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Abstract
In this paper, fatigue damage development of 14MoV6-3 (13HMF) power engineering steel was studied through different
experimental and analytical approaches. The specimens machined from the as-received pipe were subjected to fatigue loading
and simultaneously monitored using the digital image correlation (DIC) technique. The damage development was analysed
through microstructural observations of fracture surfaces and further described as a function of the fatigue damage parameter
D and the fatigue damage measure φ. The combination of such parameters’ evolution with the number of cycles to failure and
the DIC technique enables a determination of separate stages of damage development. It was found that dynamics of damage
could be effectively exposed within the first 100 cycles.
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1 Introduction

Power engineering steels are a group of construction alloy
steels dedicated to pressure components working at an
elevated temperature [1]. Among them, 13HMF chromium-
molybdenum-vanadium steel is used in the production of
boiler tubes, parts of steam turbines and boilers work-
ing at temperature up to 560 °C [2]. The degradation of
such components occurs, among others, due to complex
loading conditions under which they are operating. These
accelerate the development of damage dynamics signifi-
cantly and therefore the monitoring of power engineering
steel pipes subjected to continuous operations remains a
critical issue to maintain their safe state and subsequently
minimize the operating costs of industrial structures [3].
Conventional techniques that enable the determination of
mechanical parameters under various loading types such
as fatigue include extensometer and tensometer recordings.
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Poland

2 Department of Mechanical Engineering, Imperial College
London, London SW7 2AZ, UK

These methods both allow for continuous registration of
strain changes during the test. However, they only effectively
monitor a limited strain gauge of the specimen, and more
importantly, provide average data from such measurements
[4]. Such serious limitation in terms of fatigue testing remains
a crucial issue since the crack prediction, its localisation and
subsequent damage development are of local nature. It should
be highlighted that accurate prediction and subsequent local-
isation of the crack initiation within the gauge length are
practically impossible using conventional extensometers or
tensometers, thus material models [5, 6] and finite element
simulations [7] are widely used for such purpose. Such a
problem may be effectively solved by the application of full-
field optical methods that enable measurement of fatigue
crack closure [8], as well as residual stress determination [9],
or optical stress concentration and stress gradient monitor-
ing [10]. Risbet et al. [11] proposed an application of digital
image correlation (DIC) in early fatigue damage detection in
stainless steel under a low-cycle regime for the purpose of
developing a numerical model that can further enable accu-
rate prediction of the fatigue life of a structural component.
Furthermore, Qvale et al. [12] elaborated a DIC-based tech-
nique for continuous mapping of fatigue crack initiation sites
on the corroded surface from offshore mooring chain which
enables successful determination of multiple initiation sites
on a single surface. Vanlanduit et al. [13] used DIC assisted
by stroboscopic illumination to monitor the crack growth
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process during a cyclic fatigue test, in which 8100 images
of the crack propagation process were recorded. Niendorf
et al. [14] successfully utilised the suitability of theDIC tech-
nique for monitoring fatigue-induced damage evolution in
ultrafine-grained interstitial-free steel within the low-cycle
fatigue regime. The authors have confirmed that the crack
initiation area could be effectively detected using DIC at the
very early stages of cyclic deformation by capturing the local-
ized high strains which accumulate and subsequently cause
the nucleation of surface cracks. El Bartali et al. [15] used
DIC on the micro-structural scale to understand and obtain
quantitative values of the fatigue surface damage in duplex
stainless steel under a low-cycle fatigue regime. Since the
fatigue damagemechanismswere successfully revealed after
testing, it was concluded that strain field measurements are a
good tool for studying the behaviour of metals under fatigue
damage, especially in regard to strain gradients which are
forewarning signs of microcrack initiation. Koster et al. [16]
used DIC for the characterization of fatigue damage evolu-
tion in brazed steel joints. In this research,DICwas applied to
determine the strain distribution in the vicinity of the brazed
layer before a fracture occurs. The authors highlighted that
further experiments with simultaneous DIC and extensome-
ter measurements should be performed to quantify the strain
accumulation due to cyclic loading on the one hand, and to
achieve a better understanding of the failure mechanisms on
the other. Tanvir et al. [17] presented an attempt to identify the
fatigue damage evolution in 316L stainless steel using acous-
tic emission (AE), DIC and Renyi’s entropy. Renyi’s entropy
was defined as a quantitative parameter that measures the
uncertainty or randomness of the signals. Its validity was
investigated by performing AE monitoring during fatigue
testing of 316L stainless steel supported by DIC. In such
research, global strain monitoring by DIC was performed to
relate material damage with AE activity. It was found that
Renyi’s entropy is an effective measure to identify critical
stages of damage in the material.

