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1. Introduction

Fatigue life assessment in presence of defects (inclusions, inho-
mogeneities, . . .) is important for massive components like rotors 
and disks of gas turbines, which are subjected to stress cycles 
induced by centrifugal loads and by differential temperatures dur-
ing startups and shutdowns. The assessment is usually carried out 
by turbine manufacturers on isothermal LCF design curves [1].

Residual life of a component subjected to cyclic loading in Low 
Cycle Fatigue (LCF) regime can be assessed considering a crack 
propagating from the first load cycle, together with an appropriate 
crack growth model [2]. Traditional approach based on Linear Elas-
tic Fracture Mechanics (LEFM) cannot be applied in LCF, since 
defects usually grow in zones where high plastic strains are pres-
ent, such as near notches, violating LEFM main assumptions [3]. 
One way for describing crack growth rates in the LCF regime is to 
describe crack propagation as a function of the applied plastic 
strain range, D�p. The main contribution in this field is the work 
published by Tomkins [4], who related crack growth rates to the 
plastic strain range through an exponential law. Following these
assumptions, Polak [5,6] was able to correctly estimate fatigue life 
of notched specimens, deriving model parameters from the tradi-
tional Manson–Coffin curve constants. A different formulation is 
the model proposed by Skelton [7], included in the British R5 pro-
cedure [8], who proposed a simplification by using more simply D� 
(for a given material D�p ¼ f ðD�Þ). The Tomkins model, however, 
presents a limit, since it is able to correctly predict crack growth 
rate and fatigue life only when a marked plastic strain range is 
present, while unconservative estimates are obtained when the 
plastic part of the strain range tends to zero [9].

A different approach for describing crack growth rates in the LCF 
regime is the one based on the cyclic J-Integral, DJ. Dowling [10] 
extended Rice’s path independent J-Integral [11] to the cyclic case, 
proposing to modify Paris relationship [12] by replacing the stress 
intensity factor range, DK, with DJ. Polak [13] was able to analyze 
the early propagation phase in an austenitic–ferritic duplex stain-
less steel by applying a DJ-based model, underlining the possibility 
to adopt cyclic J-integral models to describe short crack propaga-
tion. Härkegård [14] applied the J-Integral model to assess the fati-
gue life of specimens subjected to fully reversed strains in the LCF 
regime. In order to obtain conservative estimates, Harkegard con-
sidered a da=dN � DJ curve estimated from crack propagation data 
at R = 0, in order to include the effects of crack closure.
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Nomenclature

a crack length
a0 initial crack length
af crack length to failure
c; m Paris Law constants
g nið Þ function for plastic J-Integral range description
kr McEvily model constant
ki cyclic strain/stress curve constant
ni cyclic strain/stress curve exponent
E Young’s modulus
R strain ratio
Y geometrical factor
DJ J-Integral range
DJeff effective J-Integral range
DK stress intensity factor range
DWe elastic strain energy density

DWp plastic strain energy density
Dr stress range
Dreff effective stress range
D� strain range
D�eff effective strain range
D�e elastic strain range
D�p plastic strain range
D�p;eff effective plastic strain range
�a strain amplitude
rmax maximum stress during the fatigue cycle
ra stress amplitude
rcl crack closing stress
ropen crack opening stress
ropen;tr transient crack opening stress
Apart approaches based on DJ, it has been recognized that plas
ticity induced crack closure plays an important role in LCF. Crack
closure effects were implemented in DJ calculations by McClung and
Sehitoglu [15,16] together with Seeger and Vormwald [17,18]. The
reduction of the J-Integral range was quantified by lessening stress
and plastic strain ranges, considering only the por-tion of the load
cycle in which the crack stays open. Crack opening levels were
calculated adopting the model proposed by Newman [19] for long
cracks, where Sop for a given R depends on the con-straint factor and
the ratio Smax=Sflow.

