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Abstract
This paper discusses an effect of 280,000 h of exploitation under internal pressure of 2.9 MPa and high temperature of 
540 °C on the mechanical properties of 10CrMo9-10 (10H2M) power engineering steel. The mechanical response of the 
specimens obtained from two pipes: a new in the as-received state and exploited for a long period was assessed through the 
uniaxial tensile tests and subsequent fatigue tests. The long-term, high-temperature exposure of 10H2M steel resulted in the 
deterioration of its mechanical properties and was quantitatively described as a function of the fatigue damage measure, φ, 
and the fatigue damage parameter D. Finally, the proposed methodology of power exponent approximation with both damage 
sensitive parameters (φ, D) enabled for successful determination of the 10H2M steel fatigue life.
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1 Introduction

With an increasing demand of the power plant industry, 
the operating parameters of working elements increased 
significantly in comparison to those used in the past. The 
aggressive conditions including the high temperature and 
internal pressure of the piping systems notably accelerate 
material degradation [1]. Such a situation requires continu-
ous monitoring, which needs to be performed to maintain 
the required properties, and, as a consequence, further state 
exploitation and efficient estimation of the service life of 
working components [2]. Since the aggressive environment 
in which the power engineering components are working 
accelerates a development of damage dynamics significantly, 
it is extremely important to ensure the safety of power engi-
neering steel pipes to minimize the operating costs of indus-
trial structures and support a smooth workflow of power 
plants [3].

The good heat-resistant characteristics of chrome-man-
ganese, perlitic creep-resistant structural steel (10H2M) are 

decisive in essential reduction of the overall operating cost 
in steam-generating thermal power plants [4]. The long-term 
exposure to high temperature leads to its degradation, and 
finally to microstructural changes involving the transforma-
tion of the as-received fine-tempered martensitic laths into 
broader ferrite laths, and, moreover, into the equiaxed ferrite 
grain structure [5]. The transformed structure along with 
 M23C6/M6C carbides (chromium, iron, molybdenum, and 
vanadium carbon compounds) concentrated on the ferrite 
grain boundaries affects effectively the mechanical response 
of 10H2M steel, including its fatigue response. Therefore, 
effective health monitoring of the elements made of power 
engineering steels through a series of destructive and non-
destructive tests should be performed after a particular 
period of time [6]. To predict or determine the service life 
of components working under extreme conditions, com-
parative studies of the as-received and exploited materials 
are commonly employed. They could be effectively used to 
assess the actual mechanical response of materials subjected 
to long-term operations [7]. Furthermore, such comparative 
studies clearly indicate whether the exploited material could 
be further used without a decrease of safety and reliability 
of the power engineering constructions. Gwozdzik et al. [8] 
applied optical and transmission electron microscopy as well 
as standard tensile tests and Charpy tests on 10CrMo9-10 
and 13CrMo4-5 steels (low-carbon chrome-molybdenum 
grade) before and after long-term operation at elevated 
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temperatures in a steam heater. Golasinki et al. [9] provided 
a detailed description of the microstructural changes in 
the high-chromium martensitic steels that occurred under 
creep conditions to further extend their time of safe opera-
tion in the particular structural elements of power systems. 
A similar approach was proposed by Singh et al. [10] who 
performed extensive creep testing of 1Cr1Mo¼V (chro-
mium–molybdenum–vanadium low alloy forging cast steel) 
in the as-received (normalized and tempered) and aged 
conditions followed by scanning and transmission electron 
microscope observations to reveal the damage mechanisms 
and estimate the remaining service life. Dzioba et al. [11] 
used the true stress–true strain diagrams for an assessment of 
the in-service degradation of gas pipeline steels. The results 
demonstrated the advantage of such methodology in com-
parison to the stress–strain curves.

It should be highlighted that all these approaches are usu-
ally proposing a relatively simple set of mechanical tests and 
microstructural observations performed on the as-received 
and post-operational specimens. Such methodology offers 
only limited knowledge on the mechanical behaviour of 
long-time operated materials, since the actual behaviour 
under complex environmental conditions is usually insuf-
ficiently investigated. Therefore, this research aims to assess 
and quantitatively describe the effect of 280 000 h operating 
conditions on the microstructure, strength characteristics, 
and dynamics of fatigue damage development of 10H2M 
steel described as a function of the fatigue damage measure, 
φ, and the fatigue damage parameter D.

