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Since the surface morphology of materials can be observed with atomic-scale resolution, scanning atomic force
microscopy (AFM) is a powerful technique to study mechanisms of fatigue and fracture of solid materials.  In the
present study, slip-band formation and fatigue crack-initiation processes in α-brass were observed by means of AFM.
Although the slip-band angle relative to the stress-axis at the specimen surface varies from 15 to 90o, it took peak
value at 60o.  The depth of the intrusion drastically increased with its outgrowth to a crack, and with coalescence of
cracks, the width of cracks increased rapidly.  Before crack-initiation, the upper limit of the intrusion depth is given
as a function of the slip-band angle by a geometrical model for the slip-direction and the slip-step.  Slip-bands have
steep slope when they are blocked by grain boundaries, and the slip-bands descend by gradual slopes to plain surfaces
when they terminate within grains.
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1.  Introduction

It is well known that the fatigue process of metallic
materials without macroscopic defects can be divided
into initiation and growth processes of cracks and final
unstable fracture.  Among these processes, various
studies have been conducted on crack-growth behavior,
and that can be quantitatively analyzed based on
fracture mechanics [1-3].

Most studies on mechanisms of the metal fatigue
have been conducted with optical microscopes and
electron microscopes.  With these conventional
microscopes, however, continuous quantitative three-
dimensional observations of the crack nucleation
portion in the specimen surface could not conducted,
although many studies have been done about intrusions
and extrusions in fatigue slip-bands [4-8].  In most of
these studies, the crack-initiation mechanisms were
discussed qualitatively.  The initiation condition of
fatigue micro-cracks, however, still has not clarified
enough, because no method for continuous direct and
quantitative observation of the process has been devised.
For example, precise observations of the structures of
fatigue slip-bands have been conducted with the
transmission electron microscope.  This method,
however, requires cutting of the specimen.  Thus
continuous observation for a specific slip-band could
not achieved.  The X-ray micro-beam provided
crystallographic information during fatigue process [9],
but geometrical information could not be obtained from
it.

Since the surface morphology of materials can be
observed with atomic-scale resolution, the scanning
atomic force microscopy (AFM) is a powerful technique
to study mechanisms of fatigue and fracture of solid
materials.  By using AFM, Komai et al. observed the
micro-crack-initiation and growth behavior in stress
corrosion cracking [10].  Matsuoka et al. observed
cleavage fracture surface [11].  For fatigue micro-
mechanisms, Choi et al. examined fatigue striation
shape [12].  Yoon et al. observed the nucleation
mechanism of intergranular cracks in high-cycle fatigue
[13].  Ohgi et al. observed crack-initiation at grain
boundaries in low-cycle fatigue [14].  Nakai et al. have
studied fatigue slip-bands, fatigue crack-initiation, and
the growth behavior of micro-cracks in a structural steel

[15].
In our previous study with α-brass, slip-band

formation and fatigue crack-initiation processes were
observed by means of AFM [16, 17].  Surface of a
fatigued specimen was observed at maximum stress,
unloading state, and minimum stress in fatigue loading.
In the initial stage of the fatigue process, slip-bands
which were formed only under tension stress or
compression stress were observed.  These kinds of
slip-bands, however, disappeared shortly.  Under
tension stress, cracks could be detected easily just after
initiation from the AFM image.  Before crack-
initiation, the height and the width of extrusions and
depth and width of intrusions gradually increased with
the number of cycles.  When extrusions developed
cracks, one of these values changed drastically,
depending on the slip-band angle relative to the stress-
axis and the shape of slip-bands.

In the present study, slip-band formation and fatigue
crack-initiation processes in α-brass were observed by
means of AFM and the conditions for crack-initiation
was discussed as a function of slip-band angle.  The
shape of slip-bands also observed and discussed based
on the continuum distributed dislocation theory.

