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a b s t r a c t

The plastic deformation resulting from shot peening treatments applied to the ferritic heat resistant steel
FV448 has been investigated. Two important effects have been quantified: surface roughness and strain
hardening. 2D and 3D tactile and optical techniques for determining surface roughness amplitude param-
eters have been investigated; it was found that whilst Ra and Sa were consistent, Sz was generally higher
than Rz due to the increased probability of finding the worst case surface feature. Three different methods
for evaluating the plastic strain profile have been evaluated with a view to establishing the variation in
yield strength near the surface of a shot peened component. Microhardness, X-ray diffraction (XRD) line
broadening and electron backscatter diffraction (EBSD) local misorientation techniques were applied to
both uniaxially deformed calibration samples of known plastic strain and samples shot peened at inten-
sities varying from 4A to 18A to establish the variation in plastic strain and hence the variation in yield
strength. The results from the three methods were compared; XRD and EBSD profiles were found to be
the most similar with microhardness profiles extending much deeper into the sample. Changes in the
measured plastic strain profile after exposure to low cycle fatigue and the correlation of these changes
with the cyclic stress–strain behaviour of the material are also discussed with a view to assessing the
importance of the dislocation profile in component life assessment procedures.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Shot peening is a cold work process typically applied to compo-
nents to improve fatigue resistance in critical areas. Stress concen-
trating regions are bombarded with high velocity shot of a hard
material. This results in plastic deformation at the surface of the
component, characterised by a dimpled topography and near sur-
face strain hardening, thus increasing the local yield strength of
the material. Compressive residual stresses are also formed as a re-
sult of the misfit strain between the plastically deformed surface
and the elastically deformed sub-surface layers. Whilst this process
has been applied for many years, current interest is focussed on
including the effects of the shot peening process in component
remnant life models rather than simply using the process to add
extra conservatism to the model.

One example application is to shot peened industrial low pres-
sure steam turbine blade to disc interfaces. Non-destructive testing
is typically carried out every 12 years and damage tolerant life
assessment modelling is performed based on the worst case de-
fects to underwrite service for the next period or to define a repair
and replacement schedule. The development of life assessment
methods with the potential to defer invasive inspections, improve
the reliability of repair and replacement schedules and extend
component life are of significant interest in the power generation
industry where the loss during a typical outage of 8–12 weeks on
a 500 MW unit is >£M.

Inclusion of shot peening effects in remnant fatigue life model-
ling requires detailed consideration of the inter-relationship be-
tween surface roughness and strain hardening on initiation
characteristics (surface roughness tends to accelerate initiation,
whereas strain hardening tends to retard initiation) and residual
and applied stresses (as influenced by near surface strain harden-
ing) on crack propagation (compressive residual stresses tend to
reduce damaging tensile applied mean stresses). In some cases,
there may also be the additional complication of phase transforma-
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tions induced near the peened surface which may also affect the
near surface material properties, or cyclic hardening or softening
of the near surface material as a result of the accumulation of plas-
tic strain (depending on the specific properties of the material in
question). Furthermore, the residual stress and strain hardening
profiles may be modified by the application of service temperature
and load spectrums; these modifications are heavily dependent on
the behaviour of the material in question under cyclic load. These
relationships are complex and are dealt with in significantly more
detail in a recent review by one of the present authors [1]. There is
thus a clear requirement for well-defined procedures for determin-
ing the residual stress profile, surface deformation, or roughness
and near surface strain hardening resulting from any given shot
peening system.

Methods for determining residual stress profiles by X-ray dif-
fraction (XRD) [2] and hole drilling [3] are well established, with
both methods able to measure near surface compressive residual
stresses in shot peened components [4]. Hence the focus in the
present paper is on establishing the most appropriate methods
for characterising surface roughness features and near surface
strain hardening with a view to their inclusion in life assessment
procedures for components operating in the low cycle fatigue
(LCF) regime. The manner by which the effects can be included is
not described in detail in the present paper; for further informa-
tion, the reader is directed to a recent review by some of the pres-
ent authors [5].

Many parameters can be defined to describe surface roughness;
despite some indications that describing other parameters such as
Rt (which can capture worst case defect data) and Rsk and Rku

(which can capture more statistical information about the surface
profile) [6], Ra remains the parameter of choice in the majority of
papers considering shot peeing surface roughness effects (see for
example [7]), although some more recent works now report areal
parameters (see for example [8]). Whilst detrimental surface
roughness effects are often considered to be insignificant in sys-
tems with 2.5 < Ra < 5 lm, which are dominated by residual stress
and strain hardening [9], if the life assessment procedure explicitly
accounts for residual stresses and strain hardening, it would be
prudent to also consider the effects of surface roughness, possibly
by taking account of the stress concentration factor Kt, calculated
using the empirical approach of Li et al. [10]. This is particularly
important in operating conditions where significant stress relief
and changes to the dislocation profile resulting from shot peening
occur (as a result of operating temperature and applied stress dis-
tributions) [11,12], since surface roughness may become a more
dominant factor in assessing fatigue life. For example, in stress re-
lieved AISI 4140, even a surface roughness of Ra < 1.4 lm (Rt < 14 -
lm) had a detrimental effect compared to polished samples of
Ra = 0.3 lm (Rt < 5 lm) [13].

