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MECHANISMS OF THE EARLY FATIGUE DAMAGE

IN METALLIC MATERIALS

The early stages of the fatigue damage in f.c.c. and b.c.c. metals are studied using high resolution techniques. The localization of the cyclic
plastic strain results in formation persistent slip bands (PSBs) with specific dislocation structure. Characteristic surface relief is formed at
locations where PSBs emerge on the surface. It consists of extrusions and intrusions separated by the original flat surface. Atomic force
microscopy is used to study the details of the surface relief. The experimental findings are discussed in terms of the point defect model of fatigue

crack initiation.

1. Introduction

The basic facts concerning the surface relief formation in
fatigued metals were documented already at the beginning of the
20" century by Ewing and Humfrey [1] by observing the surface
of fatigued Swedish iron. The optical microscope used in these and
later studies could not reveal details of the emerging extrusions
and intrusions and eventually the early initiation of fatigue cracks.
Later studies using replicas in transmission electron microscope
or classical scanning electron microscope (see. e.g. [2]) yield higher
resolution but it is not possible to obtain quantitative information
in three dimensions.

Transmission electron microscopy allowed studying dislocation
structure of fatigued metals [2]. Early studies in single crystals
revealed specific structure of the bands, responsible for the local-
ization of the cyclic strain - persistent slip bands (PSBs). Oriented
foil technique [3] allows studying dislocation structure in individ-
ual grains of polycrystalline materials. PSBs accommodate high
cyclic plastic strain. Due to high cyclic plastic strain amplitude
localized in PSBs pronounced surface relief in the form persistent
slip markings (PSMs) is formed in areas where PSBs emerge on
the surface.

In this contribution the characteristic dislocation structures
corresponding to cyclic slip localization in polycrystalline f.c.c.
and b.c.c. stainless steels observed using transmission electron
microscope are shown. The characteristic surface relief produced
during cyclic straining of these materials - PSMs - using AFM
(Topometrics) is documented. The experimental data are used to
discuss the models of fatigue crack initiation.

2. Experimental

Polycrystalline specimens made of 316L austenitic stainless steel
and X10CrAl24 ferritic stainless steel were used in the present
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study. Smooth cylindrical specimens having 8 mm in diameter and
12 mm in gage length were slightly notched to produce surface
suitable for surface observations. The dimensions of the specimen
are shown in Fig. 1. The area of the notch was mechanically and
electrolytically polished to facilitate the observations of the surface
relief. The specimens were cycled in computer controlled MTS
880 electrohydraulic machine. Symmetrical strain cycle with the
strain rate € = 2.5 X 1072 s~ ! was applied at room temperature.
The plastic strain amplitude derived from the half-width of the hys-
teresis loop was kept constant using the computer “outer loop”.
Further experimental details concerning the materials and testing
procedure can be found elsewhere |3, 4].
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Fig. 1 Dimensions of the specimen with a shallow notch.
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The cycling was interrupted at a selected number of cycles;
the specimen was taken from the testing machine and inspected
in AFM. Replica technique was applied to reveal the depth and
the shape of extrusions and intrusions [5].

Some fatigued specimens were cut and thin foils with the foil
plane parallel to the specimen axis were produced. They were
observed in transmission electron microscope Philips CM12. Ori-
entation of the foil relative to the loading axis was determined
with the help of electron diffraction and Kikuchi lines.

3. Results
3.1. Dislocation structures

Dislocation structures corresponding to cyclic slip localiza-
tion were studied mostly in polycrystalline specimens cycled with
medium and low plastic strain amplitudes. Previous studies in
austenitic steel and in austenitic grains of duplex steel [6-8] revealed
the presence of specific bands (PSBs) with irregular ladder struc-
ture embedded in the matrix. The density of individual PSBs is
highest for medium plastic strain amplitudes ( ~ 2 X 1073).

Figure 2 shows characteristic dislocation structures in austenitic
and in ferritic stainless steels in specimens cycled with medium
plastic strain amplitudes up to the end of the fatigue life. Orienta-
tion of individual grains is shown by the position of the stress axis
in a stereographic triangle. The trace of the primary slip plane and
Schmid factors of mostly stressed systems are also shown. Indi-
vidual ladder-like bands, parallel to the primary slip plane in Fig.
2a consist of alternating dislocation-rich walls and dislocation-poor

Stress axis is [589]
SF {(111) [T01]} = 0.404
SF {(111) [170]} = 0.37

Foil plane (1 12 10) has
30 ° difference to (121).

foil plane.

Fig. 2 Ladder-like structures of PSBs and matrix in specimens cycled to fracture (a) austenitic steel, €,, = 1 X 1073

Primary slip plane (111) is
nearly perpendicular to the

channels, both approximately perpendicular to the foil plane. This
structure corresponds to the dislocation arrangement in fatigued
single crystals [2].

