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A B S T R A C T

Turbine disks in gas turbines are subjected to cyclic load at high temperature, making, especially the fir tree type
blade attachments, susceptible to fatigue. Shot peening of the fir tree attachments may be used to increase the
fatigue life by introducing compressive residual stresses. In the current study, both polished and shot peened
notched specimens made from alloy 718 were subjected to low cycle fatigue at 450–550 °C. The shot peening
generally increased the fatigue life, although the effect diminished for high loads. It was shown that the effect of
shot peening could be handled as mean stress effects in a life model based on a Smith–Watson–Topper (SWT)
type parameter, /2max . A material model which captured the mean stress was set up to get the SWT parameter
at the notch root. It was shown that thermal relaxation of residual stresses and initial strain hardening from cold
work could be excluded from the finite element analysis used to establish the mean stress; this since the plasticity
in the first cycle dominated the plastic deformation of the specimen. Overall, the SWT-based life model worked
satisfactorily. However, the prediction of correct mean stresses at 550 °C proved somewhat difficult as the degree
of mean stress relaxation at this temperature varies widely in available literature data.

1. Introduction

Many components in the hot sections of a gas turbine need to carry
cyclic load at temperatures close to the maximum material capability
[1]. Consequently, reliable and accurate fatigue life models must be
available both in design and for setting suitable service intervals. One
quite critical component in the turbine section is the disk to which the
turbine blades are attached [2]; failure of the disk would be cata-
strophic [2]. A part of the disk particularly susceptible to fatigue is the
fir tree like blade attachments [2–4] as they act as stress raisers.

The need for electric power producing gas turbines to adapt to a role
of supporting renewable energy sources is anticipated to increase the
number of cycles in operation (i.e. starts and stops) for gas turbines.
Methods for prolonging the fatigue life of components are therefore of
great interest. It is also of interest to incorporate the effect of any life
prolonging procedure in fatigue life models. Neglecting to include
procedures that give benefits in fatigue life in the life models will give
conservative life predictions and impose unnecessarily strict limitations
to operation conditions and product life.

Fatigue crack initiation at intermediate temperatures often occurs at
the free surface of a component. the anomalies and microstructural
inhomogeneities at the surface and sub-surface provide multiple pre-
ferential sites with stress concentration for nucleation of fatigue cracks.
Shot peening is a well-established surface treatment process, in which

small spherical media impinge the target surface and plastically deform
the surface and sub-surface microstructure. It develops a work-har-
dened layer and in-plane compressive residual stress state on the shot-
peened surface due to the misfit strains between the bulk and surface/
sub-surface materials. The compressive residual stresses are super-
imposed with the external tensile loads, and consequently retard fatigue
crack initiation and enhance the short-crack propagation resistance
[5,6].

An enhanced fatigue life by shot peeing has been found in various
engineering materials, including cast irons, alloy steels, aluminium al-
loys, magnesium alloys, and nickel-based superalloys [7–11]. On gas
turbine disks, shot peening can be applied to enhance the fatigue life at
the notches associated with the fir tree blade attachments [2,12]. Shot
peening may be particular effective in increasing the fatigue life at
notches, as e.g. illustrated by Benedetti et al. [13] for Al alloys in the
high cycle fatigue regime. The surface compression induced by shot
peening can be relaxed by both thermal exposure at elevated tem-
peratures and cyclic external stresses [14]. Studies on the performance
of shot-peened components under high-temperature fatigue conditions
are rather limited; existing studies include, for example, Lee and Mall
[15] which studied high temperature fretting fatigue in a Ti alloy and
Evans et al. [16] which studied the change in residual stresses during
cyclic load (without reporting the fatigue lives). The performance of
shot-peened components in high-temperature fatigue is of great
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importance for accurate component life prediction and further studies
are justified.

In the present study, low cycle fatigue (LCF) tests have been made
on shot peened specimens as well as polished specimens (i.e. with no
shot peening). The material chosen for the study was alloy 718, which
is a commonly used gas turbine disk alloy. The studied specimens were
shot peened with a rather moderate intensity and subjected to relatively
large plastic deformation during the LCF test. The main question in the
current study is whether the benefit in life that shot peening introduces
can be captured in a life model by treating the resulting compressive
residual stresses as an initial negative mean stress in a finite element
(FE) context.