Recently there has been a drive towards three dimensional
topographical characterisation of surfaces with new standards
defining area parameters such as Sa and St [14] and the tactile
and optical methods which can be used to characterise them
[15]. In a recent study, Child et al. [8] used white-light interferom-
etry to determine the Sa resulting from shot peening, although the
relationship between the areal parameters and linear parameters
was not confirmed. This relationship may be critical if such mea-
surements are to be used in determining roughness induced stress
concentration factors and thus included in component life assess-
ment procedures.

The strain hardening profile resulting from shot peening can be
characterised (see for example [8,11,12,16–19]). Any changes to
the dislocation distribution during LCF should also be considered
since this rearrangement is strongly related to the relaxation of
residual stresses and can help identify locations where initiation
is likely [11,12,20]. There are three well recognised methods for

determining the extent of cumulative plastic strain, namely
microhardness, XRD line broadening (typically measured using full
width at half maximum (FWHM) data) and electron backscatter
diffraction (EBSD) misorientation analyses.

For shot peened components, these plastic strain measures are
commonly quoted ‘as is’ and not converted to a plastic strain mag-
nitude (see for example uncalibrated hardness [16], laboratory
XRD FWHM [12] and EBSD [8]); this conversion is essential if the
varying yield strength near the surface of a shot peened compo-
nent is to be considered in life assessment.

The relationship between microhardness and yield strength has
been presented in several papers; the causal link between the two
parameters is clear: strain hardening and the associated increase in
dislocation density increases the resistance to plastic deformation.
However, the mathematical nature of the relationship is not well
defined. Cahoon et al. [21] related hardness to yield strength using
the strain hardening exponent whilst Fontanari et al. [4] suggest
that the ratio of elevated yield strength to bulk yield strength in
aluminium alloys is the same as the measured hardness ratio. In
power law hardening materials perhaps the most physically repre-
sentative model is that used by Srikant et al. [22] relating hardness
to plastic strain using a power law.

Neglecting instrumental effects, diffraction peaks can be broad-
ened by reductions in crystallite size and the presence of micro-
strains. For diffraction profiles that are known with high
statistical significance, complex deconvolution analyses can be
used to separate the crystallite size and strain effects [23]; these
techniques are now often implemented in commercial diffraction
peak analysis software, such as TOPAS [24]. The Williamson–Hall
approach can also be used to separate size and strain effects and
has been demonstrated for shot peened samples by Tan et al.
[25]. However, the laboratory XRD systems used to investigate shot
peened materials (typically for residual stresses) are often not opti-
mised for such complex analyses and deconvolution is not possi-
ble. In this case, when relative values will suffice, the calibration
approach described by Prevéy for nickel based alloys can be ap-
plied [17,26]. Peak width was related to plastic strain by an expo-
nential relationship; the plastic strain can then be used to
determine the variation of yield strength as a function of depth
[26].

EBSD techniques have recently been growing in popularity for
measuring plastic strain. Geometrically necessary dislocations
resulting from crystallographic slip result in crystal orientation
changes within the material which can be detected [27]. This af-
fects both the quality of the diffraction patterns and the local ori-
entation. Early work quantified the ‘diffuseness’ of the Kikuchi
line pairs using the gradient of the pixel grey level on traversing
the line [28].

More recently, image quality parameters have been used qual-
itatively (since they are influenced by other effects such as interac-
tion volume, sample surface and sample tilt [27]), with
quantitative methods focussing on crystallographic misorientation
parameters. This is often quantified as the spread in crystallo-
graphic orientation within a grain. Linear relationships between
misorientation and plastic strain have been shown in both austen-
itic stainless steel and nickel alloys [27]. Local misorientation
methods have also been employed in 304L stainless steel and nick-
el alloy 690 [29] and also show a linear relationship. Given possible
saturation effects [29], it is crucial to extend the calibration beyond
the maximum of 20% reported in these studies if the method is to
be extended to analysing the plastic strain distribution resulting
from shot peening where strains are typically in excess of 20%
and in the extreme may reach 50% [17].

It was upon comparison of the indicated plastic strain distribu-
tions resulting from each measurement technique that we realised
a systematic comparison was required. Table 1 details the plastic
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strain measured in shot peened (6–8A) Udimet 720Li by two differ-
ent research groups using different methods. The results from the
microhardness technique show reasonable repeatability; the indi-
cated depth by the XRD technique is somewhat reduced whilst the
depth measured by the EBSD technique is around half that mea-
sured by the microhardness technique.

The objective of this paper is twofold. To the best of the authors’
knowledge, there has not been an explicit comparison of two
dimensional and three dimensional surface roughness character-
isation techniques or of calibrated microhardness, laboratory
XRD and EBSD methods for evaluating plastic strain distribution.
Before these measurements can be accepted into industrial compo-
nent lifing procedures for shot peened components, the methods
must be systematically evaluated and standards adopted; the com-
parisons of the methods in this paper are a first step in this process.
The second objective of the paper is to apply the plastic strain char-
acterisation methods first in evaluating the plastic strain resulting
from varying shot peening processes and second to consider the
manner in which the corresponding dislocation distributions
change when subjected to LCF, drawing comparisons with previ-
ously published residual stress relaxation data [7] and the cyclic
stress–strain behaviour of the material.