One should highlight that quantitative parameters that
could define or describe fatigue damage monitoring are still
in the interest of the mechanical engineering field since they
could be effectively used to describe the changes within
material integrity during fatigue performance, especially in a
high-cycle regime. Since the conventional S–N curves only
represent the magnitudes of stress amplitude as a function
of the number of cycles to fracture without providing any
knowledge on fatigue damagemechanisms that occurred dur-
ing testing, the proposedmethodology of damage parameters
could be effectively used to analyse the fatigue behaviour in
the whole range of testing, from the very first to the last load-
ing cycle, thus reflecting the physical mechanisms of damage
evolution. This paper aims to propose an effective methodol-

ogy to assess the dynamics of fatigue damage development in
13HMF steel subjected to fatigue loading with the additional
support of the DIC technique. The quantitative assessment
of the degradation state in such power engineering steel was
described as a function of the fatigue damage measure φ and
the fatigue damage parameter D, and further combined with
the DIC method to reveal the dynamics of fatigue damage
development depending on the stress applied.

2 Materials andMethods

2.1 Material Characterization

The material was supplied in the form of a half-meter-long
pipe in the as-received state (normalization at 940–960 °C,
and 700–730 °C during tempering) [18]. The chemical com-
position of the material confirmed the agreement with the
Polish Standards (PN-75/H-84024) [18] as presented in
Table 1.

2.2 Experimental Details

At the beginning of the experimental procedure, specimens
were machined from the pipe section as presented in Fig. 1a.
The geometry of the specimen is shown in Fig. 1b. Sub-
sequently, standard tensile tests at the strain rate equal to
2× 10−4 s−1 were performed to assess the mechanical prop-
erties of 13HMF steel. Based on these test results, fatigue
loading conditions were determined. Both uniaxial tensile
and fatigue tests were performed by using a conventional
MTS 858 testing machine (Fig. 1c). The fatigue tests were
force-controlledwith (σmax−σmin)/2 level and a stress asym-
metry coefficient R = 0 with a frequency of 20 Hz in the
stress range (�σ ) from 320 to 500 MPa. Three specimens
per condition were used to guarantee the reliability of the
results obtained. Before and during fatigue tests, the speci-
menswere pre-stretched to the stress value equal to+ 10MPa
in order to avoid buckling. The strain values in the descrip-
tion of the hysteresis loop were recorded by the conventional
MTS extensometer with a gauge length of 25 mm. Simulta-
neously, the strain distribution on the specimen surface was
monitored during fatigue tests by using DIC Aramis 12 M
equipped with lenses of a total focal length of 75 mm and
calibration settings appropriate to the measuring area equal
to 170 mm × 156 mm. The calibration was performed prior
to testing using a certified GOM calibration plate. Aramis
software was used to capture DIC images automatically at
σmax each 1000 fatigue cycles.
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Table 1 Chemical composition of 13HMF steel in as-received condition and according to the Polish Standards PN-75/H-84024 [18]

C Si Mn P S Cr Mo Ni Fe

As-received state 0.15 0.30 0.60 0.02 0.02 0.55 0.55 0.25 Bal

PN-75/H-84024 0.1–0.18 0.15–0.35 0.4–0.7 < 0.04 < 0.04 0.3–0.6 0.5–0.65 < 0.3 Bal

Fig. 1 a Distribution of specimens for mechanical testing in a pipe section; b specimen geometry; c general view of the experimental setup: DIC
and MTS testing machine

