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Abstract

The importance of predicting failure due to combined creep-fatigue crack growth in high temperature power-plant
components has become of great importance importance due to the need for plant to ‘load follow’ in response to fluctuations in
demands and the availability of renewables. P91 steel has been widely utilized in conventional plant components. Creep fatigue
crack growth (CFCG) tests have been performed on compact specimens at temperatures ranging between 600° C to 625° C. The
experimental results have been compared to static creep, high cycle fatigue and CFCG test data available in literature on P91
steel. The CFCG data has been characterised using stress intensity factor range parameter, 4K and C* parameter. The crack
growth per cycle and AK relationship shows that at high frequency, the CFCG behaviour tends to that of high cycle fatigue crack
growth and at low frequency, the contribution of creep becomes increasingly more significant. The correlation between crack
growth rate and C* parameter, shows that most CFCG data fall within the creep crack growth (CCG) P91 data band which may
indicate that the crack growth behaviour is dominated by creep processes. Fractography has also shown an intergranular, ductile
fracture surface indicating creep dominance for the conditions considered. A linear cummulative rule has ben used to predict the
CFCG experimental result.
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1. Introduction

Many conventional power plants are increasingly required to operate in a ‘flexible’ manner in response to the
availability of renewable energy, though generally designed to operate at base loads. This flexible operation implies
that the mechanical and thermal loads on high temperature components are cyclic. This cyclic operation may lead to
interactive creep-fatigue failure mechanisms taking place that is known to accelerate failure compared to static creep
loads alone. Therefore it is imperative that the creep-fatigue crack growth behavior of power-plant components are
characterized and understood.

The creep fatigue crack growth (CFCG) behaviour of engineering alloys have been investigated by a number of
researchers (Lu et al. (2006), Narasimhachary and Saxena (2013), Bassi et al. (2015), Mehmanparast et al. (2011),
Holdsworth (2011), Granacher et al. (2001)). Lu et al. (2006) investigated the effect of temperature and hold time on
the CFCG behaviour of a nickel based superalloy and showed that as the hold time increase, the crack growth
behavior changed from cycle dependent to time dependent behavior. This transition occurred at a smaller hold time
as the test temperature was increased. Bassi et al. (2015) conducted CFCG tests on T/P91 power plant steel and
employed a simple superposition approach to sum creep and fatigue damage contributions and predict the CFCG
behavior. The results show that under creep-fatigue loading conditions with a holding time 0.1 h, the crack growth
behavior is as a pure fatigue crack growth (FCG) test. For hold times between 1 and 10 h, the crack growth behaves
as a pure creep crack growth (CCQG) test, whereas for hold times between 0.1 and 1 h interactive CFCG behavior was
observed. The CFCG behavior on four type of steels namely, 316L, 1CrMoV, P91 and P22, which were tested at a
range of frequencies was examined by Mehmanparast et al. (2011) who found that for a cyclic frequency below 0.1
Hz, the crack growth behavior was time dependent and was correlated with the creep fracture mechanics parameter
C*. A simple linear cumulative rule was also used to describe the effects of creep-fatigue interaction on the crack
growth rates.

In this work an experimental analysis of CFCG has been performed on P91 steel. CFCG tests have been
performed on compact tension, C(T), samples at a range of temperatures between 600°C and 625 °C for a hold time
of 600 s. Tests have been performed on two ex-service materials and an unused as-received (AR) material. The crack
growth behavior has been correlated with the stress intensity factor range, 4K, and the C* parameter. The results are
compared to a range of FCG, CCG and CFCG test data found in the literature (Mehmanparast et al. (2011),
Narasimhachary and Saxena (2013), Granacher et al. (2001), Speicher.M et al. (2013)). Fractography was performed
on fracture surface to identify the dominant failure mechanism and linear cumulative rule approach employed to
predict results obtained.

2. Material

The properties of the three P91 steels tested in this work are shown in Table 1. Note that hereon for brevity, the
as-received material is denoted ‘P91-A’. Of the two ex-service P91 steel materials tested, one was previously in
operation for over 110,000 hours at 590°C (denoted P91-B) and the other at 600°C for over 100,00 hours (denoted
P91-C). Metallographic analysis has been performed on the as-received material P91-A and the ex-service material
P91-B, as shown in Figure 1, where the materials was etched using Villela agent (containing 1g of picric acid, Sml
of HCI and 100 ml of ethanol). Similar microstructures are seen in both as received and ex-service materials where
the expected lath martensite microstructure is observed.

