NPL REPORT MAT 81

Finite element analysis of stress distribution around corrosion pit in shotpeened steel

A TURNBULL and L CROCKER
April 2016

NPL Report MAT 81

Finite element analysis of stress distribution around corrosion pit in
shot-peened steel

Alan Turnbull and Louise Crocker
Materials Division

SUMMARY
Finite element analysis has been applied to chacterise the stress and strain distribution
around a corrosion pit in a steam turbine martensitic stainless steel that had been shotpeened according to industry practice to induce near-surface compressive residual
stress. The stress and strain distribution around the pit has been evaluated step-wise:
(1) with an applied design stress of 90% 0.2 only; (2) with compressive residual stress
gradient only; (3) with a combination of applied and residual stress. For Case (1),
compressive residual stress only, there was a concentration of that stress around the pit
but it was not possible to decouple the stress concentration effect from any relaxation
that might have ensued. For Case (3), with an applied stress of 90% 0.2 typical of stream
turbine design stresses, the maximum in tensile stress and strain became much more
localised to the pit base for the shot-peened steel and for a pit depth of 250 µm the
benefit of shot peening with respect to resistance to stress corrosion cracking and
corrosion fatigue would not be apparent. At pit depths less than 150 µm some benefit
would be anticipated.
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INTRODUCTION
Shot-peening, laser peening and burnishing are commonly used to induce compressive residual
stress into the surface of engineering components to enhance the resistance of the alloy to fatigue,
corrosion fatigue and stress corrosion cracking. Factors that may limit the long term effectiveness
of the surface modification process include residual stress relaxation, when external stresses are
sufficient to induce plastic deformation [1,2], and pitting corrosion. The former is quite well
understood, though sometimes overlooked. However, in the case of pitting corrosion, there is a
dearth of research to assess the extent to which pit depth, stress concentration, stress relaxation,
and residual stress gradient interplay to reduce the benefit of the surface treatment, though the
fatigue work by Garcia et al. [3] is notable.
To address this uncertainty the stress corrosion and corrosion fatigue behaviour of shot-peened
martensitic stainless steel turbine blade with pits of varying depth is being evaluated at NPL. In
that application, pitting is predominantly an off-load phenomenon and the approach adopted has
been to develop corrosion pits of controlled depth in shot-peened blade steel specimens and then
assess the subsequent stress corrosion cracking or low cycle corrosion fatigue resistance, the latter
associated with regular start-up and shut-down of the turbines. In previous research [4,5,6] we
have demonstrated the value of applying finite element (FE) analysis (applied and tensile residual
stress) to characterise the stress and strain distribution associated with pits and used the
predictions to rationalise the observed location of crack nucleation, which was predominantly
close to the pit mouth, rather than the pit base [4]. Here, we focus on elucidating the stress and
strain distribution associated with a pit in a compressive stress field generated by shot peening,
the expectation being that the loci for crack nucleation may shift in response to the near-surface
residual compressive stress (see Reference 3) and that the benefits of shot peening may be
constrained depending on the pit depth.
MECHANICAL PROPERTIES
The mechanical properties of the 12Cr martensitic stainless steel adopted, FV566, are shown in
Figure 1 (the full stress-strain curve was used but only the data up to about 5% strain are presented
to provide more detail). The test data were derived at 90 C, corresponding to the temperature of
first condensation in the low pressure turbine stage and the temperature adopted for laboratory
testing.

