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Chapter 3

Stress concentrations at the free
surface due to dislocation
structures

3.1 Introduction

For cracks to form, interatomic bonds have to break. This requires very high stresses
over sufficiently large areas. Although the applied stress in fatigue is around one order
of magnitude smaller than the theoretical strength of the atomic structure (σapp ∼ σy ¿
σcrit ∼ E/30), breaking of bonds still occurs. The reason for this physical phenomenon
can only lie in stress concentrations at the surface.

During low cycle fatigue, i.e. large plastic strains per cycle, fracture mainly occurs
along grain boundaries, as observed by Figueroa and Laird [34] and Mughrabi et al. [43].
Figueroa and Laird found voids/flaws at the grain boundary caused by the impingement of
the grain boundaries by PSBs. Surface steps at grain boundaries also cause stress concen-
trations, if at least one active slip system is oriented at the intersection of the grain boundary
with the free surface according to Kim and Laird [44]. At smaller plastic strains per cycle
transgranular fracture has been observed, e.g. by Katagiri et al. [45], on which we focus
here.

One reason for stress concentrations is surface roughness, which will be discussed in
chapter 4. Another reason is the presents of specific arrangements of dislocations. During
fatigue of a fcc single crystal, dislocations cluster in channel-vein structures at first, which
mature into the ladder-like structure found in a PSB. The development and broadening of
the PSB is often accompanied by the initiation of small fatigue cracks. Therefore and for
the simplicity and periodicity of the ladder-like structure, this arrangement has received
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46 Chapter 3

much attention in the literature, e.g. by Brown and Ogin [20]. They have modeled a PSB
as a continuous array of dislocations. We will focus on their model in this chapter and will
compare it to static and dynamic discrete dislocation results.

3.2 Brown model

To simulate through-specimen extrusions on both sides of the specimens, which were ob-
served in experiments as explained in chapter 1, Brown and Ogin suggested the following
sequence of steps, see figure 3.1. First the specimen is cut, figure 3.1 (a) and (b), then the
slice is stretched along the length of the band, figure 3.1 (c), resulting in a larger lattice
spacing in the band than in the surrounding matrix. Finally, the pieces are glued back to-
gether, as shown in figure 3.1 (d). The result of this scheme is an array of dislocations on
both sides of the PSB because of the lattice mismatch between the pieces.

Another interpretation for the internal dislocations are the surface steps of the protru-
sions, which can be regarded as inverse dislocations of those stored at the boundary between
PSB and surrounding matrix. The influence of the surface steps on the elastic fields is not
taken into account in Brown’s model and will, therefore, not be included in this chapter. It
is at the center of attention in chapter 4.

The resulting dislocation arrangement for the band surrounded by an undeformed ma-
trix by Brown and Ogin is the same as the dislocation arrangement of a through-specimen
PSB surrounded by the channel-vein structure according to the model by Antonopoulos et
al. [17], which was discussed in chapter 1. Comparing the amount of plastic slip in the
PSB to the channel-vein structure surrounding the PSB, the channel-vein structure can be
modeled as an undeformed matrix.

(d)(c)

d h

φ tmax

(b)

B A

(a)

x

(e)

Figure 3.1: Schematic explanation of the arrangement of dislocation as an analogy to PSBs by Brown and
Ogin [20] a)-d) and notation used in this chapter e).
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In the model of Brown and Ogin the dislocations are considered equally spaced along
the band. In a further approximation, the dislocations are assumed to be smeared out over
the length of the PSB. The Burgers vector per length is thereforeb/d, whereb is the mag-
nitude of the Burgers vector of discrete dislocations andd is the inter-dislocation spacing
as shown in figure 3.1(e). Withx being the coordinate along the free surface oriented from
the root of the PSB (pointB in figure 3.1(e)) Brown [46] computed the stress along the free
surface caused by this continuous dislocation arrangement as

σxx

D/d
= −2 sin 2φ ln




1− tmax sinφ
x− h secφ

+
t2max

(x− h secφ)2

1− tmax sinφ
x

+
t2max

x2




+2π cos 2φ [(sgn(x− h secφ)− sgn(x)] (3.1)

wheretmax is the length of the dislocation arrangement shown in figure 3.1 (e).d and
h denote the inter-dislocation spacing and width of the dislocation arrangement shown in
figure 3.1(e), respectively.φ is the angle of the PSB to the surface normal andx is the co-
ordinate along the free surface shown in figure 3.1(e). The stress factorD in equation (3.1)
is defined as

