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Abstract

In order to investigate orientation dependence of surface roughness evolution, cyclic deformation tests have been carried out
in Fe–30%Cr alloy single crystals having the tensile axes of [233], [122], [011] and [001]. Formation of persistent slip bands (PSBs)
characterized by the surface roughness was observed in all the orientations. Atomic force microscope (AFM) observations
revealed that the maximum heights of the PSB extrusions in the single-slip-oriented specimens ([233] and [122]) were larger than
those of the [011] and [001] specimens by a factor of 7.5 and 15, respectively. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that the surface topography due to
persistent slip band (PSB) formation plays an impor-
tant role on the nucleation of fatigue cracks as has been
revealed by pioneering works in copper [1,2]. The PSB
can accommodate large plastic strain and subsequently
gives rise to pronounced surface roughness. The surface
roughness results from both extrusion of PSB volume
and fluctuation of PSB surface.

The PSB formations have been recognized also in the
ferritic stainless steel single crystals having a b.c.c.
structure [3–5]. It is likely that the tensile orientation
also affects the PSB topography and subsequent crack
initiation process. However, no systematic studies have
been performed on the orientation dependence of the
surface roughness and the following fatigue crack nu-
cleation at the PSB in b.c.c. metals and alloys.

In the present study, fatigue tests under constant
plastic strain amplitudes were carried out in the Fe–
30%Cr alloy single crystals having various tensile axes

which give rise to single-, double-, and multiple-slip.
Attention was paid to the relationship between the
surface roughness and cyclic stress–strain response. We
attempted to understand the orientation dependence of
the surface evolution by a proposed extrusion model
[6]. The extrusion model was compared with the inter-
nal dislocation activity deduced from the asymmetric
stress amplitude which was often observed in the fa-
tigued b.c.c. metals [7–10].

2. Experimental procedure

The single-slip-oriented (the [233] and [122] tensile
axes), the double-slip-oriented (the [011] tensile axis)
and the multiple-slip-oriented specimens (the [001] ten-
sile axis) with a gauge length of 4 mm and a cross
section of 2×2 mm2 were cut by spark erosion from
Fe–30%Cr alloy single crystals grown by the Bridgman
method. All the maximum-resolved-shear-stressed
(m.r.s.s.) planes are {112}.

Cyclic deformation tests were carried out in air at
room temperature in a servo-hydraulic machine. A
plastic strain amplitude was set at 8×10−4. Frequency
of the cyclic deformation was controlled such that a
total strain rate was kept to be l×10−3 s−1.
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Fig. 1. Changes in the stress amplitudes of both tensile and compres-
sive portions during cyclic deformation tests under a constant plastic
strain amplitude of 8×10−4.

3. Results

3.1. Cyclic hardening and stress asymmetry

Fig. 1 shows cyclic hardening curves of the tensile
and compressive stress amplitudes. The [233] and [122]
specimens continued to harden. On the other hand,
cyclic softening was observed in the [011] and
[001] specimens. Maximum values of the stress ampli-
tude were of 350 and 310 MPa for the single-slip (the
[233] and [122] tensile axes), the double and multiple-
slip (the [011] and [001] tensile axes) orientations, re-
spectively.

The stress amplitudes were different between tensile
and compressive regions in respective specimens as seen
in Fig. 1. In order to evaluate the difference, we calcu-
lated the ‘stress asymmetry’. The value of the stress
asymmetry was defined as the difference in stress ampli-
tude between tensile and compressive regions, which
was normalized by an average stress amplitude of them.
The stress asymmetry measured at the end of experi-
ment is shown in Table 1. Since the stress amplitudes of
tensile region were higher than those of compressive
region, the values of the stress asymmetry were positive,
except for the [001] specimen at which the compressive
stress amplitude was high on the contrary. It is
noted that the absolute value of the stress asymmetry
in the [001] specimen was higher than those of the
[233] and [122] ones by a factor of six, whereas there
was no significant difference in the average stress ampli-
tude.

Table 1
Stress asymmetry measured at the end of experimenta

Tensile axis Stress asymmetry

[233] 0.015
[122] 0.013
[011] 0.030
[001] −0.090

a The stress asymmetry is defined as the difference in the stress
amplitude between tensile and compressive regions, which are nor-
malized by an average value of them.