2. Material characterisation

The material used throughout this investigation was FV448, a
tempered martensitic steel of composition shown in Table 2, typi-
cally austenitised at 1150 �C, oil quenched, and then tempered at
650 �C with microstructure shown in Fig. 1. The monotonic Ram-
berg–Osgood parameters for this material determined under ten-
sion in accordance with BS EN 1002-1:2001 [30] at an extension
rate of 0.3 mm min�1 are A = 1152 MPa and nm = 0.0587 [7]. The
ambient cyclic stress strain characteristics of the material were
also established at three strain ranges (De = 0.0080, 0.0110,
0.0155). Tests were in accordance with BS 7270:2006 [31] and
the recommendations provided by Hales et al. [32]; the geometry
of the cylindrical samples used is illustrated in Fig. 2. Fatigue test-
ing was carried out using a triangular waveform at strain ratio
Re = 0 and a strain rate of 3 � 10�3 s�1. Strain was controlled using
a 12.5 mm gauge length extensometer; load and strain data were
both recorded at a frequency such that a minimum of 500 data
points were recorded per cycle. The resulting development of peak
stresses through life is shown in Fig. 3.

Fig. 3 shows clear cyclic softening through life at all strain
ranges investigated. Initially this softening is very rapid before
slowing to a relatively constant through life rate; this trend has
also been reported elsewhere for other similar 9–12 Cr steels and
is a result of rearrangement in the post-quench dislocation struc-
ture resulting in a reduction in dislocation density and the conver-

sion of the original fine lath structure to a coarser cellular structure
in which the dislocation density at cell walls is higher than that in
the cell interior [33,34].

The three data points obtained (one at each strain range) were
used to scale the Ramberg–Osgood relationship for cyclically stabi-
lised behaviour. Stabilisation was assumed to have occurred once
the peak stress in a cycle was within 2% of the peak stress at the
end of life; the average life fraction at which this condition was
met was 0.49Nf. The monotonic nm was held constant and A was
scaled to minimise the error; the resulting change in A was a drop
of 10.6%.

A combined isotropic and non-linear kinematic hardening mod-
el [35] was also developed for each strain range. The model was
optimised for through life behaviour and the first experimental cy-
cle was not considered due to anomalous behaviour in the first ten-
sile half cycle, after which the kinematic coefficients appeared to
change. The modelled through life peak stresses are compared with
the experimental data and the results of the cyclically stabilised
model in Table 3, assuming that the maximum and minimum
stresses predicted by the cyclically stabilised model are the same
in each cycle throughout life.

The average error in peak stress resulting from the combined
model is less than 1.5%. When comparing the average error, the
cyclically stabilised model also appears to perform reasonably well
with the highest average absolute error per cycle only 5.1%. How-
ever, it is in the maximum absolute error in a half cycle that the
combined model performs much better than the cyclically stabi-
lised model; the maximum error in the combined model is 7.6%
whereas for the stabilised model it is 13.3%. For both models, the
highest error always occurs in the first cycle. However, the error
for the combined model is typically reduced to <2.5% by the second
cycle (De = 0.0110 excluded, it takes 40 cycles at this strain range),
whereas for the stabilised model the error is much higher to begin
with and reduces more slowly. This results in a greater standard
deviation in the error for the stabilised model.

Table 2
Composition of FV448 in wt.% [7].

Element C Mn Si Ni Cr Mo V Nb Fe

Spectrographic
analysis

0.12 0.94 0.31 0.74 11.0 0.58 0.31 0.34 Bal

Fig. 1. Optical micrograph of polished and etched (Vilella’s Reagent) FV448
illustrating the tempered martensitic microstructure.

Fig. 2. Cyclic stress strain test sample dimensions in mm.

Table 1
Comparison of indicated plastic strain depths resulting from shot peening (6–8A)
Udimet 720Li.

Method Depth (lm) Source

Microhardness 120 Kim et al. [12]
Laboratory XRD FWHM 100 Kim et al. [12]
Microhardness 100 Child et al. [8]
EBSD grain based misorientation 70 Child et al. [8]

108 K.A. Soady et al. / International Journal of Fatigue 54 (2013) 106–117
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3. Post shot peen surface roughness and plastic strain
measurement methodology

3.1. Sample preparation

Shot peened samples were prepared by Metal Improvement
Company, Derby Division according to the four processes outlined
in Table 4 (the processes were specified according to shot hardness,
diameter, Almen Intensity and coverage; the velocity is shown as
an indication of the velocity required to achieve the given Almen
Intensity calculated using Metal Improvement Company’s in-house
Peenstress� software [36]). The results were compared against
samples which met the industrial machined component and pre-

peen specification of Ra < 0.8 lm. Both a Taylor Hobson Form Taly-
surf 120L stylus profilometer and an Alicona Infinite Focus optical
(focus variation) profilometer were used to determine surface
roughness average parameters (Ra and Sa) and peak to valley
heights (Rz and Sz) [14,37] for each surface condition. To ensure
comparability between results, both tactile and optical profile
lengths and filters were selected according to BS ISO 4288:1996
[38]; filters for optical areal data were set in accordance with best
practice guidelines ensuring that surface form was removed [39].
Tactile horizontal resolution is dependent on the stylus tip radius
which was 3 lm; vertical resolution was 12.8 nm. The vertical res-
olution on the Infinite Focus was set to 200 nm for shot peened
surfaces and 100 nm for the ground surface in accordance with
best practice recommendations [39]. Due to the relatively coarse
shot peened surface profile with indent diameters of the order of
tens of micrometres, a horizontal resolution of 3.5 lm was deemed
sufficient for roughness analysis. All optical data was processed to
remove spikes from the surface and fill holes with values interpo-
lated from nearby data points; the reference plane was set
appropriately.