2. Experiments

2.1. Fatigue testing

Fatigue testing has been performed on material from a wrought bar
of alloy 718 (nominal composition: Ni–18Cr–3Mo–0.5Al–1Ti–5.5Nb–17
Fe, wt.%). The material was solution treated for 1 h at 945 °C and aged
8 h at 718 °C and 8 h at 621 °C. The specimen geometry was a blunt
notch compact tension specimen with a notch radius of 2 mm, see
Fig. 1. The specimen geometry was chosen as to represent a fir tree
attachment notch on the turbine disk; in addition the geometry was
designed to allow for shot-peening of the notch root. After EDM ma-
chining, the notch radius was polished and some specimens were also
shot-peened with steel shots S170R, to an Almen intensity of 0.15 mm A
and a coverage of 100%. The specimens not receiving any shot peening
will be referred to as baseline specimens. All tests were performed at
elevated temperature (450 °C or 550 °C) in a 100 kN Alwetron electro-
mechanical test frame equipped with a 3-zone split furnace. A constant
amplitude load cycle with a load ratio R F F/ 0.05min max= = was used,
where Fmin and Fmax are the minimum and maximum applied loads re-
spectively. The total cycle time was 22 s. Different load ranges were
applied in order to cover the range from 1000 to 25,000 cycles to
failure; Table 1 lists the performed tests.

2.2. Residual stress measurements

The magnitude and in-depth distribution of the residual stresses
along the loading direction of the shot-peened CT specimen were
measured, at the notch, by X-ray diffraction using a four-circle Seifert X-
ray diffractometer. Cr-K radiation source was used, giving a diffraction

peak at 2 128° for the {220} diffraction planes of the nickel-based
matrix. A 1 mm diameter collimator was selected in order to reduce the
effect arising from the curved surface. Diffraction peaks were measured
at nine -angles between 45= ± °, whilst residual stress evaluations
were conducted based on the sin2 method [17] with an X-ray elastic
constant of 4.65 10 6× MPa−1. The material removal was conducted
using electrolytic polishing on a Struers LetcroPol-5 polishing machine.

3. Material model

An elasto-plastic material model was set up for alloy 718 using data
available from a previous research program (see e.g. Refs. [18,19]). The
data consisted of cyclic tests performed at room temperature, 200 °C,
400 °C, 500 °C and 550 °C in strain control using strain ranges between
1.1% and 1.8% and a strain ratio R / 0min max= = (where min and max
are minimum and maximum strain respectively). Cyclic loading was
modelled according to the following procedure:

1. For the first load step, material parameters were taken from the first
cycle in the experimental data so that the stress-strain response was
the same as in a monotonic test of a virgin material. The virgin
stress-strain response was modelled using non-linear kinematic
hardening with one backstress.

2. During the first unloading step, material data was gradually changed
from virgin to mid-life material parameters so that, at the end of the
first unload, the material parameters correspond to those taken from
a stable hysteresis loop. The mid-life stress-strain response was
modelled using linear kinematic hardening.

3. For all subsequent load steps, mid-life material parameters were
used. Cycling was performed until the hysteresis loop became stable
which typically occurred in the second cycle.

The method outlined above is illustrated in Fig. 2 which shows the
first load, first unload and the stable hysteresis loop. Note that the
hysteresis loop stabilises already in the second cycle.

The material model was implemented using built-in functions in the
commercial FE code Abaqus 6.12 [20]. For a detailed description of the
material model, the reader is referred to the Abaqus theory manual
[20]. However, the evolution of the backstress tensor, a, is given by

Fig. 1. Illustration of the blunt notch compact tension specimen used for fatigue
testing.

Table 1
Summary of performed fatigue tests.