D =
Gb

2π(1− ν)
(3.2)

Equation (3.1) implies logarithmic stress singularities at the roots (x = 0 andx =
h secφ) of the PSB, i.e. the intersections of the PSB–matrix interface with the free surface.
The stress distribution is plotted in figure 3.2 for a PSB widthh =

√
2µm, orientation

φ = π/4 and an inter-dislocation spacing in the PSB ofd = 1µm. The material properties:
Burgers vectorb = 0.25nm, shear modulusG = 52GPa and Poisson ratio ofν = 0.33 are
used throughout this thesis.

Even for a very short lengthtmax = 1µm, equal to the dislocation spacing, there is
a logarithmic singularity at both sides of the PSB emerging at the surface. Withtmax in-
creasing to values several orders of magnitude larger than the width of the PSB the stresses
only increase, while the character of the singularity does not change. The reason for the
singularity at smalltmax is that a smeared-out dislocation of Burgers vectorb/d is on the
free surface of the PSB. This smeared-out dislocation, even though its Burgers vector is
just a fraction of that of a normal dislocation, carries a singularity – as every dislocation
does.

Thus, the presence of singularities at the PSB roots in the Brown-Ogin model is in-
timately related to the smearing-out of the dislocations. This is a feature of the model,
which allows for the closed-form expression (3.1). It is not physical, though, since every
dislocation is a discrete entity; smearing just serves mathematical convenience. Moreover,
dislocations close to the free surface are pulled out by their image force. Therefore, the sub-
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Figure 3.2: Logarithmic stress singularity along the free surface according to Brown and Ogin’s expression (3.1)

sequent section compares the Brown-Ogin stress field with those from discrete dislocation
distributions.

3.3 Discrete dislocation calculation

Discrete dislocations are lined up as drawn in figure 3.1(e). Each dislocation dipole is
representing a wall in the PSB, as it was explained in the model by Antonopoulos [17].
The parameters are chosen as in the previous section: the PSB widthh =

√
2µm, the

PSB orientationφ = π/4 and the inter-dislocation spacing in the PSB ofd = 1µm. The
spacing of the first dislocation to the free surface is taken to bed/2. The corresponding
stress profile along the surface is plotted in figure 3.3.

As with the Brown-Ogin model the discrete dislocation calculation shows that the stress
profile does not change much from very short to much longer dislocation dipole structures.
Even though it is more computationally expensive to calculate the stresses for 1000 dislo-
cation dipoles, this number is used for all following calculations to ensure accuracy.

In contrast to the Brown-Ogin model, however, there is no stress singularity at the sur-
face. Secondly the stress is not monotonically decreasing away from the PSB, but there are
fluctuations to the right-hand side of point A. The reason for this change in the stress field
is the discreteness of the dislocations and their complex stress field as shown in figure 1.3.

The difference with the approach by Brown and Ogin is the smearing-out of the dislo-
cations. To model the smearing-out of dislocations with discrete dislocations, the distance
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Figure 3.3: Stress distribution at the surface depending on the number of dislocation dipoles. The number of
dislocationsn sets the length of the dislocation arrangement throughtmax = nd. The distance
between dislocations isd = 1µm, the PSB widthh =

√
2µm and the orientation of the PSB to the

surfaceφ = π/4.

between the dislocations would have to be decreased to zero. Therefore, it is of interest to
look at the stress profile as the inter-dislocation spacingd→ 0, while reducing the Burgers
vector to keep the ratiob/d constant. However, the magnitude of the Burgers vector enters
all stress equations only as a scalar. Thus, the decrease in the length of the Burgers vector
does not change the character of the stress distribution but makes it convenient to compare
the results to Brown and Ogin. The solution of the Brown-Ogin model shown in figure 3.4
is calculated withtmax = 100µm, which is equal tond = 1000 × 0.1µm for this calcu-
lation. By decreasing the spacing between the dislocations while keeping the number of
dislocation dipoles constant, we reduce the length of the dislocation arrangement. As we
have seen in figure 3.3, this does not affect the results substantially.