2  Materials and methods

2.1  Characterization of material

The material was supplied in the form of two 1-m-long 
pipes. The first pipe was operated for 280,000 h at the 
internal pressure of 2.9 MPa under temperature equal to 
540 °C. The second one was delivered as a pipeline in the 
as-received state (normalization at 910–960 °C and high 
tempering at 650–780 °C) [9]. The chemical composition 
tests performed on both materials enabled confirmation of 
the agreement with the Polish Standards (PN-75/H-84024) 
[12] as presented in Table 1.

2.2  Experimental details

The hourglass specimens were extracted (wire-cut and 
machined) from two types of 10H2M steel pipelines as 
presented in Fig. 1a. Three specimens per condition were 
used to guarantee the reliability of the results obtained. The 
geometry of specimens for both standard tensile and fatigue 
tests is shown in Fig. 1b. They were machined in a com-
puter numerical control (CNC) lathe machine using the same 
programme to ensure a surface finish and repeatability of 
the subsequent tests. A total number of 60 specimens were 
machined from two pipelines (30 specimens from each). 
Uniaxial tensile tests were performed at a strain rate equal 
to 2 ×  10−4  s−1. The range of fatigue loads was established on 
the basis of yield strength  R0.2 determined from the uniaxial 
tensile test. The fatigue tests were performed in the range of 
stress amplitude from ± 250 MPa to ± 400 MPa using the 
MTS 858 testing machine, as shown in Fig. 1c. The fatigue 
tests were force controlled with zero mean value and con-
stant stress amplitude with a frequency of 20 Hz. During 
the entire loading process, an MTS extensometer was used 
to monitor a diameter change in the specimen gauge length. 
The axial strain was calculated on the basis of transversal 
strain and Poisson's ratio. The fracture surface observation 
was performed using a JEOL field emission gun scanning 
electron microscope (SEM) operated at 20 kV. The quali-
tative chemical composition analysis was performed using 
Quanta 3D FEG field emission scanning electron micro-
scope (SEM) operated at 20 kV with EDS detector.

3  Results and discussion

3.1  Mechanical testing of 10H2M steel

The representative strength characteristics of 10H2M steel 
in the as-received state and after the operation are shown in 
Fig. 2a. The reliability of the tensile test results was con-
firmed by testing five specimens accordingly. The average 
values of parameters determined from these tests are pre-
sented in Table 2. Interestingly, the results of tensile tests 
exhibited a significant decrease in yield point of about 
86 MPa for the steel subjected to long-term operation. How-
ever, the ultimate tensile strength and ductility remained at a 
similar level. Nevertheless, both these parameters were still 

Table 1  Chemical composition 
of specimens made of 
10H2M steel before and after 
exploitation compared to that 
required by the Polish Standards

C Si Mn P S Cr Mo Ni Fe

As-received state 0.14 0.33 0.70 0.02 0.02 0.91 0.33 0.25 Bal
280 000 h of exploitation 0.16 0.35 0.61 0.02 0.02 0.92 0.38 0.25 Bal
PN-75/H-84024 [12] 0.10–0.17  < 0.35 0.4–0.7  < 0.025 0.02 0.7–1.15 0.4–0.6  < 0.3 Bal
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within a range of PN-75/H-84024 standards [12] for both 
types of specimens.

Subsequent comparative fatigue tests performed to elabo-
rate the S–N curves for both states of the steel in question 
revealed that due to exploitation, a significant decrease of 
fatigue lifetime was observed for the entire range of stress 
amplitudes considered. One should highlight a considerable 
drop of the number of cycles to failure for the exploited steel 

Fig. 1  Specimens’ distribution in a pipe section (a), engineering drawing of the specimen (b), and general view of the experimental setup (c)

Fig. 2  Representative tensile curves for 10H2M steel in the as-received state and after exploitation (a); S–N curves for the steel in the as-
received state and after exploitation (b)

Table 2  Mechanical parameters of 10H2M steel before and after 
exploitation compared to those of the Polish Standards

Rm tensile strength, R0.2 yield point, A elongation

Rm [MPa] R02 [MPa] A[%]

As-received state 545(± 5) 334(± 4) 48%(± 1)
280 000 h of exploitation 543(± 5) 248(± 3) 46%(± 1)
PN-75/H-84024 [12]  > 415  > 205  > 30%
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in comparison to the same material tested in the as-received 
state under the same stress amplitude (Fig. 2b). Such ten-
dency can be observed for majority of stress amplitude mag-
nitudes taken into account.