Figure 1: Tensile stress-strain curve for FV 566, 12Cr martensitic stainless steel at 90 ºC showing
data up to limit of strain gauge measurement, corresponding in this case to the ultimate tensile
stress.
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The 0.2% proof strength at 90 ºC was 820 MPa and the ultimate tensile stress (UTS) was
955 MPa. No specific data for the compressive stress-strain response was generated for
application of the FE analysis to the residual compressive stress-only case, the assumption being
that these data mirrored the tensile properties but in reverse.
The shot-peening was undertaken on all faces of flat tensile specimens by Metal Improvement
Ltd. using the procedure S170 8-12A, typical of industry practice for this steam turbine
application. X-ray diffraction (XRD) combined with electropolishing1 was used to determine the
residual stress distribution. In that context, the measured value represents an average over a depth
of about 8 µm. The longitudinal stress profile is shown in Figure 2. Notably, the compressive
stress was about -700 MPa close to the surface and extended to a depth of about 350 µm or so,
albeit at a depth of 225 µm the absolute magnitude was less than 100 MPa and close to the
uncertainly level in XRD measurement. The transverse stress was very similar in magnitude and
trend with depth to that for the longitudinal stress.

Figure 2: Residual stress profile determined by X-ray diffraction and the simplified fit to the data
adopted in the FE analysis.
Shot-peening the surface also changes the microstructure, as shown in Figure 3, with a
nanocrystalline zone formed at the surface. The thickness of the nanocrystalline zone varied from
about 2 µm to almost 10 µm in one location. In addition, there was some transformation of
retained austenite to martensite with the volume fraction of austenite in the bulk being about
4.5%, reducing to less than 1 % close to the surface. Inevitably, these microstructural changes
will result in a change in mechanical properties near surface, with the yield strength expected to
increase significantly. Near-surface hardness profiles for austenitic stainless steel have shown an
increase in hardness on approach to the surface [7], though this would be less marked for this
martensitic stainless steel. However, extracting detailed information on the mechanical
properties, including work-hardening characteristics, as a function of distance from the surface is
not trivial. Since the purpose of this exercise is to gain physical insight rather than to make explicit
1
In previous unpublished research, A.T. Fry had shown that relaxation of residual stress by removal of thin
layers, relative to thickness of specimen, by electropolishing was insignificant
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quantitative predictions for a particular shot-peened surface we simplify the problem by
considering the material containing the single pit to be homogeneous in both bulk and near surface
material properties but with a gradient in residual stress imposed. Nevertheless, this limitation is
discussed later.
An additional limitation is the assumption adopted in this model of an ideally smooth pit. This is
consistent with previous modelling [4,5,6], which, despite the lack of consideration of fine
topographical detail, still provided very effective insight with respect to crack nucleation at
corrosion pits. Microtopographical features will give rise to localised stress, as shown in other
modelling [8,9,10]. In some applications these features may indeed be the dominant factors but
it is arguably the case that the stable propagation of the cracks may be determined subsequently
by the macro-stresses and strains and this perhaps explains the good correlation of the predicted
stress/strain distribution and the site at which propagating cracks developed in the turbine steels
studied.

50 m
Location 1

Location 2

50 m
Nanocrystalline layer
induced by peening

Figure 3: Electron back-scatter diffraction image of near-surface microstructure for two different
locations highlighting the nanocrystalline layer of variable thickness formed during shot peening.
PIT GEOMETRY
The pit geometry adopted was based on observation of pits in service and in laboratory testing,
and was best represented by a truncated spheroid with the pit depth equal to the full mouth
opening, as represented in Figure 4a. For comparison a scanning electron microscopy image of a
laboratory generated pit is shown in Figure 4b, illustrating the irregularity of the surface at the
local level.
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(a)