Although the surface stressσxx remains finite in the calculations, figure 3.4 shows
an increase in the maximum compressive stresses when decreasing the spacing between
the dislocations at pointA. There is an increase in the maximum stress at pointB from
d = 1µm tod = 0.5µm but a slight decrease fromd = 0.5µm tod = 0.2µm. Furthermore,
the fluctuations aroundx = 2.5µm move into the stress maxima for small dislocation
spacings and they disappear for very small dislocation spacings.

It is important to note that the spacing of the first dislocation to the free surface is taken
to bed/2, as mentioned before. When decreasing the inter-dislocation spacing, the distance
of the first dislocation to the surface therefore also decreases. Putting the first dislocation
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Figure 3.4: Stress distribution at the surface depending on the dislocation spacing. The number of dislocation
dipoles is1000, the PSB width

√
2µm and the angle of the PSB to the surfaceφ = π/4. The

Brown-Ogin solution was calculated withtmax = 100µm. The ratiob/d is kept constant.

closer to the free surface also brings the stress singularity found at the dislocation closer to
the surface. This leads to an increase in the surface stress as the first dislocation approaches
the free surface. If the first dislocation is on the free surface, a singularity is observed at
the free surface.

In conclusion, the stress profile of the dislocation arrangement representing a PSB ap-
proaches the solution given by Brown and Ogin for very short inter-dislocation spacings,
i.e. if the Burgers vector is smeared out. However, substantial deviations from the Brown-
Ogin model are found for larger, more physical inter-dislocation spacings. Assuming a dis-
location dipole represents a wall in the ladder-like structure, the spacing would be around
1µm.

Brown and Ogin predicted the stress distribution along the free surface as a function
with two singularities, a monotonous decrease in the stress between the singularities and
a decay of the stress outside of the singularities (see figure 3.1). The discrete calculations
however, figure 3.4, show fluctuations to the right-hand side of the pointsA andB. These
fluctuations strongly depend on the width of the dislocation arrangementh as shown in
figure 3.5. Here, the stress profile is only monotonically decreasing between pointsA and
B for h =

√
2, but not for the other cases shown. The fluctuations are due to the complex

stress fields of the dislocations. In the case ofh =
√

2µm the stresses from the dislocations
cause no fluctuations in betweenA andB.
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Figure 3.5: Stress distribution at the surface depending on the width of the PSB. The number of dislocation dipoles
is1000, the distance between dislocations is1µm and the orientation of the PSB relative to the surface
φ = π/4.

Figure 3.5 also reveals that the maximum stress around pointB is not exactly atx = 0
and that the maximum stress occurs at different positions for different widthh. The reason
for not coinciding withx = 0 lies in the distance of the first dislocation to the free surface,
which is not zero. Indeed, the maxima approach pointsA andB when we decrease the
dislocation spacing and therefore the spacing of the first dislocation to the free surface.
The change in the position and the value of the maxima in the stress profile atB, with
constant dislocation spacing, is due to the row of dislocations starting at the opposite side
of the PSB, pointsA1 throughA3 in figure 3.5 depending on h. The long-range effects of
these dislocations decrease for increasing widthh.

Until now we have looked at the stresses at the surface. However, this is not sufficient
to predict fracture. High stresses have to be present also behind the surface for failure to
occur. Furthermore, knowledge of the stress in the bulk helps to predict the path of the
initiating crack. The stresses normal to the dislocation arrangement representing a PSB
are calculated, as these stresses would cause mode I opening along the PSB. The result is
shown as a contour plot in figure 3.6 for the case of a dislocation spacingd = 1µm and a
PSB widthh =

√
2µm. There is no stress singularity at the surface, as it was found in the

contour plots of Brown and Ogin [20]; stress singularities are found only at the positions
of the dislocations.

Although high stresses are found in between individual dipoles the length for a possible
crack to nucleate there is too small. Falk et al. [47] have given the following expression
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Figure 3.6: Distribution of stresses normal to the dislocation arrangement close to the free surface. The dislocation
dipoles are taken to represent dislocation walls in the PSB (see figure 1.8). The width of the PSB is
taken to be

√
2µm and the spacing of the walls is1µm. The dashed line marks the connection of

areas of high stresses.

for the length over which the stresses have attained the critical valueσcrit in order to cause
fracture:

lz =
9π
32

(
E

1− ν2

)
2γs

σ2
crit

(3.3)

Takingγs = 1N/m for the surface energy of aluminum [48] and the critical stressσcrit =
600MPa, which is used in chapter 6 as the strength of the material, one gets a critical length
of 0.375µm. Concluding, high stresses caused by a single dislocation or a dislocation
dipole cannot cause fracture.