3.2  Microstructural analysis of damage 
development

The high-temperature, time-intensive exploitation for 
280,000 h at 540 °C and the internal pressure of 2.9 MPa 
led to the significant degradation of the 10H2M steel micro-
structure, as shown in Fig. 3. The microstructure of 10H2M 
steel in the as-received (normalized and tempered) state 
consisted of the typical ferritic–bainitic microstructure [11] 
in which packets of lath or plate-shaped ferrite, associated 
with carbide particles, could be observed (Fig. 3a–b). On 
the other hand, the exploited material was characterized by 
degraded bainite, a small amount of ferrite and precipitated 
carbides concentrated at the grain boundaries [8] (Fig. 3c–d).

After fatigue tests, a fracture analysis was performed. 
Characteristic fracture surface morphologies observed for 
almost all steel specimens included: crack initiation area 
surrounded by radial streaks along the crack propagation 

direction and a relatively flat surface (marked as I in 
Fig. 4), propagation area with microvoids and dimples 
(marked as II in Fig. 4), and instantaneous fracture area 
(marked as III) [13]. The crack initiation areas were mainly 
found at the edge of the specimen so in the areas, where 
the stress concentration occurs due to sub-surface defects 
or non-metallic inclusions [14]. The propagation area 
characterized by microvoids consisted also the second-
ary cracks, which were formed due to connecting pores. 
Subsequent cleavage steps parallel to the direction of crack 
propagation form the so-called “river patterns” [13]. On 
the other hand, the ductile fracture surface of a greater 
contribution of the fine morphological cavities in the form 
of craters and non-metallic inclusions was observed for 
the as-received material after testing at stress amplitude 
of 400 MPa. 

It was reported that the long-term operation of power 
engineering steels leads to significant changes in their 
microstructure which mainly include the diffusion of alloy-
ing elements out of the bainite, formation and coagulation 
of carbide precipitates at the grain boundaries, and partial 
transformation of original bainite to ferrite [8, 15]. It was 

(a)                                                                                                            (b)                                                             

(c)                                                                                                            (d)                                                             
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Fig. 3  Microstructure of 10H2M steel in the as-received state (a–b) and after exploitation (c–d)
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confirmed that such processes are directly responsible for 
the reduction of the strength parameters of the steel [15].

3.3  Quantitative assessment of the fatigue damage 
development in 10H2M steel

The quantitative assessment of the fatigue damage devel-
opment was performed based on the mechanical response 
of 10H2M steel registered in successive cycles for all lev-
els of constant stress amplitude. The representative graphs 
were presented for the as-received and exploited material 
subjected to limit stress amplitudes between ± 320 MPa 
and ± 400 MPa to reveal both the effect of stress amplitude 
and the state of development of damage mechanism in the 
steel tested (Fig. 5).

The analysis including the monitoring of hysteresis 
loop changes in the subsequent cycles enabled an identi-
fication of two main mechanisms responsible for fatigue 
damage development: ratcheting and cyclic plasticity [16]. 
It can be easily noticed that ratcheting is characterized 
by negligible small changes in the hysteresis loop width 
together with simultaneous increase of the mean level of 

strain in subsequent cycles, while for the cyclic plastic-
ity, considerable changes of the hysteresis loop width are 
observed [17]. Similarly to X10CrMoVNb9-1 (high-tem-
perature resistant, martensitic high-chromium–molybde-
num-alloyed power engineering steel) [7], 10H2M steel 
exhibited a combination of both mechanisms (Fig. 5). It 
should be emphasised, however, that for the as-received 
material subjected to the stress amplitude of ± 320 MPa, 
ratcheting is the dominating mechanism, since the width 
of hysteresis loop changes slightly up to 200,000 cycles 
(Fig. 5a). On the other hand, a considerable change in 
the width was observed for the exploited steel. The 19th 
loop registered for that state was significantly wider than 
the 200,000th one for the as-received material (Fig. 5b). 
Similar behaviour was observed for both states of steel 
subjected to fatigue loading at the stress amplitude of 
400 MPa. The combination of ratcheting and cyclic plas-
ticity mechanisms led to the increase of the hysteresis loop 
width and its simultaneous shift (Fig. 5c–d).