2. Theory

2.1 Angle of Slip-Band Relative to Stress-Axis
Figure 1 (a) explains the relation between surface-

step and slip-direction, where the cube ABCDEFGO
indicates a small region of a specimen that is located
adjacent to the surface [1, 18].  In the figure, plane
ABCD represents the specimen surface, plane CKLM
represents the slip plane, and y-axis and arrow QH
represents the loading-direction.  Line CK is the slip
trace at the specimen surface and line ST is on the slip
plane and parallel to line KC.  Arrow HR is the slip-
direction on the slip-plane, and arrow HP is the normal
of the slip-plane.  The surface-step induced by the slip
is

 d = s･sinβ･cosα' (1)

where s is the slip distance in the HR direction, α' is the
angle between the normal to the surface and the trace of
the slip-band on the plane that is perpendicular to the
surface and parallel to the loading-axis, and β is the
angle between the slip-direction and the slip-traces on
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the surface (see Fig. 1 (a)).  When ∠QHR = ∠PHQ
= 45o, the resolved shear stress along the slip-direction
take the maximum value, and the following relation
should be satisfied.

cos β = 2 cos α (2)
For α=90o, the value of β should be 90o, which gives

the maximum roughness of the surface for a given slip
distance.  For α = 45o, the value of β should be 0o and
no slip step forms on the specimen surface.
Along the slip plane where the resolved shear stress
takes the maximum value, the following equation
should be satisfied.

cot2 α + tan2 α' =1 (3)
The direction of slip-plane relative to the specimen

surface also can be characterized by the angle φ shown
in Fig. 1 (b), and the value of φ is calculated form the
angle α as

α
φ

tan

1
sin = (4)

where φ is the angle between surface normal and
projection of the normal of slip-plane on x-z plane.

2.2 Blocked Slip-Band and Equilibrium Slip-Band
By the theory of continuum distributed dislocations,

the relative displacement induced by infinitesimal
dislocations, φ(x), is given by

∫= ξξφ dDx )()( (5)

where D(ξ) is the dislocation density.  Muskhelishvili
has given explicitly the formulas for D(x), which has
different form depending whether D(x) is to be
bounded or unbounded at the endpoints [19].  The
relative displacement for each case is schematically
shown in Fig. 2 [20].

For a slip-band, whose endpoint is blocked by a
grain-boundary, the dislocation density, D(ξ) at the
point (x=a) is unbounded, and the value of D(a) is
vanished for an equilibrium slip-band which is
terminated within a grain [21].

3.  Experimental Procedure

The material for the present study was α-brass (70-30
brass).  The chemical composition of the material (in
mass %) is as follows: 69.92 Cu, 30.07 Zn, 0.0071 Fe,
and 0.0026 Pb.  The material was heat treated at 320
oC for 180 s after the specimens were made by electric-
discharge machining.  The yield strength was 217 MPa,
the tensile strength was 363 MPa, and the elongation
was 54 ％ after heat treatment.  Before fatigue tests,
the surface of the specimens was electro-chemically
polished.  As shown in Fig. 3, the specimen has a
minimum cross-section of width 8 mm and thickness 3
mm, and has a weak stress concentration with the elastic
stress concentration factor 1.03 under plane bending
[22].
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Fig. 1.  Slip-plane and directions relative to stress-axis and surface.
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The fatigue tests were carried out in a computer-
controlled electro-dynamic vibrator operated at a
frequency of 30 Hz under fully reversed cyclic plane
bending moment (R =  -1).  Since it was very difficult
to identify in advance where fatigue cracks would
nucleate, we took replicas at the predetermined number
of fatigue cycles.  The replica films were coated by Au
before observation.  The replications were conducted
at maximum tensile stress.  Although the height of the
surface is reversed from the original surface by the
replication method, the height of the replica film in the
AFM images was reversed by an image processing
technique.

As shown in Fig. 4, the fatigue strength of the present
material for 107 cycles is about 130 MPa.  The
observation of the fatigue process with AFM was
conducted at a stress amplitude,  σa, of 173 MPa.  The
number of cycles to failure at this stress amplitude was
5.0x105.

4.  Experimental Results and Discussion

4.1 Optical Microscopy of Slip-Bands
Optical micrographs of fatigue crack-initiation

process are shown in Fig. 5, where arrows indicate
loading-direction.  To examine the slip-direction, the
surface slip-direction relative to the stress-axis is shown
in Fig. 6 (a).  The total number of slip-bands to be
examined was 325.  The probability was defined as the
number of slip-bands observed for each angle interval
divided by the total number of slip-bands examined.
The results show that the slip plane is not exactly on the
maximum shear stress plane because the slip-band angle

at the specimen surface less than 45o is observed.  For
the angle larger than 45o, the slip appearance probability
is not constant.  It takes maximum value at the angle α
= 60o.  One possible origin for this angle dependence is
that the angle φ, which is defined in Fig. 1 (b), may be
randomly distributed, but the angle α, which is defined
in Fig. 1 (a), is not linear with the angle, φ.  To
compensate this non-linearity, the number of slip-bands
at each angle interval was modified as

φ
α

∆
∆⋅= nn' (6)

The modified probability, which was calculated from
n’, is shown in Fig. 6 (b), where ∆α was 5o, and ∆φ was
calculated from Eq. (4).  Since the value of φ in Eq. (4)
can be obtained for the value of α greater than 45o, the
modified probability was calculated only for α > 45o.
The modified probability also takes peak value at 60ο.
The constraint from adjacent grains and the surface
energy to produce slip-step at the specimen surface may
be considered in the distribution of the slip-angle.