Temp., °C Load range, kN Load ratio Condition No. of specimen

450 5 0.05 Polished 1
450 6 0.05 Polished 1
450 7 0.05 Polished 1
450 8 0.05 Polished 2
450 9 0.05 Polished 1
450 10 0.05 Polished 1
450 5.5 0.05 Shot-peened 1
450 6 0.05 Shot-peened 2
450 7 0.05 Shot-peened 1
450 8 0.05 Shot-peened 1
550 4 0.05 Polished 1
550 4.5 0.05 Polished 1
550 5 0.05 Polished 1
550 5.5 0.05 Polished 2
550 6 0.05 Polished 1
550 7 0.05 Polished 1
550 8 0.05 Polished 3
550 9 0.05 Polished 1
550 10 0.05 Polished 2
550 5 0.05 Shot-peened 1
550 5.5 0.05 Shot-peened 1
550 6 0.05 Shot-peened 1
550 7 0.05 Shot-peened 1
550 8 0.05 Shot-peened 1
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a a aC¯ ¯pl pl
0= (1)

where is the stress tensor, ¯ pl is the equivalent plastic strain, 0 is the
yield stress and C and are material parameters. The Young’s modulus,
E, the Poisson’s ratio, , the yield stress at zero plastic strain and the
material parameters C and are given as function of temperature, T,in
Table 2. They were fitted to data from Gustafsson et al. [18,19] in the
following manner: (1) Built-in fitting capabilities in Abaqus were used
for an initial estimate of material parameters. (2) The so obtained
parameter values were fine-tuned to ensure reasonable agreement to
experimental data. It turned out that the hardening parameter, C, was
similar enough for an average value to be used at all temperatures. The
recovery parameter, , was adjusted until a correct mean stress was
captured by the model.

The chosen material model prevents the mean stress to relax com-
pletely. The stress range, mean stress and plastic strain range from the
modelled stable hysteresis loop were compared to the experimentally
determined stable mid-life hysteresis loops from Ref. [18,19]; the out-
come is shown in Fig. 3. As seen in Fig. 3, mid-life stress range, mean
stress and plastic strain range can be captured with acceptable accu-
racy.

3.1. Model assumptions regarding residual stresses

Shot peened specimens subjected to cyclic load at high temperature
may experience both thermal and cyclic relaxation. Thermal relaxation
of Ni base materials have been studied in the interval 525–675 °C
[21–24]. Several researchers have observed that residual stresses at the
surface relax but that subsurface residual stresses are maintained to

some degree [21,23,24]. As pointed out by Prevéy [21], even after
relaxation of surface stresses, shot peening would still have an effect in
the finite life region where crack growth makes up a substantial part of
the total life.

Residual stresses may also relax during cyclic deformation involving

Fig. 2. Illustration of the used material model at 500 °C subjected to a total
strain range of 1.8%. The first loading is modelled using virgin material data
and non-linear kinematic hardening. During the first unload, the material data
is ramped from virgin to mid-life. After the first unload, all consecutive cycles
are modelled using mid-life material data and linear kinematic hardening.

Table 2
Fitted parameters for the material model.

Material condition T, °C E, GPa Yield stress, MPa C, GPa

Virgin 20 206.34 0.30 1215.71 10.98 178
Virgin 200 195.29 0.31 1127.40 10.98 178
Virgin 400 182.27 0.32 1085.06 10.98 260
Virgin 500 175.69 0.32 1077.61 10.98 178
Virgin 550 172.25 0.33 1056.55 10.98 260
Mid-life 20 206.34 0.30 844.42 56.61 0
Mid-life 200 195.29 0.31 796.73 56.61 0
Mid-life 400 182.27 0.32 821.51 56.61 0
Mid-life 500 175.69 0.32 671.96 56.61 0
Mid-life 550 172.25 0.33 663.53 56.61 0

Fig. 3. Comparison between predicted and experimentally determined [18,19]
stress and strain from the stable hysteresis loop: (a) stress range, (b) mean stress
and (c) plastic strain range.
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plastic deformation [25]. Vöhringer et al. [26] found, for a Ti alloy, that
mean stress relaxation due to cyclic deformation occurred essentially
within the first cycle; Zhuang and Halford [27] have indicated similar
results for alloy 718. In addition, You et al. [12,6] have successfully
predicted the cyclic relaxation of residual stress by accounting for de-
formation in the first cycle only.