3 Results and Discussion

3.1 Mechanical Properties of 13HMF Steel

Selected mechanical properties of 13HMF steel were
obtained from static tensile tests during which the yield
point, ultimate tensile strength and elongation were deter-
mined (Fig. 2a, Table 2). The reliability of the results was
further confirmed by testing five specimens accordingly. It
was found that the supplied material meets the requirements
of the PN-75/H-84024 [18] standard regarding its mechan-
ical properties. Subsequently, fatigue tests with different
values of stress ranging from 320 to 500 MPa were car-
ried out as shown in Table 3 and Fig. 2b, where the S–N
curve that summarises the fatigue results obtained is pre-
sented. The confidence intervals obtained for each stress

Table 2 Mechanical parameters of 13HMF steel in as-received condi-
tion and according to the Standards PN-75/H-84024 [18]

Ultimate
tensile
strength
(MPa)

Yield
strength
(MPa)

Elongation
(%)

As-received state 615(± 2) 355(± 4) 26(± 1)

PN-75/H-84024 460–610 > 300 > 20%

condition were approximately equal to 15%, which further
confirmed the repeatability of the fatigue tests performed.
One should notice a significant increase in the service life for
the specimens subjected to cyclic loading at a stress lower
than 480 MPa. On the other hand, the fatigue stress ampli-
tude limit representing stress amplitude enabling to carry 107
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Fig. 2 Representative tensile curve: a and S–N curve: b for 13HMF steel in as-received condition

loading cycles according to the Polish Standards [19] was
assumed to be equal to 320 MPa. Since the extensometer did
not record any strain changes in the following cycles, the test
at such specific stress was interrupted after reaching 8.5 ×
106 cycles.

3.2 Fatigue Damage Development in 13HMF Steel
Monitored by Digital Image Correlation

Fatigue damage is the progressive, localized, and perma-
nent structural change that occurs in a material subjected to
repeated or fluctuating strains [20]. It is characterized by the
nucleation, coalescence, and stable growth of cracks that ulti-
mately lead to net section yielding or brittle fracture [21]. In
order to effectivelymonitor its development in 13HMF steel,
a full-field optical method was used to record the changes
in strain distribution on the specimen surface after a specific
number of cycles. Since the testingmachinewas coupledwith
the DIC measurement setup, a special testing programme
was developed to automatically enforce the image record-
ing, when the stroke of the testingmachine would register the
extension of the specimen by 0.5mm. Furthermore, the spec-
imen’s geometry enabled localisation of the potential crack
initiation to the area with the smallest cross-section located
on the edge of the specimen. It was observed that the crack
initiation area was indeed found in the central part of speci-
mens subjected to cyclic loading in the wide range of stress
(Fig. 3). It should be noticed that increased values of strain in
the central part of specimens were found after just one cycle.

The subsequent damagedevelopment progresseswith the fol-
lowing cycles, however, the area of potential crack initiation
could be distinguished when the specimen reached approxi-
mately one-third of its service life. Such a phenomenon could
be observed for all specimens regardless of the stress value
applied (Fig. 3a–c). One should mention that more inhib-
ited fatigue damage development could be observed for the
specimens subjected to lower stress (Fig. 3a). Even though
the crack propagation area was clearly observed after 600
000 cycles, the specimen was able to transfer ~ 60000 more
cycles before its failure. With an increase in the stress, less
pronounced effects were observed, however, they were still
proportional to the service life of the specimen subjected to
the specific stress and further expressed by the number of
cycles to failure (Fig. 3b, c).

One should highlight that the effect of stress on fatigue
damage mechanisms in power engineering steels is mainly
driven by the interaction of inclusions with a material matrix,
thus the fractographic analysis would be crucial to revealing
deformation mechanisms.

3.3 Microscopic Analysis of Damage Development
in 13HMF Steel

The microscopic observations performed near the fatigue
crack source area for all specimens revealed a ductile fracture
consisting of fine dimples distributed evenly on the surface. It
should be emphasised that the specimen subjected to a stress
of 380 MPa possesses a coarser surface with large craters
with some inclusions and areas of microvoids located inside

Table 3 The number of cycles to failure in relation to the stress applied

Stress (MPa) 500 480 460 440 420 400 380 360 320

Number of cycles to failure 9969 119853 192350 230722 264218 468617 658647 1100536 8500000
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Fig. 3 Selected DIC measurements for the specimens subjected to fatigue testing at stress equal to a 380 MPa; b 460 MPa; and c 500 MPa
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Fig. 4 The fracture area of the specimens after being subjected to the fatigue test at the stress of a-b 380 MPa; c-d 460 MPa; and e–f 500 MPa

or around them (Fig. 4a, b). The regular shape of these craters
is possibly related to the fact that the decoherence processes
observed under cyclic loading were initiated by inclusions,
which were located in craters larger than their actual size
(Fig. 4b). Thus it could be claimed that the plastic strain
propagation nucleates near inclusions which serve as stress
concentrators [22].On the other hand, the presence of smaller
microvoids in the surrounding areas near inclusions results

from fatigue interaction between hard and brittle inclusions
and metal matrix [23].