Tactile data was taken from a minimum of 32 line profiles, eight
on each of four samples. Optical data was taken from five area
scans measuring 1.4 mm � 1.1 mm; line profiles were zig-zagged
across the area to ensure sufficient profile length. For T0 the aver-
age Ra and Sa of the five small scans were checked against a larger
scan (in which fewer repeat zig-zags were required) of dimension
3.9 mm � 1.1 mm and the error in both was found to be less than
2%. Thus data from five small scans was considered appropriate
and allowed data to be collected from different surface locations
to check coverage.

Calibration samples of known plastic strain were deformed
using an electromechanical Instron 5569 using monotonic uniaxial
tension (at low ep) in the same manner as was described in Sec-
tion 2 and compression (at high ep) at extension rate 0.1 mm min�1

in accordance with ASTM E9 [40], using molybdenum disulphide as
a lubricant to reduce barrelling effects. The changes in microstruc-
ture induced by compression are illustrated in Fig. 4. As the plastic
strain increases, the grain structure changes with elongated pan-
cake grains more evident. The prior austenite grains on the top sur-
face appear to get larger as strain increases and become flatter on
the front and side surfaces.

To obtain calibrated plastic strain profiles and hence (using the
Ramberg–Osgood model) estimates of the variation in yield
strength near the shot peened surface, microhardness testing,
XRD profiles and EBSD area scans were performed on calibration
samples and shot peened samples in the region near the peened
surface (Fig. 5a). This approach requires the assumption that the
cold work induced crystal deformation and dislocation formation
resulting from shot peening affects crystallite size and strain
(and associated misorientations) in the same way as monotonic
uniaxial deformation; there will be some errors in this assumption
associated with the cyclic behaviour of the present material. Given
the relatively minimal cyclic softening reported in this material in
Section 2, this error is not significant in the present material sys-
tem when compared with the experimental errors in plasticity
measurements (Section 4.3). In cases of more significant cyclic
softening, it may be necessary to calibrate cold work based on
cyclically stabilised uniaxial test samples. Process T0 (13A) is the
industrially applied process and is thus the process for which the
different plastic strain profiling techniques are compared. Once
appropriate measurement techniques were established, the meth-
od was applied to compare the plastic strain profiles resulting from
each peening process.

The method was also applied in determining how the disloca-
tion profile within the samples changed after LCF; plastic strain
data was obtained from the notched region of three T0 samples,

Fig. 3. Development of peak stresses through life at De = 0.0080, 0.0110, 0.0155,
Re = �1 showing (a) through life behaviour and (b) tensile behaviour at the start of
life.

Table 3
Statistical comparison of combined and stabilised model peak stresses against
experimental data for De = 0.0080, 0.0110, 0.0155, Re = �1.

Strain
range

Model Average
absolute error
per half cycle
(%)

Standard
deviation error
per half cycle
(%)

Maximum
absolute error in
an half cycle (%)

0.008 Combined 1.0 0.64 5.4
Stabilised 2.2 1.36 6.4

0.0110 Combined 1.4 1.66 7.6
Stabilised 5.1 2.41 13.3

0.0155 Combined 1.3 0.74 6.2
Stabilised 2.2 2.00 10.4
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one as peened, one after one fatigue cycle and one at half the fati-
gue life. The fatigue experimental details are detailed elsewhere [7]
and are summarised in Fig. 5b. The strain at the notch root was cal-
culated using elastic–plastic finite element analysis in Abaqus
Standard. A quarter model was employed relying on specimen
symmetry; the material model was based on the monotonic tensile
test Ramberg–Osgood relationship and employed isotropic harden-
ing to allow consideration of unloading behaviour. Elements were
full integration 20 node quadratic hexahedral C3D20 type and
were 0.01 mm in depth adjacent to the surface loaded in tension.
A representation of the first loading cycle in terms of strain range
(in the direction of the primary tensile axis) was obtained through
sequential static analysis of stress and strain distributions under
maximum and minimum load. The significance of the cyclic soften-
ing reported in Section 2 was investigated by changing the material
model used; it was found that in terms of strain range the variation
induced by using either the cyclically stabilised or combined mate-
rial models was <2% and was less significant than the correspond-
ing variation introduced by a 5% error in the applied load. Once it

Table 4
Shot peening process parameters.

Process Designation Intensity Coverage (%) Shot diameter (mm) Shot hardness (HRC) Shot velocity (ms�1)

MI110R 04A 200% T1 4A 200 0.28 45–52 26
MI230R 13A 200% T0 13A 200 0.58 45–52 57
MI330R 13A 200% T2 13A 200 0.84 45–52 35
MI330R 18A 200% T3 18A 200 0.84 45–52 54

Fig. 4. Microstructure in calibration samples after compression to known plastic
strains illustrating the development of elongated pancake grains.