Table 1. Material properties of P91 material at room and elevated temperature

Material ID Cl\g 2:ieirtlizln Temperature (°C) oys (MPa) (&Uprz ) E (GPa) lg/fozzgfil(l;
A As-received 25 570 663 203
B Ex-service 25 - 665 - -
C Ex-service 25 533 708 220 26
A As-received 620 340 360 127
B Ex-service 600 - - -
C Ex-service 625 325 344 125 33
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Fig.1. Mlcrostructure of P91 in a) as-received condition (P91 -A) ;b) Ex service condltlon (P91 -B)
3. Experimental Testing

Creep-fatigue crack growth testing has been performed according to the testing standard, ASTM E-2760 (ASTM
(2010)). Four C(T) samples have been tested, as detailed in Table 2. One from the as-received material P91-A,
identified as CT-A, one from the ex-service materiel P91-B, identified as CT-B and two from the ex-service material
P91-C, identified as CT-C1 and CT-C2. Note that test specimens CT-C1 and CT-C2 contributed to a larger ASTM
organised round robin project, as detailed in Saxena and Narasimhachary (2014), Kalyanasundaram et al. (2011).
CT-C1 and CT-C2 were fatigue pre-cracking to an initial crack length to width ratio, ay’/W ~ 0.4 at room
temperature, whereas CT-A and CT-B were electrical discharge machining (EDM) notched with a wire diameter of
0.25 mm. All C(T) specimens were then side grooved by 10% of the specimen thickness on each side, to produce a
uniform crack growth.

The CFCG testing was performed on a creep machine using pneumatic load-lifting equipment. The direct current
potential drop (PD) technique was utilized to continuously monitor the crack length, employing a linear calibration,
(ASTM, 2010) and a linear variable differential transformer (LVDT) was used to monitor the load line displacement
(LLD). A triangular waveform was used and loading and unloading times were held constant (approximately 2s load
and unload times). Hold time of duration of 600s were superimposed on the maximum load. All tests were
performed at 600°C, 620°C and 625°C (see Table 2) at a load ratio, R of 0.1. The test were interrupted prior to full
fracture and subsequently broken open at room temperature by high frequency fatigue loading. The initial crack
length, ao , and the final crack length, a,, were then calculated by averaging 9 measurements along the crack front
(ASTM (2010)).

Table 2. Creep fatigue test condition

Specimen Material T B Max.load Initial 4K Initial a Final 4K Final a
D Condition (°C) (mm) /W (kN) (MPavVm) (mm) (MPavVm) (mm)
CT-A As-received 620 25.0 0.45 15.0 225 225 384 30.5
CT-B Ex-service 600 25.0 0.50 13.0 22.6 25.0 28.9 28.7
CT-Cl1 Ex-service 625 12.5 0.42 7.5 20.5 20.8 31.6 27.9
CT-C2 Ex-service 625 12.5 0.44 9.0 25.9 21.8 37.9 27.9

4. Correlation of crack growth and creep deformation

Under fatigue control condition, the crack growth rate per cycle, da/dN can be described by Paris law (Paris and
Erdogan (1963)) which can be expressed as

da/dN = AAK? )]

where A and p is a material constant. The creep parameter C* can be determined experimentally using Davies et al.
(2006)
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* PA

C = w_a" 2)
where P is the applied load, and A is load line displacement. H and 7 is a dimensionless coefficient that depends on
specimen geometry. For a C(T) specimen, H = n/(n+1) and 1= 2.2, where n is the power-law creep exponent. The
crack growth rate and C* under steady state condition can be represented as

a=DC* 3)
where D and ¢ are the CCG power-law coefficient and exponent respectively. The CCG rate for a given value of C*
can be estimated using the approximate NSW crack growth model (NSWA) (Nikbin et al. (1986)) given by

3085
ANSWA = % @)
&y
where 8; is the multiaxial creep ductility which is usually taken as uniaxial creep failure strain, &, for plane stress
condition and & ,/30 for plane strain condition (Tan et al. (2001)).

The total crack growth per cycle is contributed by the cyclic dependent component and the time dependent
component, which can be expressed as a linear summation

(ﬂ] :[ﬁj [ dald)., 5
dN total dN fatigue 3600f ( )
where f'is the frequency of load cycle in Hz. The fatigue crack growth rate in Eq (1) and creep crack growth rate in
Eq (3) can be substituted into Eq (9) and may expressed as

*@
), (©)
AN ) 3600
where the first term on the right hand side of Eqn (6) gives the contribution from the cyclic (fatigue) component and
the second the contribution from the time dependent (creep) process.

5. Result and discussion
5.1. Crack growth correlation with the stress intensity factor range

Figure 3(a) compares the crack extension, 4a, against number of cycles normalized by the number of cycles to
failure, N/Nr and Figure 3 (b) shows the load line displacement (LLD) relationship against time normalized by tests
duration for all specimens tested. Note that the tests duration is subjective to the point where the test was
interrupted, which corresponded to a point of acceleration in crack growth rate. As expected, CT-C2, which was
subjected to the highest load and temperature, had the shortest test duration. In addition CT-C2 appears to have an
initiation period before significant crack growth has occurred, however all other tests show steady growth from
initial loading. Considering the applied load and temperature, CT-A had a significantly longer test duration than the
ex-service material and a large LLD and crack extension prior to test completion, which may be due to thermal
aging or creep damage accumulation effects in the ex-service material.