One should highlight that the decrease in stress results in
an increase in the size of the craters and dimples. It could be
observed that the specimen subjected to a stress of 380 MPa
possesses craters approximately 20 μm wide, which are not
much larger than the inclusions found inside them (Fig. 4b).
On the contrary, those tested at 460 MPa and 500 MPa are
characterized by the fracture surface covered mostly by fine
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dimples (Fig. 4d, f). The inclusions found in the craters have
almost the same size. Such a phenomenon is also related to
fatigue interaction between inclusions and matrix. The lower
is the stress, the longer interaction time is applied and thus
more prominent microstructural changes could be observed.
The damage development mechanisms of metallic materi-
als operating in high-cycle regime could be divided into
two basic types: cyclic plasticity and ratcheting. The cyclic
plasticity is generated by micro-slips and the subsequent for-
mation of slip bands. Microstructure changes mainly involve
multiplication and rearrangement of dislocations [23]. On
the other hand, the fracture surface of specimens subjected
to fatigue loading that further exhibits the ratcheting effect
is characterized by a ductile fracture with local deformations
around voids and non-metallic inclusions [24]. Such features
were observed in Fig. 4 regardless of the stress used, thus
it was concluded that the main mechanism responsible for
fatigue damage development in 13HMF steel is ratcheting.

The correlation of DIC measurements and microscopic
observations enabled to reveal different damagemechanisms
in relation to the stress applied. It could be observed that the
13HMF steel specimen subjected to the stress of 380 MPa
exhibited strain concentration and further crack initiation on
the right edge of the middle section of the gauge (Fig. 3a,
Fig. 5a). The SEM observations performed on such an area
exposed a crack source area,which propagated from the spec-
imen edge. Furthermore, some inclusions found in the crack
tip acted as stress concentrators and accelerated the damage
process during fatigue.

On the other hand, the specimen subjected to fatigue
testing under the stress of 500MPa exhibited a strain accumu-
lation area in the central area of the gauge (Figs. 3c and 5b),
and in such a region, the fracture occurred. The observations
performed in the middle section (area II) revealed the strong
interaction of inclusion with the matrix since the large area
of fine dimples was found below the non-metallic particle
(Fig. 5b). The crack propagated towards the specimen edges,
where the material was still coherent. The excessive stress
acting on the specimen’s external areas led to the formation
of microvoids in the plastically deformed edges. Although
the fracture mechanism of each specimen is different, both
of them exhibited the same classical phenomena involving
cyclic plastic deformation till the initiation of one or more
microcracks, coalescence of microcracks, and formation of
one ormoremacroscopic cracks that subsequently propagate,
causing material fracture [25]. Such behaviour is, however,
more prominent for the specimen subjected to the fatigue
testing at 380 MPa, where all stages, from micro to macro
scale, could be observed by using SEM and DIC, respec-
tively (Fig. 5a). The area of fatigue crack initiation was also
located near singularities (inclusion, embrittled grain bound-
aries, sharp scratches) just below the surface and on the edge
of the specimen, where the stress concentration occurred. On

the contrary, during the fatigue testing at 500 MPa, a signifi-
cant plastic deformation was introduced to the central region
of the strain gauge (Fig. 5b). The crack initiated in area II,
where many inclusions acting as stress concentrators were
found. Once the macrocrack occurred in the middle section
of the specimen, its propagationwas temporarily inhibited on
the edges of the specimens, where microvoids formed due to
excessive stress applied.