Given that the current study deals with: (1) low cycle fatigue (i.e.,
significant plasticity occurs during cyclic loading) and (2) specimens
shot peened with relative low intensity (i.e., low amount of plastic
deformation during the shot peening), it is assumed that:

1. The region at the notch root will plasticize in the first fatigue cycle
and this plastic deformation is large compared to the cold work done
during shot peening.

2. It then follows that any strain hardening from the shot peening can
be (approximately) neglected, as the yield stress will be largely
determined by the plastic deformation in the first fatigue cycle.

3. It also follows that the thermal relaxation of the residual stresses can
be left out from the analysis, as it is enough for the residual stresses
to remain long enough to perform the first fatigue cycle. After the
first fatigue cycle, all residual stresses from the shot peening are
removed by the plastic deformation in the first fatigue cycle. That is,
the compressive residual stress from shot peening only affects the
mean stress of the first fatigue cycle; the mean stress of all sub-
sequent fatigue cycles are determined by the first fatigue cycle
(since the chosen material model prohibits mean stress relaxation
after the first cycle).

The above assumptions are obviously an idealization of the real
problem but do simplify the analysis considerably. The assumptions
have been made to result in a straightforward modelling approach with
high degree of applicability. It should be noted, however, that the above
assumptions are in fact reasonable for the case of specimens shot
peened with low intensity subjected to large plastic strain ranges during
the fatigue cycle. For example, You et al. [12], which studied cyclic
stress relaxation of residual stresses during LCF in a steam turbine steel,
performed a sensitivity analysis on the influence of the initial strain
hardening and found cyclic stress relaxation to be essentially insensitive
to the initial value. Additionally, You et al. [12] found that the pre-
dicted life was less sensitive to the initial residual stress level for higher
loads, thus supporting the assumption that the first fatigue cycle largely
determines the plastic deformation history of the specimen. Further-
more, other researchers have been able to accurately predict the fatigue
life of shot peened specimens even though neglecting thermal relaxa-
tion (see e.g. Refs. [2,12,6]) and cold work from the shot peening (see
e.g. Ref. [13]).

4. Results and discussion

4.1. Results from the fatigue tests and residual stress measurements

The results from the fatigue tests are presented in Fig. 4 as applied
load range versus cycles to failure. The fit was made using a power law
type model

F ANf
B= (2)

where F is the applied load range, Nf is cycles to failure and A and B
are fitting parameters. The scatter, N , in Fig. 4 (as well as all other
figures) has been estimated as

N N ks
n

y y
y y

ln ln 1 1 ( ¯)
( ¯)f

i
n

i

2

1
2= ± + +

= (3)

where s is the standard deviation, n is the number of specimens and k is
a function of probability of failure, confidence level and number of
specimens (see Ref. [28] for details). Values of k have here been taken

for 5% probability of failure and 95% confidence. The variable y is any
suitable fatigue damage parameter (such as load range, stress range,
strain range, etc.) and ȳ is the average of y.

As seen in Fig. 4, the shot peening increased the fatigue life at both
450 °C and 550 °C. The increase in fatigue life for the shot peened
specimens is relatively minor, but clearly falls outside the scatter of the
baseline (polished) specimens. The observed behaviour is consistent
with the results from You et al. [6], for notched specimens made from a
steam turbine steel, which noted that the benefit in life from inter-
mediate shot peening diminished as the total strain exceeded 0.65%; for
higher shot peening intensities, the benefit in life remained also for high
total strain ranges [6].

The residual stress versus depth below the notch root is shown in
Fig. 5; the shown component is 22 (the Y-direction in Fig. 5(a)). The
minimum experimentally measured residual stress, 630 MPa, was
found in a region of relatively constant compressive stress just below
the surface; such subsurface plateaus of compressive stress has pre-
viously been observed in alloy 718 [29]. As seen in Fig. 5, the full ex-
perimental residual stress profile could not be obtained (the geometry
of the specimen made such measurements difficult). However, a large
enough portion of the residual stress profile was obtained to establish
the size of the compressive plateau to be 80–90 µm. Scaled data from
Chen et al. [29] (also for alloy 718) were added to illustrate the ex-
pected behaviour past the compressive plateau.