Fig. 5. Sample preparation.

110 K.A. Soady et al. / International Journal of Fatigue 54 (2013) 106–117
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had been verified that the plastic strain profile in the notch result-
ing from shot peening was representative of that on the flat sec-
tion, parallels were drawn between the dislocation distribution,
the cyclic softening behaviour and the residual stress relaxation
behaviour in this specific material-loading system [7].

3.2. Microhardness

Microhardness profiles were obtained for each surface condi-
tion based on four traverses of indents separated by 10 lm on
the polished face indicated in Fig. 5a. Testing was in accordance
with BS EN ISO 6507-1:2005 [41] using 200 g load for 15 s dwell.
An image analysis protocol was implemented to analyse the
microhardness indents and their position with respect to the sur-
face mean line. Data for multiple traverses were smoothed using
a Loess function with a polynomial of degree 1 and sampling pro-
portion of 0.3 to ensure any waviness in the data was removed.

3.3. XRD

The laboratory based XRD sin2w method in combination with
incremental layer removal by electropolishing (electrolyte = 8%
(by volume) of 60% perchloric acid solution mixed in solution with
92% (by volume) of glacial acetic acid) was previously used on both
flat and notched samples peened using process T0 to establish the
compressive residual stress profile resulting from shot peening [7]:
A Proto iXRD system with a Cr-Ka beam of wavelength 2.291 Å was
used to make measurements on the {211} diffraction peak at a 2h
angle of approximately 156�. The accelerating voltage was 20 kV
and the nominal current was 4 mA. A 0.5 mm collimator was used
to reduce curvature effects in the notched samples since measure-
ments were taken in both the loading (longitudinal) and the
orthogonal (transverse) directions. Sample directionality is illus-
trated in Fig. 5b. When the beam was rotating in the axial direction
(for measurements in the transverse direction), there were no
notch shadowing effects and fourteen w angles were used in the
range �39 < w < 39� across two detectors. When the beam was
rotating in the radial direction (for measurements in the longitudi-
nal direction), notch shadowing was more significant and the four-
teen w angles were in the range �30 < w < 30�. In the present work,
the w = 0� data was analysed to determine the line broadening
depth profiles (defined by the FWHM of a Gaussian profile fit) that
had occurred as a result of the shot peening process. In these con-
ditions, the X-ray penetration depth in ferrite was estimated using
data available in the literature [42] for Cr radiation on the {211}
peak to be 5 lm.

Despite variations in the residual stress profile with measure-
ment direction, there was no significant directionality found in
the plastic strain profiles measured in the calibration or flat or
notched T0 samples and as such the profiles were averaged. The er-
ror was approximated by calculating the sample standard devia-
tion from 5 bi-directional measurements on the surface of the
flat T0 sample; the resulting 95% confidence in FWHM measure-
ments was ±0.12�.

3.4. EBSD

All cross sections for EBSD analysis were ground and polished to
a 1 lm finish before final preparation using colloidal silica of
0.04 lm grain size. Data were collected using an EDAX Hikari EBSD
camera operating at 300 fps used with a FEI Nova 600 Nanolab field
emission gun scanning electron microscope operating at an accel-
erating voltage of 20 kV and a nominal current of 24 nA. Uncleaned
data was processed in OIM vs. 5.2 and the patterns were indexed
according to an a-iron structure.

All data was collected on an area measuring at least
200 � 200 lm using a step size of 0.4 lm (the shot peened samples
were positioned with the edge such that with a scan size
200 � 250 lm, the sample area for collection was
�200 � 200 lm). This step size was validated by also collecting
data at 0.2 lm for calibration samples and one T0 shot peened
sample and comparing the analysed profile with those obtained
at 0.4 lm. Two T0 samples were analysed at step size 0.4 lm, for
each sample two different near surface areas were examined.

In the first instance, the same grain based method that was suc-
cessfully applied in shot peened nickel based superalloy Udimet
720Li was used [8]. The results of this approach are illustrated in
Fig. 6a. Although the colour coded map indicates that there is an
increase in misorientation as measured by grain orientation spread
(GOS) near the shot peened surface, the change in the smoothed
data is too small to be able to confidently define the strain hard-
ened region. This is a result of the high degree of intrinsic misori-
entation in this tempered martensitic material (revealed by
underlaying the image quality parameter in greyscale in Fig. 6a)
and as a result the application of a local misorientation method,
kernel average misorientation (KAM) was investigated; the varia-
tion in the strain hardened region is illustrated in Fig. 6b.

This kernel approach resulted in many more data points than
the original grain based approach. Data points with a KAM of 5�
or greater were considered to represent block boundaries and re-
moved since it was found that although the number of highly mis-
oriented points increased near the peened surface, the analysis was
less reproducible between analysis areas. The mean KAM at each
depth (based on the sample surface mean line) was then calculated
and the data were smoothed using the same procedure as for the
hardness data. The strain hardened region can be clearly identified
in Fig. 6b when the smoothed line is compared with the upper and
lower unstrained bounds as identified from unstrained mean ±2
unstrained standard deviation.