(b)
Figure 4: (a) Example of pit as a smooth truncated spheroid; (b) laboratory grown pit highlighting
local topographical features.
FE ANALYSIS
The FE analysis has been carried out using ABAQUS V6.11-5. A 3-D version of a cylindrical
specimen was modelled in the ABAQUS CAE pre-processor (see Reference 5 for more details).
For consistency with previous FE analysis [6] cylindrical geometry was adopted though the shot
peening had been applied to a flat tensile specimen. The magnitude of the residual stress is
expected to be similar for both types of specimen and the response to pit development would be
similar. For simplicity only the longitudinal stress was included in the analysis for this geometry
but this is not expected to affect significantly the assessment of the impact of pit size. A pit was
created halfway along the length of the specimen.
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It is assumed that the cylinder (radius, R, of 3.2 mm) consists of two regions (Figure 5): an outer
annular region where the compressive stress varies with the radial coordinate as defined by the
fit to the measured values as shown in Figure 2; the stress in the inner region was calculated by
ABAQUS to provide the balancing tensile stress. The mesh was created using the 3-D elements
C3D4, which are 4-node linear tetrahedral elements. The mesh was refined in the region around
the pit to enhance the accuracy of stress and strain predictions (Figure 6).
Boundary conditions were applied to the ends of the specimen to ensure specimen alignment
during loading. For the cases with an applied stress, this stress was applied uniformly to the
surface at one end of the specimen. The von Mises material model was used in the analysis to
characterise the elastic-plastic behaviour of the material.
Common axis: (x,y) = (x0, y0)
z
r=a

r=R
y
x

z1 ≤ z ≤ z2

Figure 5: Sketch of the system geometry (size of outer region of compressive stress enlarged for
clarity).

Figure 6: Longitudinal stress through the centre of the specimen, after the residual stress has been
applied but before the sample has been externally loaded, and notionally before any material had
been removed from the pit.
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RESULTS AND DISCUSSION
EFFECT OF STRESS STATE FOR 250 µM DEEP PIT
The distribution of stress and strain around the pit will be determined by the combination of
applied and residual stress, pit geometry and, of course, material properties. In the first instance
the FE analysis has been undertaken stepwise, with applied stress only, residual stress only, and
finally the combination of both, in order to isolate the contribution of the different stress modes.
For clarity only selected data, focusing on a large 250 µm deep pit, will be presented in this
section. The analysis was conducted in two ways: by removing material uniformly from the pit
surface in 10 µm intervals using an element removal approach in ABAQUS [5] until the desired
pit depth was achieved; by simply introducing a pit of the final depth into the cylinder. The
consideration was that progressive plastic deformation associated with material removal might
affect the subsequent stress and strain distribution. In practice, there was no significant difference,
perhaps reflecting the assumption of a homogenous material. Accordingly, only one set of data
will be presented. The applied stress in all cases was 90% 0.2 (i.e. 738 MPa) to correspond to the
design mean stress on the turbine blade under operating conditions.
Figure 7 shows the expected effect of applied stress for a 250 µm pit depth insofar as the
longitudinal tensile stress is maximised in the centre zone of the pit with a small compressive
stress parallel to the loading direction.

Figure 7: Longitudinal (z-direction) stress distribution around corrosion pit of depth/mouth
opening 250 µm with applied stress (90% 0.2) only.
The profile in cross section, both stress (Figure 8a) and strain (Figure 8b), provides more insight.
As noted previously, the plastic strain is localised near the mouth, essentially determined by the
Von Mises stresses, which are optimum for yielding near the pit mouth, while the principal and
longitudinal stresses tend to be more significant away from the pit mouth, though this applies
only when yielding occurs. A surprising feature of these results is the prediction of net tensile
stresses that exceed the maximum stress in the tensile stress-strain curve (UTS 955 MPa). The
expectation would be that yielding would limit the maximum stress attainable but the calculated
stress is significantly above that for the predicted total strain. By inference, there is some
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constraint to plastic deformation, perhaps a consequence of the elastic stresses a short distance
from the pit surface.