4.2 Development of Slip-Bands and Crack Initiation
Although the direction of slip-bands can be measured,

the surface geometry of slip-bands could not clarified
from the optical micrographs.  To conduct quantitative
analysis for the development of fatigue slip-bands, the
scanning atomic force microscopy (AFM) was
employed for the present study.  The scanning area for
these AFM observations in this section was 30 µm×30
µm.

30 mμ 30 mμ

(a) N = 0 cycle. (b) N = 8.7×103 cycles.

30 mμ 30 mμ

(c) N = 6.5×104 cycles. (d) N = 4.5×105 cycles.

Fig. 5.  Optical micrographs of fatigue slip-bands.



AFM images of slip-bands, which are surrounded by
solid lines in Fig. 5, are shown in Fig. 7 where arrows
indicate the loading-direction.  In these figures, shade
indicates the height of the specimen surface, i.e., darker
indicates lower, and lighter shows higher.  It is clear
from AFM images that two parallel fatigue cracks were
formed at N=9.1x104 cycles (Fig. 6 (d)), and they were
coalesced at N=4.5x105 cycles.  From the
corresponding optical micrographs shown in Fig. 5, it is
impossible to distinguish between slip bands and cracks.

The change of geometry of cross section A, which is
indicated in Fig. 7 (a), is shown in Fig. 8.  With the
crack-initiation at N=9.1x104 cycles, the depth of
intrusion increased rapidly, and with coalescence of
cracks at N=4.5x105 cycles, the width of the cracks
increased rapidly.

Change of the intrusion depth is shown in Fig. 9 as a
function of the number of the fatigue cycles, N.  The
depth of the intrusion drastically increased with its

outgrowth to a crack at N = 9.1×104 cycles.
To examine the critical value of the intrusion depth

for crack-initiation, the depth of intrusion is plotted in
Fig. 10 as a function of the intrusion angle relative to
the stress-axis.  At N=2.4x104 (Fig. 10 (a)), no crack
were formed, but cracks were already initiated at
N=4.5x104 (Fig. 10 (b)).  The solid-line in these figures
shows the relationship, given through Eqs. (1) to (3).
For slip-bands, the theory gives upper limit of their
depth, i.e., all data falls below the solid line.  On the
other hand, the theory does not give the intrusion depth
after crack-initiation.

4.3 Shape of Slip-Band Tip
The morphology of endpoints of slip-bands was

observed with higher magnification, and they were
compared with the results, which were predicted from
the continuum distributed dislocation theory.   Figure
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11 shows some examples of endpoints of slip-bands,
and Figure 12 indicates profiles of peaks of extrusions
or valleys of intrusions near their endpoints, where
“blocked slip-band” means that it terminates at a grain
boundary, and “equilibrium slip-band” means that it
ends within a grain.  It is clear from these figures that
slip-bands have steep slope when they are blocked by
grain boundaries, and the slip-bands descend by gradual
slopes to plain surfaces when they end within grains.
These observations are consistent with the results
predicted from the continuum distributed dislocation
theory.

4.  Conclusions

The fatigue slip-band formation and fatigue crack-
initiation process in α-brass were observed by means of
optical microscopy and scanning atomic force
microscopy (AFM).  The following results were
obtained.
(1) The slip-band angle relative to the stress-axis at the

specimen surface took peak value at 60o.
(2) The depth of the intrusion drastically increased with

its outgrowth to a crack, and with coalescence of
cracks, the width of cracks increased rapidly.

(3) Before crack-initiation, the upper limit of the
intrusion depth is given as a function of slip-band
angle by applying a geometrical model for the slip-
direction and the slip-step.

(4) Slip-bands have steep slope when they are blocked
by grain boundaries, and the slip-bands descend by
gradual slopes to plain-surfaces when they end
within grains.
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