4. Surface roughness and plastic strain results

4.1. Surface roughness

3D reconstructions of the surface topography for each sample
surface condition are shown in Fig. 7a–e. Fig. 7f compares the line
profile roughness parameters Ra and Rz with the areal equivalents
Sa and Sz; there is no significant difference between optical and tac-
tile line measurement techniques. It is clear that whilst the mea-
surement of average amplitude parameters seems consistent
when comparing areal and profile measurements, the areal mea-
surement of maximum peak to valley height is significantly greater
than the line measurement. This is indicative of the greater proba-
bility of finding a significant surface feature using areal scanning
compared to line scanning.

4.2. Plastic strain measurements in compression samples

The results of the plastic strain indicators for the calibration
samples are shown in Fig. 8. A power law least squares regression
resulted in the most appropriate calibration curve for the percent-
age change in microhardness data shown in Fig. 8a; this is not sur-
prising given the Ramberg–Osgood behaviour shown by FV448.

The 95% confidence bars are based on 20 measurements for
each calibration sample; however there are clear issues with
repeatability reflected by the large error bars and the low R2 value.
It was ensured that there was no variation in hardness with loca-
tion on each sample to eliminate barrelling effects as the cause
of this scatter. The resulting difficulty in quantifying the error in
the calibration was one reason for the development of the other
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techniques as it meant that no error bounds could easily be placed
on the calibrated data from shot peened samples.

Two least squares regressions were applied to the XRD FWHM
data shown in Fig. 8b; both resulted in considerably higher R2 val-
ues than the microhardness calibration. There was found to be no
significant difference between the plastic strain profiles once they
were applied. The power law (allowing a constant term for instru-
mental broadening) was selected rather than the exponential law
(previously used by Prevéy [17,26] in nickel base alloys), since
the fit was almost as good, was easier to apply as no numerical
solution was required and allowed a more consistent comparison
with the microhardness measurements. The error bars shown are
constant at 0.12� as previously discussed and were not calculated
for each measurement point; they are shown to indicate the order
of the error existing in FWHM measurements on strained samples.
Since this error is not well defined and R2 was so high for this cal-
ibration, no error bounds were placed on the calibrated data from
shot peened samples.

Using EBSD techniques, the KAM vs. plastic strain graph
shown in Fig. 8c was determined for the calibration samples.
There was no clear power law fit and so a straight line fit was ap-
plied. The EBSD data is more averaged than the other two ap-
proaches and the 95% confidence bars for each sample were
based on 250,000 data points. The upper and lower bounds
shown were calculated based on the average error across the
12 calibration samples; whilst the confidence in the fit is much
better than for the microhardness data, it is lower than for the
XRD data. This is exemplified by the mean points for two of
the calibration samples lying outside the calibration error
bounds. The high density data allowed account to be taken of this
error. The unstrained KAM shown is known with a high degree of
confidence, since it is the average of all the data points taken in
the unstrained regions of the shot peened samples. Hence a linear
shift was used to force the correct unstrained KAM in the calibra-
tion for each shot peened sample.

4.3. Plastic strain measurements in shot peened samples

Fig. 9 shows the repeatability of the EBSD measurement tech-
nique. The results of four scans on T0 samples at 0.4 lm step size
are shown and compared with the result of the scan at 0.2 lm step
size. The high level of repeatability in the data is clear and the pro-
file of sample 1a was selected as representative of the T0 process.
Applying the error bounds shown in Fig. 8 resulted in a far wider
band than is required based on the data shown. Instead, in the
present analysis all calibrated plastic strains were adjusted by
20%, this is equivalent to the worst case deviation from the mean
line of the calibration sample at ep = 0.2 and resulted in the bound-
ing curves shown in Fig. 9. The lower bound curve gives the lowest
prediction of yield strength for a given misorientation and is con-
sidered representative for this data set; the lower bound is applied
to all EBSD data presented in this paper from this point forwards.

The near surface plastic strain profiles after shot peening pro-
cess T0 measured by the three techniques under consideration
are compared in Fig. 10a. The corresponding yield strength profiles
are compared in Fig. 10b. The XRD profile is very similar to the
EBSD profile; despite the measurement of the surface plastic strain
being higher using XRD, once calibrated to yield strength, the error
at this point appears less significant as a result of the shape of the
Ramberg–Osgood curve. Although at the first point of measure-
ment, the yield strength determined by microhardness is not too
dissimilar to that measured using the other two approaches, the
profile extends much further into the sample. Indeed comparison
with the residual stress data presented in Fig. 10c indicates that
the plastic strain profiles measured using XRD and EBSD correlate
very well with the depth of the maximum compressive residual
stress at 150 lm; that measured using the hardness traverse ex-
tends to 250 lm which is closer to the overall depth of the com-
pressive residual stresses at 340 lm.