It should be mentioned that the 10H2M steel was sub-
jected to fatigue testing slightly above the yield stress level, 
and thus, the high plastic deformation was induced at the 
initial cycles. Therefore, the analysis of fatigue response 
was treated in terms of strain versus time (Fig. 6) and num-
ber of cycles to failure (Fig. 8). It is easy to notice that the 
material subjected to fatigue at the same stress amplitude 
was characterized by a different strain response which was 
dependent on its state. The strain response of the exploited 
material subjected to fatigue at both stress amplitudes con-
sidered (320 MPa and 400 MPa) was found as two times 
higher than that for the as-received state obtained. Interest-
ingly, the effect of long-time exploitation was more promi-
nent under a higher stress amplitude, i.e., 400 MPa, under 
which the strain signal registered for the material subjected 
to 280,000 h of work was 220% higher than that for the as-
received one.

The comparison of mechanical responses registered for 
both states of steel and presented in the form of S–N curve 
represents the conventional approach, that could be effec-
tively used to assess an effect of long-time exploitation on 
the material integrity. It should be mentioned, however, that 
determination of the typical S–N curve is quite costly and 
time-consuming [18]. An alternative method presented by 
authors [7] is based on the evolution of deformation dynamic 
development due to the ratcheting and cyclic plasticity regis-
tered in subsequent cycles for the range of stress amplitudes 
applied (Fig. 7). These changes were further parametrized 
and described as the fatigue damage measure, φ, and fatigue 
damage parameter D. Since the microstructural changes that 
occurred during cyclic degradation may be attributed to par-
ticular changes in the stress–strain response, effective indi-
cators were used to describe and quantify each deformation 
mechanism found in subsequent cycles:

(a)  (b)

(c)         (d)

crack
initiation crack

initiation

crack
initiation

crack
initiation
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propagation
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Fig. 4  Fracture surface of the as-received (a) and exploited (b) speci-
men after testing at the stress amplitude of ± 320  MPa; the fracture 
surface of the as-received (c) and exploited (d) specimen after testing 
at the stress amplitude of ± 400 MPa
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– ratcheting generated by local deformation around the 
voids, inclusions, and other defects; the process was 
related to the mean inelastic strain describing a shift 
of the hysteresis loop under unloaded state;

– cyclic plasticity generated by dislocation movement at 
the level of local grains and slip bands; the mechanism 
was related to the hysteresis loop width changes at the 
total unloading of the material.

Since both mechanisms were observed for 10H2M steel, 
their combination was responsible for damage develop-
ment. To reflect such type of damage the following damage 
measure was proposed:

where �
w
 is inelastic strain amplitude being damage indica-

tor that characterizes a width of the hysteresis loop at total 

(1)� = �
w
+ �

m
,

unloading, and �
m

 is mean inelastic strain responsible for a 
shift of the hysteresis loop under unloaded state.

The inelastic strain amplitude was measured at the total 
unloading of the material. It can be described in a single 
cycle by the simple expression in the following form:

The mean inelastic strain was also captured under 
the unloaded state. It can be defined by the following 
relationship:

Changes in the fatigue damage measure, φ, were used 
to determine evolution of the damage parameter D. The 
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Fig. 5  Fatigue development in the selected cycles for the steel in the as-received state (a, c); steel after exploitation for 280 000 h (b, d) at the 
amplitude of ± 320 MPa and ± 400 MPa
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fatigue damage parameter D describes the dynamics of 
deformation changes in subsequent cycles. It is defined 
by the relationship

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

The accelerated dynamics of fatigue damage development 
could be clearly observed for the exploited steel by compar-
ing an evolution of the fatigue damage measure and fatigue 
damage parameter as a function of the number of cycles to 
failure (Fig. 8). Both states of 10H2M steel exhibited sig-
nificantly different dynamics, since the damage of exploited 
steel occurred much earlier than in the case of as-received 
material. Based on the fatigue damage measure (Fig. 8a, c), 
it could be demonstrated that the exploited steel was char-
acterized by notably greater dynamics of damage develop-
ment, since the growth of φ parameter observed up to 10 
000 cycles indicates the simultaneous increase of hysteresis 
loop width. Such behaviour was not observed for the as-
received material, which means that the ratcheting was the 
dominant deformation mechanism in this case. Such signifi-
cant differences were not observed for the stress amplitude 
of ± 400 MPa (Fig. 8b, d); however, the damage dynamics 
for exploited material were still more pronounced. 