4.2. Results from modelling

The load cycle was simulated in the commercial finite element code
Abaqus 6.12 using the material model described in Section 3. For the
shot peened specimens, the compressive residual stresses close to the

Fig. 4. Load range versus fatigue life of baseline and shot peened specimens at:
(a) 450 °C and (b) 550 °C. The “baseline scatter” was calculated from the
baseline data using Eq. (3).
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surface were included as an initial stress field, using built-in functions
in Abaqus, which were then self-balanced during a dummy analysis step
without applied load. A commonly used method for introducing re-
sidual stresses in FE models is using a temperature field to introduce
eigenstrains [30]. The current method is expected to give similar re-
sults.

In the authors’ previous experience, the two in-surface stress com-
ponents are typically very similar and the remaining stress components
are small compared to the in-surface stress components. It is therefore
fair to assume

22 33 (4)

011 12 13 23 (5)

with stress components as defined by the coordinate system in Fig. 5.
You et al. [12] have reported that, for notched specimens, there may be
a 16% difference between the residual stress components 22 and 33.
This difference is, however, considered small enough to take them as
being equal in the current study.

In the finite element model, a 150 µm deep region was assigned an
initial stress field where 64022 33= = MPa and

011 12 13 23= = = = . An elastic analysis at room temperature was
performed with the initial stress field and without applied load; after
finding equilibrium, the stress ( 22) versus depth from the notch root
had a profile close to what would be expected, see Fig. 5. There is a
discrepancy between measured data and the finite element analysis
(FEA) results right at the surface, but it is argued here that correctly
capturing the subsurface compressive plateau is more crucial as it is
most likely to have a major impact on LCF crack growth [6].

The stress profile shown in Fig. 5 was used as input for the LCF load

cycle for the shot peened specimens. All load levels used experimentally
were simulated to obtain the corresponding stress ranges and mean
stresses from the stable hysteresis loop. The reader should note that,
although the overall test was load controlled, the plastic zone at the
notch is constrained in strain by the surrounding elastic material. The
specimen was modelled using quadratic elements which had a size of
50 µm at the notch root. Fig. 6 shows two example hysteresis loops at
550 °C loaded with 5 kN from the finite element analysis (taken at the
notch root). The baseline specimens and the shot peened specimens had
essentially the same stress and strain ranges at comparable load levels.
The mean stress, however, differed between the baseline specimens and
the shot peened specimens.

The mean stress as function of applied load range is shown in Fig. 7
where it can be seen that, for low load ranges, the shot peened speci-
mens gave a significantly lower mean stress while, for higher load
ranges, the mean stress for the shot peened specimens approached that
of the baseline specimens. The difference in mean stress between the
baseline and shot peened specimens vanishes above 8–9 kN load range
which coincides with the loss of life benefit from shot peening, see
Fig. 4. This indicates that the benefit in life from shot peening can be
explained by mean stress effects. At both 450 °C and 550 °C, the point
where the baseline and shot peened mean stresses coincide is associated
with 0.7% plastic strain range. The reader should note that all mean
stresses in Fig. 7 are positive, indicating that plasticity in the first cycle
has removed the initially compressive residual stresses.

To justify the chosen material model, the calculated mean stresses
can be compared to the results by Zhuang and Halford [27], which
suggests that the residual stress in the Nth cycle, N

re, is (on slightly
modified form) given by

C
R

N2
(1 )

( 1) 1N
re

re
a

y

m
n

0

2

=
(6)

where re
0 is the initial residual stress and C m, and n are fitting para-

meters. Zhuang and Halford [27] do not list values of the fitting para-
meters, but based on presented results (for alloy 718) it seems that they
have used C m0.8992, 0.7596 and n 0.1407. The yield strength,

y, is taken to be in the order of 1 GPa (similar at both 450 °C and
550 °C), the stress ratio is set to R 0= (i.e. the nominal value) and N is
set to N 3= (the first few cycles accounts for most of the relaxation).
With the stress amplitudes, a, taken from the FEA at the notch, Eq. (6)
gives mean stresses (after cyclic relaxation) of approximately
150–340 MPa for applied load 5.5–8 kN at 450 °C and approximately
40–280 MPa for applied load 5–8 kN at 550 °C. These values are in

Fig. 5. Residual stress as function of depth below the notch root (i.e., along the
path shown in (a)). In the finite element analysis (FEA), see (b), a 150 µm large
region was given an initial stress of 64022 33= = MPa which, after self-
balancing, gave a residual stress profile similar to the experimental. Scaled data
from Chen et al. [29] is added for reference.