Ladder-like dislocation structures were also found in fatigued
ferritic stainless steel cycled with constant low plastic strain ampli-
tude. Figure 2b shows a micrograph of a grain oriented for single
slip in a section close to (121) plane with three bands of ladder-
like structure parallel to the traces of (101) or (112) planes. The
matrix is formed by random arrangement of dislocations [9]. Dis-
location walls consisting of dipole and multipole configurations are
more regular than in case of austenitic steel (Fig. 2a). Screw dislo-
cation segments in the channels are hanging between neighbor dis-
location walls.

3.2. Surface relief evolution

Typical shapes of PSMs in 316L steel fatigued to fracture as
recorded by AFM are shown in Fig. 3. Since the real shape of
PSMs is distorted in the AFM [5] it was necessary to record not
only the AFM image of the metallic surface (Fig. 3a) but also the
inverted AFM image of the plastic replica taken at the identical
location (Fig. 3b). Comparing these two images enough informa-
tion on the real shape of typical PSMs in fatigued 316L steel can
be obtained. The band-like extrusions emanate from the material
in a direction of the active Burgers vector and their height fluctu-
ates only moderately. One or two thin parallel intrusions, observed
on the image of plastic replica (Fig. 3b), penetrate into the mate-
rial at the boundary between PSB and the matrix, preferably on
the side of the extrusion where the angle between the surface and
the slip plane emerging from the crystal is acute.
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(b) ferritic steel, €,, = 2 X 1073, (Direction of the stress axis (S.A.) is shown in a basic triangle).
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Fig. 3 AFM images of the surface relief of individual PSMs in 316L steel on the metallic specimen (a) and on the plastic replica (b);
€, = 2 X 1077, N = 20 000 cycles.
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Fig. 4 AFM image of the plastic replica of the austenitic grain
afier 500 loading cycles with €,, = 1 X 1077,

The growth of extrusions and intrusions in constant plastic
strain amplitude cycling has been followed quantitatively using AFM.
The extrusions start to grow very early in life (0.1% Nf ). The
initial rate of extrusion growth is high, decreases later and for most
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Fig. 5 Simultaneous growth of extrusions and intrusions in the grain
Oof austenitic steel at the beginning of cycling with €,, = 1 X 1073,

of the fatigue life the stabilized value 2.5 X 10~ m/cycle in cycling
with constant plastic strain amplitude 2 X 103 is reached [10].
The growth of intrusions can be measured using plastic replica
technique. Only early stages of intrusion formation could be doc-
umented since intrusions are very thin and deep and plastic replica
reproduces their shape only when their depth is less than 0.5 wm,
exceptionally up to 1 wm. Figure 4 shows the AFM image of the
plastic replica of a grain of 316L steel cycled with plastic strain
amplitude €,, = 1 X 1073 for 500 cycles (1.1 % N,). Four PSMs
denoted A, B, C, D are present. An intrusion starts growing at one
side of an extrusion C while extrusions in all PSMs are already
well developed. The first signs of this intrusion were detected at
350 cycles (0.8 % N). Figure 5 shows the height of an extrusion
and the depth of parallel intrusions accompanying the extrusion
early in fatigue life. The plot and also more detailed observations
[10] reveal that while the extrusions start very early in fatigue life
the intrusions appear and start to grow after some lag (~ 350
cycles in this grain). In most cases the rate of intrusion growth is
much higher than that of the extrusion. This could be connected
with the fact that intrusions are much thinner than extrusions.

Similar observations on the shape and the growth of extru-
sions and intrusions were made on ferritic stainless steel. Figure 6
shows the AFM image of one grain of ferritic stainless steel cycled
with g, = 2 X 1073 for 9 000 cycles (close to N,). Figure 6a shows
the image of the metallic surface and Fig. 6b the image of the
plastic replica. While only extrusions seem to be detected in Fig.
6a, Fig. 6b shows both extrusions and parallel intrusions. The vari-
ation of the extrusion height and intrusion depth along PSMs is
higher than in austenitic steel. Therefore for the quantitative mea-
surement of extrusion growth in ferritic stainless steel the mean
integral height of extrusions was evaluated [11]. Also in ferritic
steel the initial growth rate of extrusions is higher and stabilizes
later for most of the fatigue life.