The plastic strain profile resulting from each peening process as
determined by EBSD is shown in Fig. 11. Measurements on ground

Fig. 6. Colour coded map indicating (a) grain orientation spread (with image quality in greyscale) and (b) kernel average misorientation for shot peening process T0 indicating
the strain hardened region as identified by the local misorientation approach. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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samples did not detect any significant plastic strain profile. It is
clear that the industrial 13A process (T0) resulted in the highest
plastic strain in the near surface region. Increasing the intensity
of the process to 18A (T3) resulted in a flatter profile near the sur-
face but the same depth of profile, although the plastic strain re-
mained high to a greater depth than in the industrial 13A
process. Decreasing the intensity of the process to 4A (T1) resulted
in a lower surface plastic strain and shallower profile. Increasing
the shot size and reducing the velocity and maintaining the inten-
sity at 13A (T2) resulted in a shallower profile with lower surface
plastic strain compared to the industrial 13A (T0) process.

Changes in the near surface dislocation profile with fatigue
exposure as determined by XRD are shown in Fig. 12. Comparison
of the notched sample data before fatigue with that for the flat
sample shown in Fig. 10a indicates that the notch geometry has
had no significant effect on the induced plastic strain. The data

after LCF suggests that after one cycle there is some rearrangement
in dislocation distribution but that there are no further changes be-
tween this point and 50% of the total life.

5. Discussion

Greater areal maximum peak to valley measurements than line
measurements have previously been reported for much rougher
surfaces (Ra–20 lm) [43]. This trend is also present in the shot pee-
ned surfaces (Ra–3 lm) investigated in the present work. The
implication for component lifing is clear: using the optical Rz data
reported for T0 in the stress concentration assessment approach of
Li et al. [10] and assuming that peaks are separated by the average
indent diameter results in Kt = 1.25 (based on an average indent of
168 lm measured optically). Using the same empirical relationship

Fig. 7. 3D surface deformation generated by each surface preparation technique ((a) ground, (b) T1, (c) T0, (d) T2, (e) T3) and (f) comparison of surface roughness
measurements for each surface condition.
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for Sz data results in Kt = 1.42, an increase of 13.6%. Despite the ori-
ginal paper [10] being based on finite element analyses and thus
well-defined dent geometries, the approach is most typically ap-
plied using line profiles [44] which may not detect the worst case
defect. The application of areal profiles increases the chance of
picking up the worst case stress concentration and would repre-
sent a more conservative approach.

The accurate description of near surface strain hardening is
important, especially if it is to be used in finite element models
determining component stress and strain distributions for applica-
tion in life assessment (for example following the procedure allow-

ing variations in materials properties near the shot peened surface
described by Benedetti et al. [45]). Furthermore, should near sur-
face phase transformations be identified (there were none identi-
fied in the present system [7]), they should also be considered as
a contributing factor to this material property gradient. Of the
three approaches to measuring cumulative plastic strain presented
in this paper, despite the difference in sample volume (XRD being
greater than EBSD [28]), EBSD and XRD techniques are the most
consistent. Although easy to use, there are several drawbacks to
the microhardness technique, the first being that constraint effects
prevent indents from being placed immediately next to the peened
surface of interest. The other major drawback to the approach is
the increase in indicated plastic strain depth resulting in a deeper
elevated yield strength profile which could lead to non-conserva-
tive estimates of component remnant life. This might be a result
of the influence of residual stresses on hardness measurements
[19]. It is generally considered that plastic strain has the greatest
influence on hardness, indeed interpolation based on the results
of Xu and Li [46] indicates that in the present case, at the maxi-
mum residual stress ��0.8r0 and E/r0 = 250, the variation in hard-
ness caused by residual stresses would be expected to be just 5%.
However, given the sensitivity of the power law calibration at
low plastic strains and the shape of the Ramberg–Osgood curve,
even small changes in hardness could lead to increases in the esti-
mated yield strength.

For this reason, the microhardness technique was not applied
further in the present investigation. EBSD is advantageous over
XRD in that many more data points are collected and results are
more averaged, increasing confidence in the data. Since the XRD
data is produced from discrete data points, the confidence in indi-
vidual data points is lower. However, the calibration R2 value was
higher for XRD and although time consuming, FWHM data is typ-
ically available from the same data set as that used for residual
stress measurements, so the approach could be applied if residual
stress measurements were needed with no further data require-
ments. A key indication from the results in this paper is that a
‘mix and match’ approach can be used depending on which meth-
od is more appropriate to a given situation. Indeed we have done
just that, applying the EBSD technique to compare the different
peening processes where incremental layer removal XRD would
have been too time consuming, and applying the XRD technique
to investigate the effect of fatigue on dislocation distribution since
the data was already available after residual stress analysis.

As expected, based on the work of Child et al. [8], peening at a
higher intensity resulted in high plastic strains extending to a

Fig. 8. Calibration equations for monotonic uniaxial tension and compression
samples relating (a) % change in microhardness, (b) XRD FWHM and (c) EBSD KAM
to plastic strain.

Fig. 9. EBSD profiles in T0 samples comparing 0.4 lm and 0.2 lm step size data and
illustrating the lower bound consideration of error.
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greater depth whilst peening at a lower intensity resulted in lower
plastic strains and a shallower profile. However, the comparison of
T0 and T2 is of interest in the present case. It is not just the inten-
sity of the shot peening process which is important, but also the
manner in which that intensity is achieved as this affects the
resulting plastic strain profile. This new plastic strain data supports
the previous conclusions based on residual stress measurements
[18]. This emphasises the requirement for strain hardening and
residual stress profiles for each target material – shot peening pro-

cess system if the effects of the peening process are to be included
in component lifing protocols. Furthermore, the need for a well
optimised process is clear, despite the lower yield strength result-
ing from process T2 than T0, the worst case defect as measured by
Sz is increased, indicating that the initiation life of samples peened
using process T2 would be expected to be worse than those peened
using T0.