3.4 Quantitative Assessment of the Fatigue Damage
Development in 13HMF Steel

Themechanical response registered for 13HMFsteel andpre-
sented in the form of S–N curve is the conventional approach
to determine the service life of the material. However, the
determination of the typical S–N curve is costly and time-
consuming [26]. The physically-based alternative method
presented by the author [25, 27] includes the evolution of
deformation dynamics development due to the ratcheting and
cyclic plasticity registered in subsequent cycles for the range
of stress applied (Fig. 6a). These changes were subsequently
parametrized and described as the fatigue damage measure
φ and the fatigue damage parameter D. The fatigue damage
parameterD describes the dynamics of deformation changes
in subsequent cycles and is represented by the relationship:

D = φN − φmin

φmax − φmin
(1)

where φN is the current value of the fatigue damage devel-
opment measure in cycle N ; φmin is the minimum value of
the fatigue damage development measure at the beginning of
the cyclic loading, i.e., for cycle N = 1,φ; and φmax is the
maximum value of the fatigue damage development measure
for the last cycle of the period of stable damage development
Nf .

In this equation, damage measure is defined by:

φ = εw + εm (2)

where εw is the inelastic strain amplitude being damage indi-
cator that characterizes a width of the hysteresis loop at the
total unloading; and εm is the mean inelastic strain responsi-
ble for a shift of the hysteresis loop under unloaded state.

The inelastic strain amplitude was measured at the total
unloading of a material and described in a single cycle by:

εw = ε
σ=σmax/2
max − ε

σ=σmax/2
min

2
(3)
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Fig. 5 Correlation of DIC measurements and SEM observations during fatigue damage development of 13HMF steel subjected to testing under
pulsating loading of a 380 MPa; and b 500 MPa

Fig. 6 a Schema of hysteresis loop evolution in subsequent fatigue
cycles for 13HMF steel, where σm is the mean stress, σ a is stress ampli-
tude, σmax is the maximum stress applied, σmin is the minimum stress

applied, and �σ is the stress range; b experimental representation of
the hysteresis loop shift observed during testing at different values of
stress
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The mean inelastic strain was also captured under
unloaded state and further defined by the relationship:

εm = ε
σ=σmax/2
min + ε

σ=σmax/2
max

2
(4)

It should be highlighted that the microstructural changes
that occurred during cyclic degradationwere related to partic-
ular changes in the stress–strain response [28], thus effective
indicators were used to describe and quantify each defor-
mation mechanism. On the one hand, ratcheting generated
by local deformation around the voids, inclusions and other
defects [29] was related to the mean inelastic strain describ-
ing a shift of the hysteresis loop under an unloaded state
(εm). On the other hand, cyclic plasticity generated by dis-
location movement at the level of local grains and slip bands
[30] was related to the hysteresis loop width changes at the
total unloading of the material (εw). The analysis of the hys-
teresis loop shift during fatigue testing at both stress values
of 380 MPa and 500 MPa supported by the fractographic
analysis (Fig. 4) also confirmed that the main deformation
mechanism responsible for damage development was ratch-
eting. The representative hysteresis loops for the first and last
cycles recorded revealed no changes in the loop width from
the beginning of the test till the specimen fracture (Fig. 6b).

The representative experimental results for the specimen
subjected to the stress of 480 MPa were presented for the
particular cycles at different stages of damage development
as shown in Fig. 7. Determination of εmax and εmin for each
fatigue cycle enabled to calculate the inelastic strain ampli-
tude andmean inelastic strain required for damage parameter
identification. One can define three stages of fatigue damage
development:

• Stage I—elastic stress–strain behaviour of the undamaged
material (Fig. 7a);

• Stage II—steady ratcheting-driven damage development
prior to crack initiation (Fig. 7b);

• Stage III—crack formation and propagation (Fig. 7c)

Their better visualization could be observed in Fig. 8.
The occurrence of inclusions (Fig. 4) was found

favourable for microcrack nucleation and remarkably accel-
erating the dynamics of the damage process in the first stage
of deformation (Fig. 8). One should highlight that the width
of the hysteresis loop decreases with the increase of the
stress applied until the stable value of approximate 0.00015
is obtained after 100 cycles. The progressing damage of the
material with subsequent cycles observed in stage II was
characterized by the slight changes in the hysteresis loop
width on the one hand, and significant loop shift on the other
(Fig. 7b). The formation of the crack and its propagationwere
attributed to the strength loss and subsequent increase of the

hysteresis width (Fig. 7c). It could also be clearly observed
from the significant increase of each damage parameter in
the third stage of damage. Such behaviour was associated
with the decoherence of material due to the rapid increase
of macro cracks and their subsequent propagation in the
form of dominant crack created in the final stage of damage
[24]. Based on the calculations performed, it was confirmed
that themain deformationmechanism responsible for fatigue
damage development in 13HMF steel was ratcheting mainly
reflected by the shift of the hysteresis loop.