(a)

(b)
Figure 8: Cross-section view of longitudinal stress (a) and strain (b) around 250 µm deep pit for
applied stress (90% 0.2) only case. Note maximum principal stress/strain and longitudinal
stress/strain are the same for this case.
For comparison, the results for compressive residual stress only are shown in Figure 9 and in
profile in Figures 10a and 10b, indicating stress concentration characteristics similar but opposite
to that for applied tensile stress, though with differences in detail because of the gradient in the
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residual stress. Here the compressive longitudinal residual stress is a maximum at the surface on
either side of the pit and just above yield, but decreases with depth, while a small tensile stress is
evident parallel to the loading direction. Pitting will concentrate residual stress as for applied
stress but with the distinction that this may be counteracted to an extent by the residual stress
relaxation that might be expected as a consequence of the deformation associated with removing
some material. In actuality, the nanocrystalline layer and sub-surface deformation generated
during shot-peening will raise the effective yield strength locally, so relaxation near-surface is
less likely. Notably, the compressive stress near the pit mouth has increased beyond the nominal
yield stress (assumed to be 820 MPa in compression), implying that this region has workhardened, as residual stress is essentially an elastic stress. Nevertheless, evaluation of the energy
change associated with introduction of the pit indicates that the relaxation is being accounted for
in the analysis; it is simply difficult to isolate the magnitude of any effect and still incorporate the
stress gradient.

Figure 9: Longitudinal stress distribution around corrosion pit of depth/mouth opening 250 µm
with longitudinal residual compressive stress only
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(a)

(b)
Figure 10: Cross-section view of longitudinal stress (a) and strain (b) around 250 µm deep pit
for compressive residual stress case only.
The effect on the stress distribution of the combined influence of applied and residual stress is
shown in Figure 11 and in cross section profile in Figures 12a and 12b.
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Figure 11: Longitudinal stress distribution derived from combining applied stress (90% 0.2) and
compressive residual stress; 250 µm pit depth/mouth opening.

(a)
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(b)
Figure 12. Cross-section view of longitudinal stress (a) and strain (b) around 250 µm deep pit for
compressive residual and applied stress combination.
One obvious feature of the impact of the residual compressive stress gradient is to increase the
localisation of the maximum in stress to around the pit base. In contrast to the case of applied
stress only, the maximum in strain now aligns with the maximum in stress and approaches 0.9%
total strain. The localisation of plastic strain to the pit mouth in the case of applied stress only
was used to rationalise the experimental observation of cracking in that locality [4], albeit a
different steel in that case. By inference, the location of corrosion crack initiation would now be
expected to be constrained to the pit base. The further implication is that the crack evolution
towards the pit mouth would be constrained by the lower stresses and this should impact on the
crack shape.
EFFECT OF PIT DEPTH FOR COMBINED RESIDUAL AND APPLIED STRESS
The effect of pit depth on the variation of the maximum longitudinal stress and strain was
analysed for the combination of residual and applied stress. The results for pit depths of 50 µm
and 150 µm are shown in Figures 13-16 and should be compared with that for the 250 µm pit,
Figures 11 and 12. Results at these pit depths for the compressive residual stress only and applied
stress only cases are given in Appendix 1. The maximum values in stress and strain (tensile or
compressive as appropriate) at the pit base and close to the mouth for all stress states and pit
depths are summarised in Table 1.
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50 µm pit depth

Figure 13: Longitudinal stress distribution derived from combining applied stress (90% 0.2) and
compressive residual stress; 50 µm pit depth/mouth opening.

(a)

12

NPL Report MAT 81

(b)
Figure 14: Cross-section view of longitudinal stress (a) and strain (b) around 50 µm deep pit for
compressive residual and applied stress (90% 0.2) combination.
150 µm pit depth

Figure 15: Longitudinal stress distribution derived from combining applied stress (90% 0.2) and
compressive residual stress; 150 µm pit depth/mouth opening.
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(a)

(b)
Figure 16: Cross-section view of longitudinal stress (a) and strain (b) around 150 µm deep pit
for compressive residual and applied stress (90% 0.2) combination.
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Table 1: Maximum (tensile or compressive value as appropriate) stress and strain at pit base and
near pit mouth as a function of pit depth

