the surface (in
good agreement with the experimental results). Furthermore the stress
concentration again commences to act with Kf = 1.6 (as Q&T specimens)

giving values higher than the yield point of the material. Residual stress
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relaxation occurs, the case hardness does not produce more benefits at
these high loads, therefore for the whole finite life region the fatigue
behaviour of the notched-ion nitrided specimens must be the same as the
fatigue behaviour of the notched Q&T specimens. This behaviour was
observed experimentally, Figure 4.13.

5.5.4 Explanation of Laser Hardening Effects

An analysis, similar to that for ion nitriding, can be made for laser
hardening. The experimental results show an analogous behaviour for both
of the two kinds of surface treatments. However, there is an appreciable
difference in the degree of the improvement between both of them.

The smaller efficiency (23%) showed by the smooth laser hardened
specimens may be explained by the presence of compressive residual stress
with values 21% smaller than those of ion nitrided specimens.

For notched specimens laser hardening is even less efficient (28%) than ion
nitriding. This may be explained, at least in part, taken into account the
following detrimental effects of laser treatment:

(a) A nonuniform microstructure along the speciment surface. Besides the
expected martensite microstructure, Figure 4.17g, another two phases were
found around the overlapping zone. One of them was a dendritic struct, .e,
Figure 4.17g, i, which reveals that in that region surface remelting
occurred and that the cooling rate was low enough to permit crystallization
to take place (90-94). The other phase was a thin white layer, Figure 4.5a,
which is non-etchable and apparently without microstructure, similar to
metallic glass surface layers obtained in melting laser surface treatments,
suggesting that it would correspond to a layer of amorphous phase (metallic
glass) or perhaps to a fine crystalline phase.

Formation of metallic glass depends on the achievement of rapid cooling
necessary to avoid crystallization. Furthermore, another detrimental factor
found was retained austenite.
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(b) Formation of surface cracks, and pores, which are perhaps a result of
stresses generated during solidification of the molten surface. Those defects
were found specially in the dendritic area, Figure 4.17m-n.

(c) Precipitation of carbides or perhaps formation of boron nitrides into the
martensite grain boundaries may also be another detrimental factor. These
precipitates weaken the grain boundaries which become preferred sites for
crack nucleation. The cracks will have an intercrystalline propagation,
Figure 4.17c.

5.5.5 Effects of Surface Treatments on q

For members with the same geometry and made with the "same" material,
the differences between Kf and K± essentially arise because the elastic theory
used to calculate K^ is not the adequate one to explain phenomena, like
fatigue, which are strongly dependent of the microstructure and
microscopic events. Fatigue is characterized by the initiation and
propagation of cracks from very localized regions where plastic strains and
stresses are the responsibles for those processes. Thus the assumptions on
which is based the calculation of K^ are no more valid.

Therefore, for a giv ;c. specimen geometry, it would be expected that
changing, by difff e .t means, the material properties (such as tensile
strength, intern? ;<:sses, grain size, plasticity etc) which affect the
processes of crac ; y tiation and crack propagation must also affect the
materials' sensix >t/ to stress concentration.

In this work tr t surface treatments: ion nitriding, laser hardening and hot
galvanizing we c used to change the notch sensitivity of the Q&T
specimens.

Ion nitriding an. laser hardening decrease noticeable the notch sensitivity.
In the infinite \\U; region, this can be seen as the result of two different
factors:

(1) The compressive residual stresses which annul the effect of the stress
concentration through the case and also move the crack initiation site from
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the surface (preferred site) to sites below the surface, where there are less
stress condition for initiation.

(2) The hardened case which increases the tensile strength and decreases
the ductility of the case. Under these conditions local yielding that leads to
crack initiation can not easily occur.

Hot galvanized material has the same notch sensitivity as Q&T material.
This means that hot galvanizing does not produce appreciable changes in
the fatigue stages. In the innnite life region, the cracks formed in the brittle
zinc layer, probably, did not get the critical length necessary to propagate
and remains as dormant cracks.

The values of the material parameters R', a and ar for the different
conditions can be calculated by replacing the q and Kf/K^ values founded in

this work in the equations (2.8), (2.9) and (2.10) respectively, (see Table 4.5).

Table 4.5 also contains the values of the notch sensitivity defined as
instead of q = (Kf - l)/(Kt -1). For better comparison the values of q have been
reproduced in this table. It can be seen that Kf/Kt gives smaller variation in
the notch sensitivity values than q, as is pointed out by Buch (53).

With the following material parameter values taken from the litteraturer R'
= 0.017 mm for quenched and drawn SAE - 4130 (Ref. 46, Pg 26), a = 0.06 mm
for Q&T steels (Ref. 51, Pg 301), and a1 = 0.015 mm for steels with tensile
strength more than 700 MPa (Ref. 24, Pg 145); the values of q, Kf and S n

(notched fatigue limit) were calculated and the results are shown in Table
4.6.