Fig. 2. SEM photographs showing the PSBs which were developed along the {112} m.r.s.s. planes. It is noticeable that the fatigue crack was
nucleated at the PSB–matrix interface in the [233] and [122] specimens.
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Fig. 3. TEM observation of the dislocation arrangement in the PSBs. Plane of thin foils is parallel to the {110} side surface.

3.2. Persistent slip bands

Development of PSBs revealing surface roughness
was recognized by SEM observation, as shown in Fig.
2. The corresponding planes of these PSBs parallel to
the side-surface normal were {112} primary slip planes.
In addition to these PSBs, indistinct slip bands inclined
to the tensile direction were locally found by optical
microscope observation of the top surface on the [001]
specimen. This slip trace in the [001] specimen corre-
sponds to the slip activity at which the slip vector has
little top-surface component. Hence, it is probable that
the plastic deformation in the multiple-slip-oriented
specimen was accommodated by the simultaneous oper-
ations of individual PSBs which were formed along
different {112} planes. The fatigue cracks were nucle-
ated at the PSB–matrix interface in the [233] and [122]
specimens, as seen in Fig. 2. On the other hand, no
fatigue cracks were observed in the [011] and [001]
specimens until at least 10 000 and 30 000 cycles,
respectively.

Fig. 3 shows TEM observation of dislocation struc-
ture in the PSBs. These PSBs were composed from the
dislocation walls and channels. This structure is
analogous to that of the PSB observed in the copper
single crystals. The substructures of the PSBs were
somewhat different among the tensile axes. In the [233]
and [122] specimens, the dislocation walls were ar-
ranged at a regular spacing. On the other hand, the
dislocation walls of distorted shape were distributed
irregularly in the [011] and [001] specimens. It was also
noted that the Burgers vector of the dislocations was
one kind in the PSBs of the [011] and [001] specimens
although the dislocations contained in the surrounding

matrices had some kinds of Burgers vectors. This obser-
vation is compatible with the mentioned deformation
model of the multiple-slip-oriented specimen.

Surface topography of the PSB was measured using
an atomic force microscope (AFM). The profiles of the
PSBs are represented in Fig. 4. The maximum heights
of the PSB extrusions were presented in Table 2, to-
gether with the responsible slip directions. All the slip
vectors, which are related to the PSB formation at the
surface, had no side-surface component. Although there
is no significant difference in top-surface component of
the normalized slip vector, the surface roughness de-

Fig. 4. AFM observation of surface profile at the PSB. In addition to
the extrusions, the profile of the fatigue crack nucleated along the
PSB–matrix interface was also seen in the [233] and [122] specimens.
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Table 2
The maximum heights of the PSB extrusion and the related slip directionsa

Tensile axis Primary slipMaximum height of extrusions Components of the normalized slip direction transformed into
(nm) direction specimen coordinate

x (Top surface) y (Side surface) z (Tensile axis)

[233] 1500 [11� 1� ] 0.870 0.000 −0.492
1500[122] [11� 1� ] 0.816 0.000 −0.577

[111] 0.577200 0.000[011] 0.816
[11� 1� ] 0.577 0.000 −0.816
[111] 0.816[001] 0.000100 0.577
[111� ] 0.816 0.000 −0.577

a The normalized slip vectors transformed into the specimen coordinate are also listed. The [11� 1] and [11� 1� ] slip directions are omitted in the [001]
tensile axis because they have no top surface component.

pended strongly on the tensile orientation. The PSB
extrusions of the single-slip-oriented specimens ([233]
and [122]) were evolved to be the maximum heights of
1500 nm at the end of experiments. On the other hand,
the maximum heights of the [011] and [011] specimens
were 200 and 100 nm, the maximum heights of the
single-slip-oriented specimens were higher than those of
the [011] and [001] specimens by a factor of 7.5 and 15,
respectively. It is apparent that the volume expansions
of the PSB in the [233] and [122] specimens primarily
cause such a difference in the maximum height.