Lately, Zerbst et al. [20,21] proposed to apply the J-Integral cal
culation adopted in engineering fracture assessment [22,23]. In
particular, from elastic stress intensity factor range, DJ is evaluated
as a function of the yielding parameter Lr ¼ rmax=rref and then DJeff is
calculated adopted the same concepts as Seeger & Vormwald
Another application of this model to short crack case and fatigue
can be found in [24].

In this paper the application of DJ models to three differen
quenched and tempered CrMo rotor steels is discussed. In particu
lar, an experimental campaign on micro-notched specimens at high
temperature (up to 500 � C) was developed. The results were
examined in terms of crack growth rates and a series of cyclic DJ
Integral formulations were used to correlate these data with the
external applied load. Experimental results showed that at high
temperature there is a significant acceleration of short crack growth
rates respect to crack growth models valid at room temper-ature
because of the formation of a diffused damage ahead of the crack tip
This speed increment is temperature dependent.
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2. Experiments

2.1. Test details

Fatigue crack growth behavior in LCF regime was investigated
on three quenched and tempered CrMo steels adopted for manu
facturing turbine disks and rotors. Steel #1, a bainitic steel, was
tested at room temperature, since it is usually employed at low
temperature, whereas steel #2 and steel #3 were tested at high
temperature (490 and 500 � C respectively), because they are com
monly used for turbine disks. Steel #2 is a different bainitic steel
whereas steel #3 is a ferritic–martensitic steel.

All LCF tests were performed using a MTS 810 servo-hydraulic
testing machine. An high temperature longitudinal extensomete
with a 12 mm long gage was employed and temperature was
obtained with induction heating. In Fig. 1a, the experimental setup
for high temperature testing is shown. LCF tests were carried out at 
a frequency of 0.5 Hz.

For each steel, two series of tests were carried out. In the first 
series, cylindrical specimens with a diameter of 8 mm and a gauge 
length of 20 mm were tested under constant strain amplitude load-
ing at different amplitude levels, with a fixed strain ratio R = �1: 
Manson–Coffin curves were obtained from these datasets. In the 
second series, the same kind of tests were carried out on specimens 
containing artificial semicircular micro-notches, obtained by Elec-
trical Discharge Machining (EDM): 400 lm depth notches were 
employed. Two additional experimental campaign were performed 
on steel #3 to confirm experimental observations. A new series of 
specimens, with an artificial defect of 100 lm, was tested at 350 �C 
with a fixed strain ratio R = �1. Another batch of specimens was 
tested at 500 � C with a fixed strain ratio R = 0.25 to check the 
influence of the applied mean strain on crack growth rates.

Crack propagation in LCF experiments was measured, after fati-
gue tests interruption, using the plastic replicas technique with a 
thin acetate foil. An example of a so-obtained replica at high tem-
perature is presented in Fig. 1b, where, starting from the artificial 
defect, the surface crack propagation can be observed. An impor-
tant assumption made during this analysis is that cracks maintain a 
semi-circular shape during propagation: this was confirmed dur-
ing specimens inspection after the end of the tests, since the frac-
ture surfaces of the broken specimens exhibited a semicircular 
fatigue crack. Experimental crack length was plotted against cycles: 
da=dN data were then derived by the secant method and models 
parameters calculation was based on these growth rate data.

In order to obtain reference da=dN � DK curves, a series of fati-
gue crack growth tests was performed on compact tension (C(T)) 
specimens. These experiments were carried out following the con-
stant amplitude (CA) procedure proposed in the ASTM E647 stan-
dard. Initially, a stress ratio R = 0 was employed to evaluate the 
propagation curve necessary for Harkegard’s model. A load ratio 
equal to 0.7 was then employed to obtain closure-free propagation 
curves. During all the experiments, the load frequency was fixed at 
0.5 Hz, the same frequency adopted for LCF testing. A summary of 
the different series of experiments is shown in Table 1.