4. Discussion

Experimental data on the dislocation structure of PSBs and
on the details of the surface relief simultaneously with the knowl-
edge of the dislocation motion and interactions in metallic materials
allow us to specify the mechanisms leading to the early formation of
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Fig. 6 AFM images showing the surface relief of individual PSMs in a grain of ferritic steel taken on the metallic specimen (a)
and on the plastic replica (b); €,, = 2 X 1073, N = 9 000.

the surface damage in the form of PSMs. Fig. 7 shows schemati-
cally the dislocation arrangement of a PSB. It consists of alternat-
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Fig. 7 Schematic picture showing dislocation structure of a PSB.

ing dislocation walls composed from edge dipoles and multipoles
alternating with dislocation free channels. Dislocation loops are
emitted from the walls and expand in the primary slip plane without
obstruction into the neighbor channel. When reaching the opposite
wall the edge segment is built in the neighbor wall in the multipole
configuration. The screw parts move apart carrying the majority of
the local plastic strain until they annihilate by cross slip with a screw
dislocation segment on a parallel plane moving in the opposite
direction. This deformation mechanism can result only in random
relief formation. To account for the extrusion and intrusion for-
mation some redistribution of matter must be considered.

Point defect models of fatigue crack initiation predict the for-
mation of extrusions and/or intrusions. Formation of point defects
in cyclic straining has been proved experimentally [12]. Essmann
et al. [13] (EGM model) consider the formation of unit dipoles,
i.e. rows of vacancies or interstitials by encountering two opposite
edge dislocations on a neighbor planes or by the motion of a non-
conservative jog on a screw dislocation. Due to lower formation

energy vacancy production prevails. Only a static extrusion whose
height is proportional to the saturated vacancy concentration was
considered in EGM model [13]. Polak’s model [14] extends the
EGM model by considering the migration of vacancies from the
PSB to the matrix. The reversed migration of the atoms from the
matrix to the PSB leads to an accumulation of matter in a PSB.
The compression stresses are relaxed by plastic straining and result
in a steady growth of an extrusion in agreement with experiment.
In the areas, where vacancies are annihilated in the matrix, i.e.
mostly at the boundary between the matrix and PSB, the matter is
missing and intrusions arise and steadily deepen.

The vacancy production rate p(e,,) depends on the local
plastic strain amplitude €,,. The net vacancy production rate is
reduced by two processes: (i) the sweeping and annihilation of
vacancies by moving dislocation loops (ii) the migration of vacan-
cies from the PSB to the matrix i.e.

dc

N ple,,) = (A + M(T))e (D
where A is the relative annihilation rate of vacancies (fraction of
vacancy concentration annihilated in one cycle) mostly due to
encounter with moving edge dislocations and M(T) is the vacancy
migration rate characterizing the flow of vacancies out of the PSB
to the matrix (fraction of vacancy concentration leaving the
PSB/matrix boundary). The relative annihilation rate 4 is inde-
pendent of temperature but the vacancy migration rate M(T) is
strongly temperature dependent and is determined by the vacancy
diffusion coefficient and geometrical parameters, e.g. thickness of
the PSB.

Vacancy concentration will be obtained by integrating eq. (1)

= AT MD [1 — exp(—=(4 + M(T))N] (2)

Saturated vacancy concentration ¢y = p/(A+M(T)) in PSB will
be achieved for each temperature. The flow of atoms from the
matrix to the PSB is equal to the net flow of vacancies from PSB
to the matrix in saturation. The steady growth rate of the extrusion
height dh/dN is thus
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where /is the depth of the PSB bellow the surface. The growth rate
of the extrusion is proportional to the vacancy production rate
and depends on the fraction of vacancies annihilated athermally
and by migration to the matrix. Migration rate is proportional to
the jump frequency and is given by the term exp(—E,,/kT) where
k is Boltzmann constant and E,, vacancy migration energy. The
shape and the depth of intrusions depend on the arrangement of
edge dislocations in the matrix.

The production of vacancies in PSB and their migration to the
matrix has been modeled in two dimensions using the Monte Carlo
method [15]. The growth of extra-vacancy concentration has been
obtained. The width of a growing extrusion is the same as the
width of a PSB while two thin and deep intrusions are produced
at the boundary between the PSB and the matrix. After the initial
delay, corresponding to the formation of saturated vacancy con-
centration, a linear growth of extrusion and two parallel intrusions
is observed. Intrusion represents a very sharp notch and irreversible
cyclic straining leads to the formation of new surfaces and thus to
crack initiation.
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6. Conclusions

The analysis of experimental results on the early fatigue damage
in polycrystalline f.cc. and b.c.c. steels and the comparison with
physically based models lead to the following conclusions:

(i) Localization of the cyclic plastic strain results in the early
formation of PSBs.

(ii) PSBs have specific dislocation structure consisting of
alternating thin dislocation rich walls and wide dislocation free
channels.

(iii) Intensive cyclic plastic straining within the PSB leads to
the dislocation interaction and vacancy formation and finally
PSMs consisting of an extrusion and parallel intrusions arise on
the surface.

(iv) Surface intrusions represent high stress and strain raisers
and cyclic plastic strain within PSB is concentrated to the tip of
the intrusions and usually one intrusion changes into a crack
capable of further growth.
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