Fig. 6. An example of the difference between hysteresis loops for baseline and
shot peened specimens. The hysteresis loops were obtained from a finite ele-
ment analysis at 550 °C and with 5 kN load. The shot peened specimens gave a
lower mean stress due to the initially compressive residual stresses.

R. Eriksson, et al. International Journal of Fatigue 124 (2019) 34–41

38



reasonable agreement with those obtained from the FEA in the current
study, see Fig. 7.

As seen in Fig. 7, the mean stress for the baseline specimens is not
constant with load range. A convenient fatigue damage parameter for
this case would be the Smith–Watson–Topper (SWT) parameter,

/2max , which accounts for mean stress via the maximum stress
max m a= + where m is the mean stress and a is the stress ampli-

tude; is the total strain range. The SWT parameter has also suc-
cessfully been used by You et al. [6] for fatigue life predictions of shot
peened notched steam turbine materials (albeit You et al. studied a
martensitic steel tested at room temperature). The mean stress theory
suggested by Smith et al. [31] is here used on the form

A N A N
2max f

a
f
a

1 21 2= + (7)

where A a A, ,1 1 2 and a2 are fitting parameters.
The SWT parameter was calculated from the 22 and 22 stress and

strain components. An attempt was made to account for multiaxiality
by applying the critical plane method; i.e., the SWT parameter was
taken from the plane at the notch which maximised the SWT parameter.
(For a detailed description of the critical plane approach, the reader is
referred to any suitable resource on multiaxial fatigue, e.g. Ref. [32].) It
turned out, however, that the maximum SWT parameter always coin-
cided with the SWT parameter calculated from the 22 and 22 compo-
nents and, hence, the current case could be treated as uniaxial in the Y-

direction (similar results were obtained by You et al. [6]).
The fitting of the parameters A a A, ,1 1 2 and a2 was done in a manner

similar to fitting the Manson–Coffin-Basquin equation (see e.g. Ref.
[33]). That is, Eq. (7) was split its elastic strain component, e, and
plastic strain component, p, such that

E
E

2 2 2 2
/

2max max
e p

max= + = +
(8)

E
A N

2max f
a

1 1= (9)

E A N/
2max f

a
2 2= (10)

with max and taken from the finite element analysis at the notch
root and E taken from the first half-cycle at the temperature of the test.
Fitted values of A a A, ,1 1 2 and a2 are shown in Table 3.

Fig. 8 shows /2max plotted versus the cycles to failure. As seen,
the SWT parameter captures the mean stress effect reasonably well as
the shot peened specimens now roughly coincides with the baseline

Fig. 7. Mean stress from the finite element analysis versus applied load at: (a)
450 °C and (b) 550 °C. The compressive residual stress causes shot peened
specimens to have a lower mean stress. However, the mean stress for the
baseline and shot peened specimens becomes similar for loads > 8 kN.

Table 3
Fitted parameters in the fatigue life model.

Fitted for T, °C A1, Pa a1 A2, Pa a2

Baseline 450 5.2827 107× −0.2495 6.2063 1011× −1.5963
Baseline 550 1.0583 108× −0.3735 7.2660 1010× −1.4614
Shot peened 450 3.8567 107× −0.2142 2.4068 1012× −1.7111
Shot peened 550 4.5070 107× −0.2624 4.1281 1010× −1.3109

Fig. 8. The Smith–Watson–Topper (SWT) parameter, /2max , versus fatigue
life at: (a) 450 °C and (b) 550 °C. The life curves from the baseline and shot
peened specimens roughly coincides when described in terms of the SWT
parameter.
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specimens. At 450 °C (see Fig. 8(a)), the shot peened specimens fall
entirely within the scatter of the baseline specimens. At 550 °C (see
Fig. 8(b)), the agreement between the baseline and shot peened speci-
mens is somewhat worse as the shot peened specimens just barely falls
within the scatter of the baseline specimens.