2.2. Strain life diagrams

All the experimental results at R = �1 are reported in Fig. 2a for 
steel #1, in Fig. 2b for steel #2 (T ¼ 490 �C) and in Fig. 2c for steel 
#3 (T ¼ 500 �C). Solid black dots represent tests performed on 
smooth specimens, whereas other data points show the results of



Fig. 1. LCF experimental tests: (a) experimental setup for HT LCF tests; (b) micro-notch shape and orientation (defect depth 400 lm); (c) surface crack propagation observed
on a plastic replica, high temperature (defect depth 400 lm).

Table 1
Summary of the experimental tests.

Material T (�C) Test method Test control R

LCF – smooth specimens Strain �1
Steel #1 20 LCF – specimens with 400 lm defects Strain �1

FCG – C(T) specimens Load 0–0.7

LCF – smooth specimens Strain �1
Steel #2 490 LCF – specimens with 400 lm defects Strain �1

FCG – C(T) specimens Load 0–0.7

500 LCF – smooth specimens Strain �1
500 LCF – specimens with 400 lm defects Strain �1

Steel #3 500 LCF – specimens with 100 lm defects Strain 0.25
350 LCF – specimens with 100 lm defects Strain �1
350–500 FCG – C(T) specimens Load 0–0.7
tests conducted on micro-notched specimens. The number of cycles 
to fracture, Nf , is the number of cycles necessary to reach a load 
drop of 25%, corresponding to a final crack length af ¼ 3 mm. 
Notched specimens were tested at four different strain levels, 
identified in Fig. 2a–c. Due to confidentiality issues, experi-mental 
results are presented in normalized form.

As it can be observed, micro-notches cause a marked drop in 
fatigue life, therefore it s a very important to have engineering 
tools for life assessment of engineering components. The different 
models for crack growth under LCFwill then be discussed in terms
of their ability to predict the � � N diagram for specimens with 
ao ¼ 400 lm.

3. Crack growth analysis

3.1. Cyclic J-Integral formulation

The cyclic J-Integral, DJ, can be described as the sum of an elas-
tic and a plastic component [25]. The elastic part, considering plane 
strain conditions, can be calculated starting from LEFM [26]:
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Fig. 2. Low Cycle Fatigue tests results. (a) Steel #1, room temperature; (b) steel #2, T = 490 �C; (c) steel #3, T = 500 �C.
DJe ¼
DK2 1� m2

� �
E

¼
YDr

ffiffiffiffiffiffi
pa
p� �2 1� m2

� �
E

¼ Y2 Dr2 1� m2
� �

E
pa ¼ 2pY2 1� m2� �

DWea ð1Þ

where Y is a factor that accounts for crack geometry, a is the crack 
length, Dr is the applied stress range, E is the Young’s modulus and 
m is the Poisson’s ratio. Consequently, DJe is a function of DWe, the 
elastic strain energy density, evaluated as proposed in Eq. (2) and 
depicted in Fig. 3.

DWe ¼
Dr2

2E
ð2Þ
Fig. 3. Elastic and plastic strain energy density employed in DJ calculations.
The evaluation of the plastic part of the J-Integral range, DJp, fol-
lows the same path. Dowling postulated that DJp is proportional to 
DWp, the plastic strain energy density [27], depicted in Fig. 3.

In these calculations, material plastic behavior is described by a 
pure power hardening law, as expressed in Eq. (3).

D� ¼ Dr
E
þ 2

Dr
2ki

� �1=ni

ð3Þ

Therefore, DWP can be calculated as expressed in Eq. (4), where 
it is shown that the plastic strain energy density is a function of ni, 
the hardening exponent, Dr and D�p, the plastic strain range.