Although dislocations carry a stress singularity, single dislocations cannot cause frac-
ture. Therefore, regions of high stresses have to be sufficiently large. The dashed line in
figure 3.6 shows a contiguous path of high stressed areas. Therefore, the crack is likely to
advance along the interface of the PSB with the matrix. Here, the stresses are smaller than
between the dislocation dipoles but the areas of high stresses are connected. However, in
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both areas the stresses are not sufficient to cause cleavage.

As seen in the Brown-Ogin solution and in figure 3.6, the stresses near pointB (cf.
also figure 3.1) are very high. At this point, the extruded material forms an acute angle
with the undeformed surface. Repetto and Ortiz [18] have argued that this geometry acts
as stress concentration and a crack would most likely nucleate here. The influence of the
angle of the extruded material to the free surface on the stress, is discussed in chapter 4 (see
figure 4.15) which deals with the influence of the surface roughness on the elastic fields.
The calculations presented here indicate that also the dislocation arrangement supports the
nucleation of a crack at pointB.

To verify the results and to try to find out more on how the PSB width and the dislo-
cation spacing influence the crack initiation path inside the crystal an analytical solution is
discussed now.

3.4 Analytical solution of the stress field of a dislocation
arrangement representing a PSB

In the previous sections the PSB has been modeled as an arrangement of dislocation dipoles,
every dipole representing a wall of primary edge dislocations (see figure 1.8). Here, we cal-
culate the analytical stress fields caused by an infinite dislocation arrangement in infinite
space, as shown in figure 3.7. Van der Giessen and Needleman [28] have given the stress

d x

y

h

Figure 3.7: Definition of coordinates in an infinite array of dislocations (black dislocations) and an infinite array
of dislocation dipoles (grey and black dislocations)

field for an infinite array of dislocations arranged along a line parallel to the Burgers vector
as

σyy =
2Dπ2

d

η(1− cos 2πξ cosh 2πη)
(cosh 2πη − cos 2πξ)2

, (3.4)

with the relative coordinatesξ = x/d andη = y/d, x being the coordinate parallel to the
array of dislocations andy perpendicular to it, as shown in figure 3.7.D is the same as in
equation (3.2).
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The stress fields of two rows of dislocations of opposite sign, as shown by the grey and
black dislocations in figure 3.7, are given by:

σyy =
2Dπ2

d2



y

(
1− cos

[
2πx
d

]
cosh

[
2πy
d

])

(
cosh

[
2πy
d

]
− cos

[
2πx
d

])2 −

(y + h)
(
1− cos

[
2πx
d

]
cosh

[
2πy + h

d

])

(
cosh

[
2πy + h

d

]
− cos

[
2πx
d

])2


 . (3.5)

This stress distribution of an array of dislocation dipoles, representing a PSB, is plotted
in figure 3.8. The stress distribution is similar to the distribution at the upper right-hand
corner of figure 3.6, where the effect of the free surface has faded.
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Figure 3.8: Distribution of stress normal to an infinite array of dislocation dipoles. The dislocation spacing is
d = 1µm and the width of the dipolesh = 1µm.

We use the stress in the middle of a dipole (pointsC in figure 3.8) as a measure for the
trigger of fracture. This stress is

σyy(0,−h/2) = 2π2D
h

d2

1
cosh(π h

d )− 1
(3.6)

and is plotted as a function of the dislocation spacingd and width of the dislocation ar-
rangementh in figure 3.9, because it is not immediately transparent howh andd influence
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Figure 3.9: Stress in the centers of dipoles (pointsC in figure 3.8) in an infinite array of dislocations, equa-
tion (3.6), depending on the dislocation dipole widthh and the dislocation spacingd. Above a certain
d, the stress contours are independent ofd. The range of theh axis is related to the minimal spacing
of active slip planes in figure 2.9.

the stress. It is seen that with decreasing PSB width the stresses increase leading to a higher
probability of mode I crack nucleation at thinner PSBs. This result is in agreement with
the experimental observation that fatigue cracks form mostly close to thin PSBs as was
discussed in the introduction.

