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Abstract

The paper deals with the effect of different loading cycle asymmetry and long-term thermal exposure on fatigue
crack growth rate in P91 and P92 steels used primarily for components in USC powerplants. Testing was
performed using C(T) specimens. Fatigue crack growth was measured in Il. stage of crack growth described
by Paris law from both sides using optical microscope. Loading cycle asymmetry effect was assessed for each
steel grade before the thermal exposure and then compared with state after the long-term thermal exposure.

Keywords: Fatigue crack growth rate, loading cycle asymmetry, long-term thermal exposure, P91 and P92
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1. INTRODUCTION

Martensitic P91 and P92 steels with <12 wt. % of Cr are creep-resistant materials used mainly for construction
of boilers and piping used in USC powerplants. To ensure safe operation of these components, it is necessary
to meet wide range of requirements given by standard [1]. This includes chemical analysis, mechanical
properties determined by tensile test, Charpy impact test, metallography analysis of the microstructure.
Besides these basic test methods, it is useful to acknowledge and evaluate fatigue and fracture behavior
caused by dynamic loading from steam coming through pipes at high pressure and temperature. Main goal of
this paper is to evaluate and compare an effect of different loading cycle asymmetry (R = 0.1, R = 0.6) and
long-term thermal exposure at 5000 h and 600 °C for P91 and 650 °C for P92 on fatigue crack growth rate of
observed steels.

2. APPARATUS AND TEST METHOD

Two steam pipelines made of P91 (wall thickness 35 mm) and P92 steels (wall thickness 90 mm) have been
used for investigation. The comprehensive analysis including assessment of mechanical properties, yield
strength at elevated temperatures, fracture properties and fracture toughness, microstructure and creep
properties was done [2,3].

Chemical composition of the steels under investigation is given in the Table 1. Typical chemical composition
based on Cr-Mo-V alloying elements combination in the case of P91 steel and similar composition with
substitution of part of Mo by W for P92 steel is presented. Small addition of boron for P92 can be seen from
Table 1.

Experimental programme was realized on servomechanical testing machine MTS 100 kN. For crack growth
rate measurement, optical crack measurement was used. Two different loading cycle asymmetries were
studied to evaluate effect of loading on crack growth rate. All tests were performed at room temperature with
frequency 15 Hz. Pre-cracking the specimens and subsequent fatigue crack growth rate measurement was
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performed at load ratio R = 0.1 and R = 0.6 according to ISO 12108 [3]. Stress amplitude was chosen so that
it would cover the interval of stress intensity factor range approximately AK = 10 - 30 MPa.m?2,

Table 1 Chemical composition of the steels under investigation (wt. %)

C Mn Si P S Cr vV Mo Ni Cu Ti
P91 0.10 | 0.42 | 0.29 | 0.012 | 0.004 | 8.29 0.19 0.93 0.18 0.13 | <0.005
P92 0.10 | 0.41 | 0.20 | 0.013 | 0.004 | 8.74 0.18 0.48 0.21 0.12 | <0.005

Nb W Co As Sb Sn N Alsol. | Albond | Altotal. B
P91 0.079 | 0.009 | 0.010 | 0.013 | 0.001 [ 0.007 | 0.052 | <0.001 | 0.002 | 0.002 -
P92 0.050 | 1.66 | 0.010 | 0.020 | 0.002 | 0.005 | 0.052 | <0.001 | 0.001 | 0.001 | 0.002

Figure 1 Comparison of microstructures of the steels under investigation, P91 left, P92 right

Table 2 Actual mechanical properties of the steels under investigation

0.2% offset yield Tensile strenath Elongation Reduction of
strength 9 A area
pipeline steel Rp02 Rm 7
(MPa) 0)
(MPa) (%)
P91 594 726 23.3 74.7
P92 486 647 26.2 72.4

Effect of long-term thermal exposure at operating temperature at 5000 hours and 600 °C for P91 steel and
5000 hours and 650 °C for P92 steel on fatigue crack growth rate has been studied too.

Microstructures of both steels are shown in the Figure 1 and mechanical properties are summarized in the
Table 2. Metallographic analysis was performed on a sample parallel to the sampling plane at the pipe surface
and was focused on analysis of microstructure and possible microstructural changes in the case of long-term
thermal exposed specimens.
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Actual mechanical properties evaluated on outer surface of both pipelines are shown in the Table 2. Due to
actual state of the microstructure (tempered martensitic structure) is possible to achieve relative high ratio of
yield stress to tensile strength especially in the case of P91 where this ratio is nearly 0.82 and good plastic
properties (elongation and reduction of area).