DWp ¼
DrD�p

1þ ni
ð4Þ

Thus, DJp can be written as:

DJp ¼ 2pY2f nið ÞDWpa ð5Þ

where f nið Þ is a function that takes into account crack geometry and 
material elastic–plastic behavior. Several formulations of f nið Þ are 
proposed in [25] and in [28]. Following these observations, the gen-
eral formulation of DJ can be written as:

DJ ¼ DJe þ DJp ¼ 2pY2a 1� m2� �
DWe þ f nið ÞDWp

� �
ð6Þ

Eq. (6) shows that DJ is a function of both elastic and plastic strain 
energy density, a feature that makes the J-Integral range a parame-
ter capable of measuring the characteristic crack-tip strain field.



Fig. 4. Definition of the significant part of the stress/strain cycle according to 
Vormwald and Seeger [17].
This means that, in elastic–plastic fracture mechanics, DJ can play 
the same role of the stress intensity factor range, DK, in LEFM [27]. 
Moreover, following this description, DJ can be computed directly 
from the hysteresis loops, by fitting the upper branch of the stress/
strain fatigue cycle with the Ramberg–Osgood equation, as shown in 
Fig. 3. This definition is in line with the Z � integral con-cept 
presented in [29].

The DJ formulations proposed by Polak [13] and Härkegård [14] 
are here reported. For the given geometry, Polak modified Eq. (6), 
proposing the formulation:

DJ ¼ DK2

E
þ 1:72g nið Þra�aa ð7Þ

where ra and �a are stress and strain amplitudes, DK is the stress 
intensity factor range and g nið Þ is evaluated as [28]:

g nið Þ ¼ ð1� niÞ 3:85

ffiffiffiffi
1
ni

s
1� nið Þ � pni

 !
ð8Þ

Even Harkegard’s formulation is derived directly from Eq. (6) and, 
for the given geometry, is expressed as:

DJ ¼ Y2paDr D�e þ 2D�p
� �

ð9Þ
3.2. Effective cyclic J-Integral formulation

Starting from Dowling’s proposal [10], effective elastic–plastic J-
Integral range for the given geometry can be evaluated as [17]:

DJeff ¼ a 1:24
Dr2

eff

E
þ 1:02ffiffiffiffi

ni
p Dreff D�p;eff

" #
ð10Þ

where a is crack length, E is Young’s modulus, n0 is the exponent of
the cyclic stress–strain curve, Dreff and D�p;eff are, respectively, the
effective stress range and the effective plastic strain range. D�p;eff is
calculated as:

D�p;eff ¼ D�eff �
Dreff

E
ð11Þ

The effects of crack closure in DJ evaluation are related to the calcu-
lation of crack opening and closing stresses. In the model proposed
by Vormwald and Seeger [17], crack opening stress, ropen, is calcu-
lated from Newman’s equations [19]. Experimental results, reported 
in [17,15], showed that, during LCF propagation, a satisfactory esti-
mate of crack opening levels can be obtained by considering plane 
stress (i.e. a ¼ 1), since significant out-of-plane constraint is less 
likely under general yielding [15]. The cyclic flow stress, a parame-
ter necessary for the calculation of crack opening stress in New-
man’s model, is estimated as the average of the cyclic yield stress 
and the ultimate strength [30].

It has ben shown [17], that, during short crack propagation, 
crack closing occurs at the same strain level registered at opening. 
Therefore, according to this model, rcl, the crack closing stress, is 
lower than ropen. This implies that, according to Vormwald and 
Seeger, the effective stress range should be calculated as proposed 
in Eq. (12):

Dreff ¼ rmax � rcl ð12Þ

where rmax is the stress peak value and rcl is crack closing stress. A 
summary of the significant points of Vormald and Seeger’s model is 
depicted in Fig. 4, in which the hatched area represents the part of 
the hysteresis loop considered for DJ computation, according to 
Dowling [31].
Nf ¼
Z af

ao

1
da=dN

da ð13Þ

assuming ao ¼ 400 lm (cracks grew from the micronotches almost 
from the first load cycle) and af ¼ 3 mm (average crack depth for the 
broken specimens).