4. Discussion

In the present study, the PSB extrusions of this kind
were pronounced in the [233] and [122] specimens
rather than in the [001] and [011] specimens as seen in
Fig. 4. Here, we turn our attention into the difference
in cyclic response between these specimens. It is notice-
able that the absolute values of the stress asymmetry in
the [233] and [122] specimens were substantially smaller
than those of the double and multiple-slip-specimens.

The existence of such a stress asymmetry in the b.c.c.
crystals has been interpreted by asymmetric behavior of
screw dislocations sheared to ‘twinning’ and ‘anti-twin-
ning’ directions along {112} plane [11,12], the flow
shear stress of the screw dislocation becomes high
under the anti-twinning shearing compared with the
twinning shearing. The PSBs in the present specimens
were arranged parallel to such {112} planes. The
above-mentioned asymmetry rule of the flow shear
stress along the {112} plane is consistent with the
present results that the tensile stress amplitude was
large in the [233], [122] and [011] specimens and was
small in the [001] specimen. It can be said that the
magnitude of the stress asymmetry reflects the screw
dislocation movement along the {112} plane [5,13].
Accordingly, relative contribution of the screw disloca-
tion motion is probably higher in the [001] and [011]

specimens than in the [233] and [122] specimens espe-
cially at the PSBs which can accommodate large plastic
strain. On the contrary, one can expect that the [233]
and [122] specimens are deformed under the high con-
tribution of edge dislocation movements.

Essmann et al. [6,14] have proposed a mechanism
which accounted for the extruded volume of PSB by
incorporating the production of a large amount of
vacancies. This extrusion model presumes the mutual
annihilation of the vacancy-type dipole of the edge
dislocations which glide along parallel slip planes less
than a critical distance apart. The preferential annihila-
tion of the vacancy dipole is based on the estimation
that formation energy of vacancies is considerably
lower than that of interstitials. Accordingly, for the
[233] and [122] specimens showing the highly evolved
extrusion, the expected high activity of the edge disloca-
tions is consistent with the vacancy production model
based on the edge dislocation annihilation.

The extrusion model of the vacancy production also
predicted fatigue crack nucleation along an interface
between the PSB and matrix [6]. This is because the
expansion of the PSB volume induces an additional
shear stress along the interface in the vicinity of free
surface. This mechanism agrees with the experimental
observation that the fatigue cracks were preferentially
nucleated along the interfaces in the single-slip-oriented
specimens.

It is also noted that a lot of closely-spaced hills and
valleys were recognized by the AFM observation on the
surface profile especially in the [001] specimen, although
the volume expansion was almost negligible. This kind
of the surface roughness should be connected closely
with irreversible slip process. The surface roughness at
the PSB has separately been explained by considering
the fluctuation of a random distribution of the irre-
versible slip line segments [15], aside from the volume
expansion of the PSB. This model assumed that the
irreversible slip occurred as a result of the mutual
annihilation of the screw dislocations by cross slip.
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According to this model, it is inferred that the move-
ments of the screw dislocations give rise to the surface
fluctuation without the production of vacancies. Hence,
in the [001] specimen, the high stress asymmetry in-
duced by the screw dislocation motion is in agreement
with both the frequent occurrence of the irreversible
slip and the absence of the extruded volume at the PSB
as seen in Fig. 4.

Because the PSB dislocation structures were certainly
different among the tensile orientation as seen in Fig. 3,
local process of plastic deformation in the PSB should
vary also with the tensile orientation. This variation of
the plastic deformation mechanism probably attributes
to the difference in the stress asymmetry. However,
details of the mechanism that can explain the difference
in the stress asymmetry among the tensile axes are still
unknown.

5. Conclusions

PSBs along {112} planes were formed at the cycli-
cally-deformed Fe–30%Cr single crystals having the
[233], [122], [011] and [001] tensile orientations at the
constant plastic strain amplitude of 8×10−4. The evo-
lutions of surface roughness were recognized at the
PSBs by the AFM observation.

The extent of the surface roughness depended
strongly on the tensile axis. The maximum heights in
the single-slip-oriented specimens were larger than
those of the [011] and [001] specimens by a factor of 7.5
and 15, respectively.

The orientation dependence of the surface roughness
could be understood from the extrusion formation
model proposed by Essmann et al., by incorporating
the dislocation activity which is deduced from the
asymmetric stress amplitude observed in the present
experiments.
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