3. TEST RESULTS AND DISCUSSION

As a tested materials, P91 and P92 martensitic steel alloys were used. All tests were performed using CT
specimen with B = 6 mm and W = 25 mm Every measurement was done with constant frequency of 15 Hz.
Two different loading cycle asymmetries were used (R = 0.1, R = 0.6). Crack length was measured via optical
microscope from both sides. Pre-cracking the specimens and subsequently fatigue crack growth rate
measurement was performed at load ratio R = 0.1 according to ISO 12108 [4]. Stress amplitude was chosen
so that it would cover the interval of stress intensity factor range approximately AK = 10 - 30 MPa.m¥2, Same
loading cycle asymmetries were applied on specimens exposed to 5000 h and 600 °C for P91 and 5000 h and
650 °C for P92 of long-term thermal exposure.

The relationship between fatigue crack growth rate and stress intensity factor was introduced by Paris [5].
Paris law is visualized on log-log plot and expressed by equation (1).

da _ - akm (1)
dN

where:
a — crack length (mm)
N — number of cycles (1)
C, m — constants depended on material, environment and stress ratio (1)
AK — stress intensity factor range (MPa.m?)

As it can be observed from Figures 1 and 2, the experiments confirmed that higher value of asymmetry
parameter R, which is defined as R = omin/Omax, causes faster crack growth in P91 steel before (Figure 2) and
after the exposition (Figure 3). As the value of AK raises due to crack growth, the difference between crack
growth rate for R = 0.6 and R = 0.1 starts to diminish and at around AK the difference is very minor.

Figures 2 and 3 show crack growth rate in P91 and P92 before and after long-term thermal exposure
(5000 h, 600 °C for P91 and 5000 h, 650 °C for P92). In both figures it can be observed that the differences in
crack growth rate are very minor — almost none for both steels. P91 and P92 are both creep-resistant steels
that are designed to withstand loading under elevated temperatures for at least 100 000 hours, if not more.
This means that the thermal exposition would have to be much longer in order to cause major differences in
microstructure and fatigue crack growth rate of abovementioned steels.

There are very few data in the literature on the kinetics of crack growth of the investigated steels, most of the
work focuses on the evaluation of creep crack growth rate evaluation under operating conditions. A detailed
literature search of this issue is given in [6]. As the operating condition is not only creep conditions and fatigue
loading also occurs material behavior under Paris law should be taking into account in design procedure of
similar components. Effect of temperature on fatigue crack growth in P92 at R = 0.1 has been studied in [7]
whereas effect of long term aging (20 000 hours at 550 °C) on crack growth in P91 at different temperature
has been investigated in [8].
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Figure 2 Influence of loading cycle asymmetry on crack growth rate in P91 before exposition
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Figure 3 Influence of loading cycle asymmetry on crack growth rate in P91 after exposition
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Figure 4 Crack growth rate in P91 before and after exposition (both for R = 0.1)
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Figure 5 Crack growth rate in P92 before and after exposition (both for R = 0.6)

4. CONCLUSIONS

In terms of presented experimental work, two pipeline steels P91 and P92 were analysed. The comprehensive
assessment included the analysis of mechanical properties, microstructure examination, evaluation of fracture
behaviour.

In this work attention was paid mainly to measuring of crack growth rate at various conditions and
thermomechanical state [5] including both virgin state and long-term thermal exposed state for 5 000 hours at
working temperatures. Only small changes have been observed in crack growth rate properties at defined
cycle asymmetry R = 0.1 and R = 0.6 for P92 steel, where this effect is negligible. On the other hand, for P91
steel effect of cycle asymmetry is more significant and is equal about 30 % at AK = 20 MPa.m*2. Obtained
results are in very good agreement with similar experimental work [7,8], at higher asymmetry crack grows a
little bit faster especially in the case of P91 steel. This effect is determined by higher value of constant C in
Paris law equation. Same crack growth rate was measured compared to work [7], where also temperature
effect om P92 crack growth rate was evaluated. Effect of long-term thermal exposure at working temperatures
is shown in the Figures 4 and 5. Both figures clearly show that long-term thermal exposure did not affect crack
growth rate for both of steels. Those results are in very good agreement with the fact that no microstructural
changes due to this long-term thermal exposure have been found in work [9]. The both steels P91 and P92
are creep-resistant steels that are designed to withstand loading under elevated temperatures for at least 100
000 hours. This means that the thermal exposition would have to be much longer in order to cause significant
differences in microstructure and fatigue crack growth rate behavior of abovementioned steels. Similar results
were obtained for both steel and for both cycle asymmetry and shows good microstructural stability at given
condition if the exposure. On the contrary the crack growth rate for aged material (20 000 hours at 550 °C)
was found to be higher than that on unaged in work [8] due to precipitation of Laces phase. Presence of this
Laves phase in both steel investigated in this work was not confirmed after 5 000 hours in study [9] on the
other hand specimens with 15 000 hours exposure will be able for experimental work in the next year.

Further work focused on evaluation of fracture toughness, actual creep properties and small punch tests as
well as long-term thermal exposure up to 15 000 hours is continuing within the frame of project.
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