Overall, the Smith–Watson–Topper model seems to be able to
handle residual stresses from shot peening reasonably well; also at
550 °C the results are at least acceptable. However, the fact that the
SWT–Nf curve for the shot peened specimens at 550 °C consistently falls
above the baseline SWT–Nf curve requires some further analysis.

It can be seen in Fig. 8(b) that the SWT parameter, /2max , seems
to be somewhat overestimated at 550 °C. The largest uncertainty most
likely lies in the calculation of the maximum stress, max . It is not
considered likely that the simplifications made in the current work (i.e.
neglecting thermal relaxation of residual stresses and neglecting initial
cold work) would cause the maximum stress to be overestimated. The
overestimation of max is more likely to come from the used material
model underestimating mean stress relaxation at 550 °C.

As seen in Fig. 3, the predicted mean stress agrees well with the
experimental data (which comes from Gustafsson et al. [18,19]).
Eriksson et al. [34] have, however, (based on experimental data from
Moverare et al. [35]) noted that mean stress relaxation in alloy 718 is
more pronounced at 550 °C compared to 450 °C. Fig. 9 compares the
experimentally obtained mid-life mean stresses from Gustafsson et al.
[18,19] and Moverare et al. [35]. As seen, the mean stresses from the
two datasets agree quite well around 400–450 °C but, at 550 °C, it is

evident that a wide variation in mean stress relaxation can be expected
between different material batches. It is therefore considered likely that
the discrepancy between the baseline and shot peened life curves in
Fig. 8(b) is caused by the currently tested material having a more
pronounced mean stress relaxation than the data used for calibrating
the material model.

Unfortunately, stress–strain hysteresis loops are not available for the
currently studied alloy (since all testing were done on CT specimens).
Neither do Moverare et al. [35] provide enough data to allow for a
recalibration of the currently used material model. It is still, however,
considered likely that an SWT parameter based life model can account
for shot peening, provided that the elasto-plastic material model ac-
curately captures the mean stress relaxation at 550 °C.

5. Conclusions

Polished and shot peened blunt notch compact tension specimens
made of alloy 718 were subjected to low cycle fatigue in load control.
Shot peening generally increased the fatigue life although the benefit in
life decreased, and eventually diminished, at high loads.

An elasto-plastic material model was calibrated using available lit-
erature data and was used to predict the stress and strain at the notch
root. A fatigue life model based on the Smith–Watson–Topper para-
meter, /2max , taken at the notch root, was shown to capture the
effect of shot peening successfully at 450 °C and acceptably at 550 °C.

The main findings of the current study are:

1. The benefit in low cycle fatigue life for the shot peened specimens
can be satisfactorily explained as a mean stress effect.

2. For low cycle fatigue, it is reasonable, in a finite element analysis, to
neglect thermal relaxation of residual stresses and initial strain
hardening (i.e. cold work from the shot peening process). The plastic
deformation in the first fatigue cycle will dominate the plastic strain
history and determine the mean stress for subsequent cycles.
Compressive residual stresses from shot peening do, however, in-
fluence the first cycle and, consequently, the mean stress.

3. The Smith–Watson–Topper parameter, /2max , taken at the notch
root, accurately captures the mean stress effect in such a way that a
life model calibrated to polished notched specimens can be used for
predicting the fatigue life of notched shot peened specimens pro-
vided that the used material model predicts accurate mean stresses.

4. In the current study, the Smith–Watson–Topper-based fatigue model
somewhat underestimated the life of shot peened specimens at
550 °C. It was realised that the degree of mean stress relaxation at
550 °C may differ significantly between different material batches,
indicating that the currently used material model probably over-
estimates mean stresses at 550 °C compared to the studied speci-
mens.
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