One could find that the character of curve slope is more 
steady for the as-received material and the degradation rate 
is permanently growing from near zero values reflecting its 
undeformed state. On the other hand, the exploited material 
just at the beginning of deformation exhibits higher values of 
both fatigue damage measure and fatigue damage parameter. 
Such characteristic feature well corresponds to its changed 
internal state.

3.4  Determination of the fatigue stress amplitude 
limit based on the degradation development 
of 10H2M steel

Finally, the determination of fatigue stress amplitude limit 
was performed by approximation of exponential curves 
obtained by fatigue damage measure, φ, and fatigue damage 
parameter D correlation for each stress amplitude (Fig. 9). 
First, Eqs. 1 and 4 were used to determine both parameters 
φ and D for each stress amplitude. The evolution of these 
parameters in individual cycles enabled for approximation of 
these exponential curves. Subsequently, the exponent values 
of functions describing each curve were compared on the 
graph as a function of stress amplitude values for both states 
of the material tested. Finally, a linear trend line was used to 
predict the fatigue stress amplitude limit. Such limit, accord-
ing to the Polish Standards [19], represents stress amplitude 

(4)D =

�
N
− �

min

�
max

− �
min

,

Fig. 6  Strain–time characteristics evolution of the 10H2M steel 
specimens subjected to the stress amplitude of ± 320  MPa (a) 
and ± 400 MPa (b)

Fig. 7  Hysteresis loop evolution in subsequent fatigue cycles for 
10H2M steel in both (as-received and exploited) conditions
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that enables carrying out  107 loading cycles. In the method 
presented here, the fatigue stress amplitude limit value cor-
responds to the intersection point of the line representing an 
approximation of the experimental results with the x-axis. 
Such determined value was equal to 245 MPa for the steel 
exploited for 280,000 h, and 293 MPa for the material in 
the as-received state. One should highlight a good agree-
ment between these results and those obtained from the 
S–N curves (250 MPa for the steel exploited for 280 000 h, 
300 MPa for the material in the as-received state) (Fig. 9, 
Table 3).

Since the S–N curves represent the stress amplitude val-
ues as a function of the number of cycles to failure only, the 
fatigue damage dynamics that occurred during fatigue test-
ing could not be assessed effectively. It was confirmed that 
the methodology presented enables successful determination 
of the fatigue stress amplitude limit along with the identifi-
cation of fatigue damage mechanisms [7]. In this paper, the 

effect of long-term exploitation for 280,000 h on the fatigue 
response of 10H2M steel was successfully performed using 
the approximation of the exponent values obtained from the 
very first to the last loading cycle. It was found that fatigue 
damage measure and fatigue damage parameters related 
to the hysteresis loop width and its shift could be used to 
identify the physical mechanisms of damage evolution that 
occurred during fatigue testing.

4  Conclusions

In this paper, fatigue damage development in 10H2M steel 
for power plant pipes in the as-received state and after 
280,000 h of exploitation was described and analysed using 
the conventional S–N curves and power exponent approxi-
mation method of fatigue damage measure φ and fatigue 
damage parameter D. The long-term exploitation led to the 

Fig. 8  Development of the fatigue damage for stress amplitude of ± 320 MPa and ± 400 MPa expressed by fatigue damage measure φ variations 
as a function of the number of cycles (a, c), and evolution of the fatigue damage parameter D (b, d)
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significant reduction of service life of the steel in question 
captured for the same stress amplitudes, which was directly 
attributed to the microstructural changes occurred during 
operation. The initial ferritic–bainitic microstructure with 
packets of lath or plate-shaped ferrite transformed into 
degraded bainite, a small amount of ferrite and precipitated 
carbides concentrated at the grain boundaries.

Finally, it can be concluded that the methodology pro-
posed was found as an effective tool for predicting the 
fatigue stress amplitude limit and could be successfully used 
as an additional approach providing much more data char-
acterizing fatigue damage development than S–N curves.
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