Stress state

Depth of
pit/µm

Stress (maximum)/MPa
Pit base

Strain (maximum)/%

Applied only

50
150
250

1.027e3
1.027e3
1.027e3

Pit near
mouth
9.297e2
9.303e2
9.309e2

Pit base
1.013e‐2
1.070e‐2
9.730e‐3

Pit near
mouth
1.373e‐2
1.409e‐2
1.434e‐2

Residual only

50
150
250

‐9.673e2
‐7.776e2
‐2.407e2

‐9.673e2
‐9.520e2
‐9.267e2

‐3.883e‐3
‐2.442e‐3
‐7.580e‐4

‐6.563e‐3
‐6.525e‐3
‐5.634e‐3

Applied + residual

50
150
250

6.293e2
8.470e2
9.889e3

7.019e2
7.747e2
8.191e2

6.368e‐3
7.452e‐3
9.734e‐3

6.741e‐3
7.452e‐3
7.880e‐3

The similarity of the maximum stress and strain for different pit depths for the applied case only
suggests that there is an inherent constraint to the values achievable related to the work-hardening
properties of the material, and this is attained even for the smallest pit. Nevertheless, the depth of
material, as measured from the pit surface, over which the stress and strain are concentrated does
increase with increase in pit depth.
The fall-off in compressive stress at the pit base (residual stress only case) when the pit depth
increases from 150 µm to 250 µm is especially marked and this is reflected also in the
significantly greater stress at the base when both applied and residual stress are combined. For
the 50 µm pit with combined stresses it is notable that the stress and total strain (both elastic) near
the mouth are greater than at the base but the reverse is true for the 250 µm pit, albeit the
difference between pit base and pit mouth in the latter case is quite small. This may create a
situation where the preferred crack initiation site for shot peened steel is not confined to one
location and also may depend on pit size (and local microtopography).
As noted previously, the material is assumed to be homogeneous with no gradient in material
properties from the nanocrystalline region to the bulk of the material. The inclusion of the
increased yield strength and work hardened characteristics of the near surface could have some
impact on the detailed stress and strain distribution around the pit because the material there is
less likely to yield. However, for the case of the combined stresses it may be argued that it is
unlikely to shift the location of maximum tensile stress around the pit significantly, and even the
magnitude since the presence of the compressive stress gradient has constrained the net stress
close to the pit mouth below yield, limiting plastic deformation. One could surmise that the
influence on the absolute magnitude of the stress and strain at the pit base may be small, certainly
for the deepest pit examined.
To our knowledge, there is no systematic study of the impact of pit size on stress corrosion
cracking of shot-peened steels in order to validate the conclusions from this study. There has been
corrosion fatigue testing to evaluate the influence of pitting on shot-peened aerospace alloys, an
aluminium alloy, 7075-T7351, and two steels, AISI 4340 steel and D6AC steel [3]. With the
exception of the aluminium alloy for which the minimum pit depth was 280 µm (maximum
1.8 mm) the minimum pit depths were always greater than 580 µm. The results were not
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systematic. For the aluminium alloy, there was no benefit of shot peening and this was true also
for the D6AC steel but for the AISI 4340 steel there was a benefit. The majority of cracks started
at the pit base and then propagated in depth and around the circumference towards the surface.
Surface compressive stresses constrained the crack growth at the surface and this resulted in
cracks whose width was greater sub-surface than at the surface.
Corrosion fatigue is more complex than stress corrosion cracking. In the latter, the maximum
tensile stress/strain is the critical factor and one can then make basic deductions about the
likelihood of cracking from the predicted stress around the pit with and without shot-peening. In
the case of fatigue, it is the cyclic stress amplitude and the mean stress that are important. The
latter impacts in fatigue in air for example in relation to the crack closure stress, especially near
threshold, and the crack growth rate tends to increase with increasing stress ratio/mean stress. As
such, residual compressive stresses reduce the stress ratio but they may not have much effect on
the stress amplitude, except limiting the tensile component close to the surface. Accordingly, if
the applied stress ratio/mean stress is large this can result in the closure stress being readily