Contrary to intuition, however, the stress in the middle decreases with decreasing dis-
location spacingd. The reason for this is the cancellation of the positive stresses of the
dipole with the negative stresses caused by the neighboring dislocations (see figure 1.3).
This effect becomes stronger when the inter-dislocation spacingd decreases. Moreover, if
the distance is decreased and especially in the limitd → 0, the other dislocations on the
same slip plane cancel the high stress in the middle of the dipole.

Figure 3.9 relates to an issue discussed in chapter 2 for the 2DD model. There we
have observed that the minimal spacing between two active slip planes wash = 200b =
0.05µm (see figure 2.9). Figure 3.9 reveals that for this distance the stress in the middle
of the dislocation dipoles is much below600MPa, which is the critical value for fracture
in chapter 6. Therefore, the minimal spacing in the 2DD model is not small enough to
cause fracture. Moreover, the smallest slip plane spacing, which is an input parameter of
our model, is50b = 0.0125µm. If dipoles would form at this distance, the stress is still
not sufficient to cause fracture. Therefore, other effects have to come into play in order to
simulate fracture.
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So far the dislocations forming the dipole where considered to be opposite to each other,
i.e. each dipole is perpendicular to the Burgers vector, because the models of Antonopoulos
et al. [17] and Brown [20] used this dislocation arrangement to model PSBs. However,
this dislocation configuration itself is unstable. A stable equilibrium between dislocations
of opposite sign is formed when the dislocation dipoles have a45◦ angle to the Burgers
vector. The stress in they-direction for this dislocation arrangement,

σyy =
2Dπ2

d2



y

(
1− cos

[
2πx
d

]
cosh

[
2πy
d

])

(
cosh

[
2πy
d

]
− cos

[
2πx
d

])2 −

(
y + d

2

)(
1 + cos

[
2πx
d

]
cosh

[
2πy
d

+ π
])

(
cosh

[
2πy
d

+ π
]

+ cos
[
2π x

d

])2


 ,

is plotted in figure 3.10. In this configuration the dashed line connecting the areas of high
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Figure 3.10: Vertical stress distribution in an infinite array of dislocation dipoles. The dislocation spacing is
d = 1.5µm.

stresses is similar to that shown in figure 3.8. The middle of this dislocation arrangement
is characterized by compressive stresses along the line connecting the dislocations, so it is
not likely that cracks grow from dislocation to dislocation.

High tensile stresses are found on the PSB–matrix interface and at pointC in fig-
ure 3.10. However, the area of high stresses atC is not large enough for fracture as
mentioned above. For convenience, we use the stress at pointC as a trigger for fracture
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initiation. Since the widthh of the dislocation arrangement is connected to the dislocation
spacingd = 2h in this configuration, the maximum stress in the middle of the PSB (point
C in figure 3.10) depends only ond:

σyy =
Dπ2

cosh(π
2 )2 − 1

1
d
. (3.7)

Comparing this expression to equation (3.6), the tensile stress normal to the PSB decreases
with increasing dislocation spacingd, opposite to equation (3.6), cf. figure 3.9.

Until now we have calculated the stresses from dislocation arrangements consisting of
two rows of dislocations and compared the results of the different approaches. All these
results depend on the convenient assumption that dislocations cluster in PSB walls and that
these walls can be simplified as dislocation dipoles. In reality the dislocation configuration
is not that simple. PSBs do not form in crystals smaller than3µm as shown experimentally
by Zhang et al. [42]. Secondly, summing up the dislocations and replacing a wall by a
dipole is a crude approximation. The next section therefore uses the dislocation dynamics
simulation, discussed in chapter 2, to compare the results to the ones obtained so far.

3.5 Discrete Dislocation Dynamics results

We use the 2DD model of chapter 2 not taking into account three-dimensional effects of
dislocation interaction to calculate the stresses close to the free surface. The results will be
compared to the findings of the Brown-Ogin of Brown and Ogin and to the static dislocation
calculations in section 3.3.