3.3. Data analysis and comparison of the models

All the experimental datas were analyzed considering experi-
mental stresses and strains extracted from the stabilized stress/
strain loop, taken at Nf =2. The upper branch of the fatigue load 
cycle was fitted with the Ramberg–Osgood equation proposed in 
Fig. 3: this allowed the direct estimation of DJ from the hysteresis 
loops, following Dowling’s initial proposal.

The different models have then been compared in terms of 
description of the estimated da=dN � DJ (or da=dN � DJeff data) 
and their ability to predict the � � N diagram for specimens with 
defects. In particular, for the differently estimated da=dN curves, 
life prediction for micronotched specimens have then been calcu-
lated as:
4. Results and discussion

4.1. LCF tests at RT

In Fig. 5a experimental results are reported in terms of crack 
growth rates for steel #1, considering Polak’s formulation (Eq.
(7)). This model introduces a large scatter, a feature present even 
when Harkegard’s formulation (Eq. (9)) is considered (Fig. 5b): this 
is due to the fact that models based on the cyclic J-Integral range 
neglect the effects of crack closure during propagation.

The experimental points, obtained considering Polak’s and 
Harkegard’s formulations, can be fitted by a modified Paris law (Eq. 
(14)):

da
dN
¼ c � DJm ð14Þ

where c and m parameters were estimated by a least squares inter-
polation of experimental data points. Fatigue life was estimated 
from Eq. (13) adopting these parameters. The results in terms of fati-
gue life prediction, obtained considering Polak’s formulation, are 
represented in Fig. 5d by a light grey line: the scatter observed in 
Fig. 5a is responsible for the unconservative assessment, in particu-
lar for those tests performed at high strain ranges whose experimen-
tal growth rate data are higher than the average da=dN � DJ curve.
  Much better results could be obtained with Harkegard’s model. 
In details, in order to obtain conservative estimates, the author [14]
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Fig. 5. Fatigue crack growth analysis for steel #1, room temperature: (a) Crack growth rates vs. DJtot according to Polak; (b) crack growth rates vs. DJtot according to
Harkegard; (c) crack growth rates vs. DJeff ; (d) fatigue life prediction for micronotched specimens (ao ¼ 400 lm).
suggested to consider the crack propagation curve obtained testing
fracture specimens at R = 0 (the dark grey line in Fig. 5b). As it can
be seen, this propagation curve is an upper bound for the experi
mental data-points. This means that a fatigue life prediction based
on Harkegard’s formulation (the dark grey line in Fig. 5d) is conser
vative for all the considered strain ranges. Such an approach, how
ever, provides very conservative results (in a factor 3) at low strain
levels.

Finally, crack propagation model based on Eq. (10) was
implemented. The model was modified to take into account that
in the early propagation stage, cracks are open even at minimum
load. This phenomenon, observed in [15], is due  to  the
transient build-up of crack-closure and can be implemented by
considering the model by McEvily [32] as proposed in [24]. This
model describes crack opening load, as dependent on crack
advance as:

ropen;tr ¼ rmin þ ropen � rmin
� �

1� exp �kop a� aoð Þ
� �	 


ð15Þ

where kop is a material dependent constant and ao is initial notch 
size. This parameter was estimated interpolating experimental data 
and it has resulted to be close to the value obtained in [24].

Final results for steel #1 in terms of crack growth rates, obtained
considering DJeff (Eq. (10)), are reported in Fig. 5c: experimental 
points tend to align to a single line and a much smaller scatter is 
observed. In the same picture, experimental data were compared 
with the trend line from da=dN � DKeff data obtained on C(T) spec-
imens at high load ratio (R = 0.7). As it can be seen, experimental
data are very close to da=dN � DKeff curve: this is due to the fact that
Vormwald and Seeger’s model considers and removes crack closure
effects. It is worth remarking that the predicted � � N curve for
micronotched specimens, due to improvement offered by Eq. (15)
is very close to experimental results (both considering
da=dN � DJeff average interpolation or da=dN � DKeff curve) also at
very low strain amplitudes where D�p becomes negligible. This
means that DJeff model is able to describe well the life also in the
region, very interesting for engineering applications like turbines
whose target life is 10,000–20,000 cycles, where Tomkin’s model
provides unconservative estimates, as discussed in [9].