exceeded in the presence of a pit (certainly when local yielding occurs). An effect of shot-peening
on crack initiation then becomes less significant and only the near surface growth rate is affected.
The surprise in the data of Garcia et al [3] is not that there is limited effect of shot peening on the
corrosion fatigue crack growth behaviour with relatively deep pits but there should be an effect
observed for the AISI 4340 steel when the minimum pit depth was 580 µm, at which depth the
impact of shot-peening on the stress state at the pit base should be insignificant. Notably the
benefit of shot-peening was significant only at R=0.1 and not at R=0.7. It is a result that is not
readily explained except by assuming some pinning of crack growth by the near surface residual
stresses.
CONCLUSIONS
FE analysis has shown that with an applied stress of 90% 0.2, typical of steam turbine design
stresses, the maximum stress and strain is localised to near the pit base for a deep pit (250 µm) in
the presence of a residual compressive stress gradient induced by shot-peening, conforming to
conceptual expectation. The benefit of shot peening on stress corrosion cracking would not be
apparent in that case but there would be a constraint to the crack evolving towards the surface
and thus a change in crack shape is projected.
For pit depths of 150 µm or less there is a significant reduction in stress and strain associated with
the pit when compressive residual stress from shot peening is introduced and the likelihood of
stress corrosion cracking is reduced.
In relation to fatigue, the benefit of shot-peening (predominantly affecting the stress ratio/mean
stress) would also be expected to diminish with pit depth and with increasing stress ratio. For the
steam turbine application with mean stresses about 90% 0.2, it may be envisaged that the benefit
would be constrained to small pit depths below 150 µm though the restraint on crack propagation
towards the surface, where the stress ratio would be lower, may lead to a partial, temporary,
reduction of the crack propagation rate.
These finite element calculations are based on a number of approximations so the specific pit
depths evaluated and the implications drawn in relation to these pits depths should be considered
only as providing a framework for experimental testing and are not intended as a basis for
informed engineering inspection.
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APPENDIX 1
EFFECT OF PIT DEPTH
The effect of pit depth on the variation of the maximum longitudinal stress and strain is shown in
this appendix for the applied stress only and compressive residual stress only cases for pits of
depth 50 µm and 150 µm. The results for both with applied stress only are shown in Figures A1A4 and should be compared with those for the 250 µm pit, Figures 7 and 8. The results for pit
depths of 50 µm and 150 µm with compressive residual stress only are shown in Figures A5-A8
and should be compared with those for the 250 µm pit, Figures 9 and 10.
Applied Stress only

Figure A1: Longitudinal stress distribution around corrosion pit of depth/mouth opening 50 µm
with applied stress (90% 0.2) only.
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(a)

(b)
Figure A2: Cross-section view of longitudinal stress (a) and strain (b) around 50 µm deep pit for
applied stress (90% 0.2) case only.
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Figure A3: Longitudinal stress distribution around corrosion pit of depth/mouth opening 150 µm
with applied stress (90% 0.2) only.

(a)
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(b)
Figure A4: Cross-section view of longitudinal stress (a) and strain (b) around 150 µm deep pit
for applied stress (90% 0.2) case only.

Compressive Residual Stress only

Figure A5: Longitudinal stress distribution around corrosion pit of depth/mouth opening 50 µm
with longitudinal compressive residual stress only.
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(a)

(b)
Figure A6: Cross-section view of longitudinal stress (a) and strain (b) around 50 µm deep pit for
compressive residual stress only case.
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Figure A7: Longitudinal stress distribution around corrosion pit of depth/mouth opening 150 µm
with compressive residual stress only.

(a)
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(b)
Figure A8: Cross-section view of longitudinal stress (a) and strain (b) around 150 µm deep pit
for compressive residual stress case only.
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