As explained in chapter 2, no PSBs or similar structures were found with dislocation
dynamics. Since Brown and Ogin use this PSB structure as the basic assumption, a sig-
nificant difference is expected between the previous those results to results of dislocation
dynamics. In figure 3.11, contours of the maximal tensile stresses, i.e. the largest principal
stresses, are plotted at the end of cycle325, i.e. at zero applied stress. The stresses are
normalized by the applied stressσmax = 150MPa.

The stress distribution in the interior of the grain has been discussed in chapter 2; here
we concentrate on the stresses at the surface. Therefore, only a small reminder of the
behavior in the grain will be given here. High stresses are found close to the grain bound-
ary; these are caused by dislocation pile-ups against the impenetrable boundary. Secondly,
bands of high stresses follow the primary slip planes, i.e. at45◦ from the surface and the
loading direction. The direction of the maximum tensile stresses are mainly perpendicular
to the primary slip direction, causing mode I crack opening.

Let us turn now to the high tensile stresses at the free surface, where because of equilib-
rium they have to be parallel to the free surface. We focus on the high stresses at pointD
in figure 3.11, since they are the worst case for fracture initiation. According to figure 3.12
there are no dislocations close to pointD.
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Figure 3.11: Maximum principal tensile stressσI normalized by the applied peak stress for a2 × 2µm grain at
the surface after 325 cycles using the 2DD model described in chapter 2.

The stress at the free surface in figure 3.11 is maximal at pointD. We look for the origin
of this high stress. To identify the dislocation causing the local high stress, we pick point
E, which is the next nodal point of the mesh in the direction of the highest gradient in the
stress, as shown in figure 3.11. In order to identify the dislocations causing the high stress
at pointD compared to pointE we calculate the stress contribution at pointD of every
dislocation and compare it with pointE (0.04µm away fromD). Dislocations producing a
higher stress at pointD are marked in black in figure 3.12, while the other dislocations are
shown in grey.

There are380 black dislocations found on the primary slip planes, while there is an
average of230 black dislocations found on the two secondary slip planes. On the primary
slip plane there are496 grey dislocations and on the secondary planes351 grey dislocations
on average. Therefore, there is a higher number of dislocations that do not produce the high
stress at the surface. Of the dislocations that cause a high stress at the surface more than
average are found on the primary slip planes. Another finding is that the high stress is not
caused by nearby dislocations; the long-range stress fields of distant dislocations add up to
cause locally high stresses.
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D

Figure 3.12: Distribution of dislocations corresponding of figure 3.11. Black dislocations produce higher stresses
at pointD than atE. The gray dislocations depict the other dislocations.

Evolution of stresses along the surface
The stress distribution along the free surface obviously is not static but evolves with con-
tinued cycling. Figure 3.13 shows the stress along the free surface for a1 × 2µm grain
after 1000, 1999 and 2000 cycles. As we have seen in chapter 2 the dislocation density is
highest for this geometry compared to the other geometries discussed; which leads to the
expectation that also the stresses are highest in this case.

In chapter 2 we have seen that there is no steady development of the dislocation structure
for the 2DD model, which is also employed here. Therefore, also the stress along the free
surface is not expected to develop steadily. Comparing the stress profiles after 1000 and
2000 cycles, the maximum stress levels stayed constant, although at the later time there
are more areas of positive, i.e. tensile, stresses. To investigate the change in the stress
profile during a single cycle, we compare the stress profiles after 1999 and 2000 cycles in
figure 3.13. The general profile, e.g. the spikes aroundx = 0.5µm, of both curves is the
same. However, there are large changes in the stresses aroundx = 1.2µm.

The stress along the free surface for a2× 2µm grain, as shown in figure 3.14, fluctuate
as for the smaller grain. However, in this geometry there is a wide area of tensile stresses
which covers about3/4 of the free surface for the cycles displayed. The stresses for both
grain sizes are roughly equal.
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Figure 3.13: Stress distribution along the free surface for a1× 2µm grain after 1000, 1999 and 2000 cycles.
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Figure 3.14: Stress profile along the free surface for a2× 2µm grain after 1000, 1999 and 2000 cycles.