The experimental value q = 0.86 obtained in this work for Q&T and R = 1.6
mm = 0.6 in corresponds to a point which is inside the intersection of the
quenched and tempered and normalized or annealed scatter bands for
steels, alternating bending, Figure 13.5, Pg. 296 of Ref. (51). From table 4.5,
it can be seen that this q value is in better agreement with q = 0.91 obtained
from Neuber's equation than of q = 0.96 obtained from Peterson's equation.
The closest value to it, q = 0.84 obtained is from Heywood's equation.



93

On the other hand, the q vs R curves.bending or axial loading, obtained
from eq. 2.9, see Figure 13.12 p. 303, Ref. (51) show that the values q = 0.86
and R = 1.6 mm = 0.06 in corresponds to an annealed or normalized steel

Table 4.5 Material constans of surface treated steel SS 2131

CONDITION

a , mm

R1 , mm

a' , mm

q = Kf-l/Kt-l

Kf/Kt

Q&T

a n d H G

0.26

0.04

0.001

0.86

0.94

I N

6.82

28.84

0.10

0.19

0.66

L H

3.73

8.58

0.06

0.30

0.71

Carburizing

Ref. (56)

0.43

0.18

0.009

0.70

0.83

Table 4.6 Values of q, Kf and S n expected for a Q&T steel

FORMULA

Material parameter

q
Kf

S n , MPa

Peterson

Eq. (2.9)

a=0.06 mm
0.96
1.67

249

Neuber

Eq. (2.8)

R'=0.017 mm
0.91

1.63

255

Heywood

Eq. (2.10)

a'=0.015 mm
Kf/Kt = 0.84

Kpl.43
290

with about 490 MPa tensile strength instead of 873 MPa tensile strength
measured for the Q&T steel. This means that Peterson's relation does not
give a good correlation between q , R, and tensile strength. Much better
correlation is obtained by using the q vs R curves obtained from the Neuber-
Kuhn equation, see Figure 13.7, p. 298, Ref (51). This chart indicates that
those values correspond to Q&T steel with about 966 MPa tensile strength.



The value of the notched fatigue limit for Q&T steel predicted by the
Neuber's equation (Sn = 255 MPa) is very close to the experimental value (Sn

= 260 ± 30 MPa). The values S n = 249 MPa (from Peterson's equation and S n

= 290 MPa (from Heywood's equation) are also in accordance with the
experimental value taking into account the respective standard deviation.

Table 4.5 also contains the q, Kf, and the material parameter values for

steels carburized specimens used in bending fatigue studies by L.
Magnusson (55). In that work the notched specimens have R = 1 mm and Kf,
= 2.2. The notch sensitivity results are: q = 0.7 and Kf/Kt = 0.83. It can be
seen that notch sensitivity defined as q = (Kf -1 )/(K^ -1) shows a large

difference between the values of q for carburizing and ion nitriding,
whereas the difference is much lower if Kf/K^ is used as definition of notch

sensitivity. The high notch sensitivity of carburizing compared to ion
nitriding found in these studies may be due to:

(a) The higher tensile strength of the carburized specimens (SS2506 and
SS2511 steels).

(b) The lower residual stresses measured in the carburized specimens.

(c) The relative high % of retained austenite measured in carburized
specimens (20 to 26%). No presence of retained austenite is expected in ion
nitrided specimens.

(d) The relative high difference in the hardness profile of smooth and
notched carburized specimens.
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a CONCLUSIONS

6.1 Smooth Specimens

6.1.1

Ion-nitriding and laser hardening gives clear improvements in fatigue
properties compared with only Q&T material.

G.I .2

Ion-nitriding is 29% superior to laser hardening in this study although
hardening depth and maximum hardness are about the same.

6.1.3

Hot dipping gives a sligh deterioration compared to Q&T condition and the
as rolled condition has slightly lower fatigue limit but about the same finite
life properties as Q&T condition.

6.1.4

Surface treated specimens show a relatively high fatigue strength when the
failure initiates from the core.

6.2 Notched Specimens

6.2.1

The effect of the notch in steel SS2131 can be seen as increasing the tendency
for surface crack initiation. Notching reduces by 38% the fatigue limit of
both Q&T and hot-dip-galvanized specimens.

6.2.2

Ion nitriding and laser hardening improve the fatigue limit of notched
specimens by 115% and 56% respectively. Furthermore, notched ion-
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nitrided specimen have ZS% higher fatigue limit than that of smooth Q&T
specimens.

6.2.3

Ion nitriding practically annul the notch sensitivity of Q&T material. It
decreases by 78% the value of q. Whereas laser-hardening does in 65%. Hot
galvanizing does not modify the value of q.

6.2.4

A presence of higher compressive residual stresses and a more uniform
microstructure may be the cause why ion-nitriding gives higher
improvement in fatigue properties compared with laser hardening. It
would be expected that adjustments in the process parameters of laser
hardening will give better results.

6.2.5

Relief of residual stresses and no positive effect of hardness seem to be the
responsible of the decreasing effect of ion-nitriding and laser hardening in
high stress - low cycle region.
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