The evolution of the fatigue damage parameter/measure as
a function of the number of cycles to failure supported byDIC
for the stress of 380 MPa and 500 MPa is presented in Fig. 8
in the form of live images registered during the fatigue test
(Fig. 8a) and processed by Aramis software (Fig. 8b). One
should note that dynamics of fatigue damage development is
highly stress-dependent since considerable changes in both
parameters could be observed within the first 100 cycles. It
should be mentioned that for relatively low strain amplitude
values, the fatigue damage development progressed steadily
till the plateau stage was reached. The lower is the stress, the
longer plateau could be observed. Subsequently, the damage
progressed steadily till the crack and final decohesion of the
specimen occurred.

The DIC methodology supported by Aramis software
could also represent the measurement results in the form of
strain profiles along the specimen’s axis of symmetry (Fig. 9).
Such representation could serve as an effective indicator of
damage development since the deformation on the specimen
surface registered for a particular fatigue cycle clearly indi-
cates the deformation dynamics. In this work, the main axis
of symmetry was used as a reference to monitor the damage
development in subsequent cycles. One should highlight that
a significant increase in strain observed after 600 000 cycles
for the specimen tested at the stress of 380MPa indicates the
occurrence of crack initiation. Its further propagation could
be clearly observed in the following cycles when the strain
value increased and the crack propagated from the edge of the
specimen (Fig. 8a).On the other hand, a steady strain increase
was observed for the specimen subjected to the stress equal to
500MPa (Fig. 8b). The strain profiles obtained for two differ-
ent stress values enable to conclude that for the lower values,
the strain was evenly distributed on the specimen surface till
crack suddenly initiated and propagated. Such localization
effect was not observed for higher values of stress, for which
the gradual strain increase was observed till specimen frac-
tured.

It should be highlighted that the DIC system alone was
not able to reveal the dynamics of fatigue damage within
the first 100 cycles (Figs. 8 and 9). Some strain increase
might be found in the central area of the specimen, however,
its prominent intensification occurred in the second stage of
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Fig. 7 Representative hysteresis
loop evolution in particular
fatigue cycles for 13HMF steel
subjected to the stress equal to
480 MPa at different stages of
fatigue damage development:
a elastic stress–strain behaviour
of the undamaged material;
b steady ratcheting-driven
damage development; c crack
formation and propagation
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Fig. 8 Fatigue damage
development of 13HMF steel for
a stress of a 380 MPa; and
b 500 MPa expressed by fatigue
damage parameter D and fatigue
damage measure variations as a
function of a number of cycles
supported by DIC measurements

fatigue damage development. Since DIC maps could be reg-
istered for a particular fatigue cycle, theymight be accurately
allocated to the specific stage of deformation to effectively
monitor material deformation. It was concluded that the cor-
relation between DIC and damage parameter approach can
be more effective than the conventional S–N curve approach
in detailed description and understanding of the degradation
process dynamics.

4 Conclusions

Fatigue damage development of 13HMF steel was effec-
tively studied in the wide range of stress ranging from 320
to 500 MPa through a combined approach including the ana-
lytical determination of fatigue damage parameter D and
the fatigue damage measure φ in subsequent cycles with
the experimental DIC technique. The proposed methodology
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Fig. 9 Selected strain profiles
registered during DIC
measurements for the specimens
subjected to fatigue testing at
stress equal to a 380 MPa; and
b 500 MPa

exposed the dynamics of damage within the first 100 cycles.
Additionally, the DIC measurements enabled to localise the
potential fracture area within the same number of cycles.
The mutual validation of both attempts presented their great
applicability in monitoring the fatigue damage development
of power engineering steels.
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M, Jasiński A. Assessment of the residual life of steam
pipeline material beyond the computational working time. Metals.
2017;7(82):1–12.
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