Dislocations piling up against the grain boundary cause high compressive stresses at
the corners of the grain near the free surface, i.e.x = 0µm andx = 2µm. Dislocations are
impenetrably pinned at the grain boundary, even if this point is on or extremely close to the
free surface. This is an artifact of the model, which depends on the random distribution of
slip planes, i.e. the distance of the ends of random slip planes to the free surface. A more
physical approach would allow dislocations to cross the grain boundary if the dislocation is
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close to the free surface, and thereby would allow dislocations to leave the material at the
free surface.

Until now we have looked at the stress at the surface after completing a cycle, i.e. at
zero applied stress. Now we turn our attention to the development of the stress at the free
surface over time. Using the 2DD model explained in chapter 2, figure 3.15 shows the
evolution of the stress in the first cycles at the point of maximal tensile stresses after a few
cycles, i.e.x = 0.6µm, y = 0µm.
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Figure 3.15: Development of the stress parallel to the free surface atx = 0.6µm, y = 0µm in a2× 2µm grain
and the applied stress using the 2DD model.

Comparing the stress at the free surface with the applied stress, one finds a phase shift.
When the applied load is zero, the stresses at the surface are maximal and vice versa.
Dislocation motion relaxes the stress in the material. In the beginning of the first cycle the
stress is relaxed, as shown in figure 3.15, due to dislocation motion. Due to the pile-ups of
dislocations against the grain boundaries and due to the attraction forces of dislocations of
opposite sign, the dislocations glide back after0.35T , when the applied stress is decreased.
Because the dislocations glide back the stress increases again. This behavior continues
and produces the phase shift, as shown in figure 3.15. Therefore, the dislocation motion
reduces the stress at the free surface and does not enhance it as one would expect. In
conclusion, fracture initiation is hindered by dislocation motion.

Figure 3.16 shows the development of the stress at two points using the 2.5DD model,
which incorporates three-dimensional effects. We have seen in chapter 2 that this model
produces a much more stable dislocation structure because of the formation of junctions.
Additionally, this stability seems to contribute to fracture initiation, as shown in figure 3.16.
In this case, maximum stresses atx = 0.6µm andx = 1.0µm are found when the applied
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Figure 3.16: Development of the stress parallel to the free surface atx = 0.6µm, y = 0µm andx = 1.0µm, y =
0µm and the applied stress using the 2.5DD model.

stress is maximum as well. Compared to the results obtained by the 2DD model, the dislo-
cation motion in this simulation does not decrease the stress at the free surface. Here, the
junctions and the line tension hinder the dislocation motion and thereby decrease the reduc-
tion of the stress in the plastic region. Over time more junctions from, which increases the
dislocation density, thus leading to a local increase in the stress, as shown forx = 1.0µm in
figure 3.16. Therefore, dislocations play a dual role. On the one hand, they reduce stresses
in the plastic zone. On the other hand, they enhance stresses locally.

In conclusion, the 2.5DD model not only shows some formation of structures of dislo-
cations as discussed in chapter 2, it also gives rise to the build-up of higher stresses at the
free surface. The much higher computational expense of the 2.5DD model, however, limits
its use. We therefore restrict us to the 2DD model for the remainder of this thesis.

3.6 Summary and Conclusion

In this chapter starting from the analytical approach by Brown and Ogin we went via dis-
crete dislocation calculations and refined analytic considerations to dislocation dynamic
simulations to investigate the stress at the free surface caused by dislocations. With the
discrete dislocation calculation we found no stress singularity where the PSB ends at the
free surface, but just high tensile and compressive stresses. These stresses depend strongly
on the configuration of the dislocation arrangement representing the PSB. The dynamic
simulation leads to high tensile stresses that are mostly caused by the long-ranging stress
fields of the primary dislocations.
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All stress levels calculated from dislocation dynamics so far are on the order of the
applied stress, which is much too small to cause interatomic fracture, as explained in the
introduction to this chapter. However, these stresses are calculated for a grain with a smooth
surface. A rough surface would cause stress singularities and this phenomenon is discussed
in chapter 4.

Fatigue cracks initiate at the free surface before the crack continues in the bulk. To shed
more light on the fatigue crack initiation at the free surface, we focus on the elastic fields
caused by the surface roughness, i.e. surface steps arising form dislocation motion, and
their influence on the fatigue behavior in chapter 4. A model of these effects is combined
with the 2DD model in chapter 6.