4.2. LCF tests at HT

Experimental results obtained at HT will be discussed consider-
ing the D � Jeff model since it has proven to be very precise. Exper-
imental results for steel #2 and #3 are shown in Figs. 6 and 7. At
high temperature, fatigue crack growth rates measured in notched
specimens do not match with those observed in C(T) testing, as
shown in Figs. 6a and 7a. A marked speed increment is evident
meaning that fatigue life prediction based on da=dN � DKeff curves
can lead to unconservative results, as depicted in Figs. 6b and 7b.

The presence of the speed increment was confirmed even by the
tests performed at R = 0.25 on steel #3 at 500 �C: as it can be seen in
Fig. 8a, experimental data points, obtained testing specimens with
an applied mean strain, lie on the same line of those tested at R = �1
This confirms the enhanced crack growth at 500 �C.
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Fig. 6. Fatigue crack growth analysis for steel #2, T = 490 �C. (a) Crack growth rates against effective J-Integral range; (b) fatigue life prediction.

10
−3

10
−2

10
−1

10
2

10
3

10
4

10
5

ΔJ
eff

 [MPa m]

(d
a/

dN
) 

/ (
da

/d
N

) re
f

ε
a
 = 10 ε

a,ref

ε
a
 = 8 ε

a,ref

ε
a
 = 6 ε

a,ref

ε
a
 = 5 ε

a,ref

Data interpolation
R=0.7 curve

(a)

10
0

10
1

10
2

5

6

8

10

20

2N
f
 / 2N

f,ref

ε a/ ε
a,

re
f

R=−1 − Artificial Defect 400 μm
Coffin−Manson, smooth specimens
Δ J

total
, Harkegard

Δ J
eff

, data interpolation

Δ J
eff

, R=0.7 curve

(b)

Fig. 7. Fatigue crack growth analysis for steel #3, T = 500 �C. (a) Crack growth rates against effective J-Integral range; (b) fatigue life prediction.
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Fig. 8. Additional tests for steel #3: (a) tests at R = 0.25, T = 500 �C; (b) tests at R = �1, T = 350 �C.



Another series of tests at 350 �C were carried out on steel #3, in 
order to check a possible temperature dependence of the crack 
growth rates increment. Results for the new series are shown as 
it can be observed in Fig. 8b: the da=dN � DJeff data are only slightly 
higher than the DKeff curve, but the growth enhancement tends to 
disappear and it is much lower than the scatter of the data.

The fact that at high levels of DJ the growth rate of small cracks 
is higher than the one of long cracks was already noted by Earth-
man [33] in LCF tests similar to the present results (steel similar to 
#3 tested at 600 �C), who attributed it to an increased contribu-tion 
of plastic deformation at the crack tip. Fractographic analyses of 
crack surface give a more robust explanation for the registered 
speed increment: in Fig. 9, a comparison between low temperature 
(350 � C) and high temperature (500 � C) fracture for steel #3 is 
shown. As it can be seen, at 500 �C several micro-cracks are pres-
ent, propagating from defect main body. Moreover, at high temper-
ature, the material presents a damaged area ahead of the crack tip, 
meaning that, at high temperature, the material is damaged even 
before crack propagation. The shape of the fracture surface at 500 �
C shows that the crack does not follow a straight pattern, but 
propagates in weak regions at grain boundaries for steel #3 [34]. 
Crack growth rates increment is then significant at 500 �C because 
of this damage mechanism ahead of the crack tip: this pos-sibly 
explains why the enhanced growth rate is temperature dependent. 
Oppositely, experiments on long cracks for a steel with the same 
composition as #3 [35] have shown that crack surface oxidization 
at high temperature tends to increase the closure level (respect to 
an inert atmosfere) and to increase DKth.