A note is made at this juncture of the significance of the mate-
rials models reported in Section 2. The combination of XRD resid-
ual stress measurement (reported in [7]), 3D surface topographical
characterisation and plastic strain measurement by EBSD or XRD
(reported in the present paper) results in sufficient data to imple-
ment the effects of the shot peening process in life assessment
modelling of shot peened components. This could be implemented
by incorporating the experimentally measured profiles in finite
element models which determine local stresses and strains in a
component (as recommended by Soady et al. [5]). This approach
implicitly accounts for the effect of the type of work hardening
in the material on the plastic deformation induced residual stresses
at the start of life. However, the subsequent modelling of LCF
should account for the effects of cyclic softening which may have
occurred in the shot peened layer (for example by specifying the
cyclically stabilised or combined material model such that the
plasticity already experienced during peening is accounted for)
and any changes in residual stress and plastic strain profiles ob-
served during loading; these changes are discussed in the follow-
ing paragraph for the present system.

Fig. 10. Comparison of (a) plastic strain measured by the three different methods
and (b) the corresponding yield strength distributions calculated using the
Ramberg–Osgood relationship resulting from shot peening process T0; these results
can be compared with (c) the residual stress profile measured using the XRD sin2w
technique (after Soady et al. [7]).

Fig. 11. Comparison of the plastic strain resulting from the four peening processes
measured using the lower bound EBSD technique.

Fig. 12. Changes in the plastic strain profile with fatigue cycling at 1.1% notch root
strain range measured using the XRD technique.
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The dislocation distribution after LCF was compared with the
cyclic softening behaviour reported in Section 2. The cyclic soften-
ing in FV448 is associated with the sweeping of dislocations into a
cellular structure; it is thought that it is this rearrangement of dis-
locations near the surface under the first cycle of load which re-
sults in the measured reduction in plastic strain. In FV448, the
rate of softening reduces after the first load cycle; this explains
the lack of continued logarithmic softening measured between
the first cycle and 50% of life. This result can be compared with that
of Dalaei et al. [11] in a pearlitic steel in which a logarithmic reduc-
tion in FWHM with fatigue cycling was reported and Kim et al.[12]
in a Ni-base superalloy in which no change in FWHM profile was
found at moderate temperatures; both other works employed a
similar strain range to that under investigation here. Since these
changes are dependent on the material cyclic stress–strain behav-
iour and the specific loading geometry, as previously mentioned, it
is essential when considering the application of plastic strain and
residual stress data in fatigue life assessments that any possible
changes in the specific system are accounted for in the simulation.

The dislocation distribution after LCF was also compared with
the residual stress relaxation results previously reported in the
same sample [7]. It was found that the maximum compressive
residual stress relaxed to 80% of the original value perpendicular
to loading, but no relaxation was found in the direction parallel
to loading after one cycle (this relaxation resulted from quasi-static
stress relaxation mechanisms [47] and was associated with the
highly constrained nature of three point bend loading) and no fur-
ther changes were reported at 50% of the expected fatigue life. The
lack of continued residual stress relaxation after one cycle corre-
lates well with the lack of changes in dislocation distribution ob-
served after the initial fatigue cycle.

Since there was no significant change in residual stress or strain
hardening with LCF, it is thought that surface roughness is likely to
have only a very small effect on fatigue behaviour in the present
system where residual stresses and strain hardening will domi-
nate. However, as previously mentioned, this will not always be
the case and this should be a consideration of any analyst perform-
ing a remnant life assessment for a shot peened component.

6. Conclusions

� Microhardness, EBSD local misorientation and XRD FWHM
measurements can all be used in conjunction with a series of
calibration samples to calculate the yield strength profile result-
ing from shot peening. EBSD and XRD approaches showed the
most consistent results with microhardness traverses tending
to overestimate the extent of the strain hardened region. EBSD
misorientation maps consist of more data points so the data is
more averaged and the confidence is high, however, despite
being more time consuming and only resulting in discrete data
points, the XRD calibration R2 value was higher than that of the
EBSD method and the technique can be applied to data already
collected for residual stress measurements.
� Increasing the intensity above an industrially optimised process

may not necessarily increase the depth of the plastic strain pro-
file but may result in higher plastic strains being retained dee-
per in the profile. Reducing the intensity of the shot peening
process tends to reduce the magnitude and depth of the plastic
strain profile. The plastic strain profile is not just dependent on
intensity, but also on the combination of shot size and velocity.
� Changes in the plastic strain distribution during LCF can be cor-

related with material cyclic stress–strain characteristics,
applied loading distributions and related to residual stress
relaxation which occurs as a result of plastic deformation. In
the current ferritic heat resistant steel investigated, FV448,

under three point bend load conditions, the near surface plastic
strain reduced slightly after one load cycle, in good agreement
with the cyclic softening behaviour observed and previously
observed residual stress relaxation characteristics.
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