Fractographic observations confirmed a similar damage mecha-
nism also for steel #2, as shown in Fig. 9c, even though the patterns 
of microcracking looks to be different.
Fig. 9. Comparison between fracture surfaces at different temperatures, steel #2 an
It is of some importance also to remark that Harkegard’s model, 
which usually provides conservative results (see Fig. 5d), underes-
timates the life at the higher strain amplitudes both for steel #2 
and steel #3 (see dashed grey line in Figs. 6b and 7b). This confirms 
the systematic crack growth acceleration at evidenced by the
da=dN � DJeff graphs and the need of incorporating this enhanced 
short crack growth into life prediction.
4.3. Correction of growth rate for damage at the crack tip

Summarizing results on steel #3, an average speed factor sf 

could be expressed as:

sf ¼
ðda=dNÞexp

ðda=dNÞR¼0:7
ð16Þ

where da=dNexp is the experimental growth rate and da=dNR¼0:7 is the 
growth obtained from long crack at R = 0.7. In particular data were 
interpolated with Eq. (14) power law and the sf factor was evaluated 
on the interpolating curve at the mean value of DJeff range (its scatter 
was similarly evaluated from 5% to 95% percentiles of the experi-
mental data). The sf factor is shown in Fig. 10, where it is clear that 
the enhanced growth rate can be neglected for temperatures below 
300 �C (the scatter at RT was taken from data of steel #1).

The meaning of this speed factor is that, for a correct life estima-
tion based onto DJeff , the growth rate effective curve (the 
da=dN � DKeff curve) should be multiplied by sf . As a further sup-
port to the present results, a similar trend for sf factor was also 
obtained with the DJeff formulations proposed by Sehitoglu and 
McClung and by Zerbst et al. (see [36], details are not presented 
here for the sake of brevity).
d #3. (a) Steel # 3, T = 350 �C; (b) steel # 3, T = 500 �C; (b) steel # 2, T = 490 �C.
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Fig. 10. Speed increment factor against testing temperature together with 90%
scatter band (5–95% percentiles): the grey area corresponds to the scatter evaluated
at RT for steel #1.
5. Conclusions

In this paper we have investigated the methods for predicting
LCF fatigue life in presence of micro-defects for three Q & T CrMo
rotor steels. LCF tests at different temperatures were carried out
on different cylindrical specimens: smooth samples were employed
for Coffin–Manson curve evaluation, whereas notched specimens
were used to measure crack growth rate.

Three different Elastic–Plastic J-Integral models (two based
onto DJ and another one onto DJeff ) were implemented and checked
against experimental crack growth rates and predictions of the
�� N diagram. The da=dN � DJ data obtained with the formulation
proposed by Polak were affected by a large scatter. This scatter was
then responsible for inaccurate fatigue life predictions, in particu-
lar when high plastic strains were applied. Even Harkegard’s model
provided scattered data, but the proposed growth curve (obtained
from da=dN � DK data at R = 0) gave a conservative description of
the growth rate. In terms of �� N diagram, such an approach pro-
vided conservative results, especially at low strain amplitudes.

Taking into account crack-closure effects, Vormwald and See-
ger’s DJeff model was able to condense the growth rate onto a single
da=dN � DJeff curve. At room temperature this propagation curve
matched with the one obtained from tests conducted on compact
tension specimens at R ¼ 0:7. At high temperature a marked speed
increment was observed. An accurate analysis of the fracture sur-
faces showed that a peculiar damage mechanism, which consists
of a diffuse cracking ahead of the crack tip, was present at high
temperature. The phenomenon was temperature dependent, since
experimental tests performed at lower temperatures did not show
the same damage mechanism. The presence of this damage ahead
of short cracks makes it necessary to adopt a suitable crack growth
rate correction factor, otherwise the models would provide uncon-
servative life estimates at high temperature.
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