Figure 4 shows the crack growth rate per cycle, da/dN, correlated with the stress intensity factor range, 4K. In
order to investigate the effect of various frequencies on the CFCG growth behavior, data from literature
(Mehmanparast et al. (2011), Speicher.M et al. (2013), Granacher et al. (2001), Narasimhachary and Saxena (2013))
have been included in Fig. 4. The dashed and dotted line illustrates the regression fit made to the data with a
frequency less than 0.002 Hz and between 0.01 and 1 Hz. At frequencies >0.01 Hz, the CFCG behaviour tends to
that of high cycle fatigue crack growth and data for all temperatures considered fall close to each other. At lower
frequencies, the crack growth rate progressively increases with a decreasing in frequency and an increase in
temperature, due to a significant creep contribution.
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Fig.3. (a) Crack extension versus normalized number of cycles; b) Load line displacement versus normalized time
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Fig.4. Crack growth for P91 steel at various cyclic frequencies

5.2. Crack growth correlation with the C* parameter

The CFCG test data has been correlated with the C* parameter and compared with available static creep crack
growth (CCG) data for P91 steel in the temperature range 600°C to 625°C from literature Speicher.M et al. (2013),
Maleki (2015), Mehmanparast et al. (2011), as shown in Figure 5. P91 CCG scatter data band at 580°C to 625°C
and predictive NSWA model (Eqn 8) has been plotted in Fig.5. A power-law creep exponent of n=8.24
(Narasimhachary and Saxena, 2013) and a uniaxial failure strain of 33% has been used in the NSWA model. In
Fig. 5 the closed symbols refer to CFCG data whilst the open symbol indicate the static CCG data. It is apparent that
the CFCG data fall into the same scatter band as the static CCG data (Maleki (2015), Speicher.M et al. (2013)),
however the CFCG data generally falls towards the upper bound of the static CCG data and there is some indication
that an increase in temperature results in a high crack grwoth rate. The CFCG data are mostly bounded by the
NSWA prediction line, however the plane strain NSWA model overly predicts the crack growth rate.



860

N. Ab Razak et al. / Procedia Structural Integrity 2 (2016) 855-862

LE+01 -
. 7
. s
. 7
1.LE+00 NSWA PE - Ve TCC)  fiHz) Ky (MPaVm)
. // o CTB 600 00017 2502
e 4 e CrCl 625 00017 2282
rd
LE-01 4 A CT-C2 625 00017 2883
= m CT-A 60 00017 2511 | FCG
g CCG Data band .
Ref 9 625 0.001 8.1
g (580°C -625°C) *
5 B0 ©  Ref9 625 001 103
S
3 o Refl4 600 0.00027
o Ref9 600
1LE-03 |
—B Ref8 600
CCG
—a— Ref8 600
LE.04 % Ref 14 600
NSWA PS
1LE-05 ; ; ‘ ; ;
LE06  1E05  LE-04  LE-03  1E-02  LEOI  LE+00
C*(MPam/h)

Fig.5. Correlation of creep fatigue crack growth data, creep crack growth data and predictive NSWA model for P91 material.
5.3. Creep-fatigue interaction

The frequency dependence of CFCG behaviour can be predicted using Eqn (6) where the constants, determined
from static CCG and high frequency FCG testing Webster (1994), are D = 6.5 and ¢ = 0.7 (Maleki (2015)) and
A =1.5%10-8, p =3.57, (Mehmanparast et al. (2011)). Figure 6 shows the frequency dependence of crack growth
per cycle for P91 steel for AK = 30 MPaVm and also literature data for 4K = 20 MPaVm, which correspond to values
of 4K that fall in the Paris law FCG region for the tests considered. At high frequencies, fatigue is the dominant
mechanism and the crack growth per cycle is insensitive to frequency, as shown by the horizontal line. At low
frequencies, creep is expected to dominate leading to intergranular fracture. At intermediate frequencies (approx. 0.1
Hz) both fatigue and creep process are significant and mixed intergranular and transgranular fracture is expected. As
explained in (Webster, 1994) both types of process are likely to develop intermittently through or around individual
grains. Hence, at intermediate frequencies when one mechanism becomes arrested locally, the other may take over
to allow cracking to progress at a rate equal to the sum of individual rate (Webster, 1994). It can be seen that at a
frequency of 0.0017 Hz, the CFCG data falls within the region that is expected to be creep dominant, leading to
intergranular failure.
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Fig.6. Frequency dependence of crack growth per cycle for P91 material
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5.4. Fractography

Prior to breaking open the specimens, a 3 mm slice was extracted from the mid thickness of the sample to
examine the fracture path. Figure 7 (a-c) shows an optical microscopy of the fracture paths of samples CT-B, CT-C1
and CT-A, respectively. The crack path in the ex-service material sample CT-B (Fig.7 a) is relatively straight
fronted, with a number of small branches from the main crack. In Fig.7 (b) the cracking behaviour of CT-C1 ex-
service material, the initial fatigue pre-crack is relatively straight, however in the CFCG region the crack grows at an
angle. However for the as-received specimen CT-A, Fig.7 (¢), a large crack opening displacement is observed,
which is consistent with Figure 3(b), and the crack shows some discontinuous branching, signifying that the crack
growth is creep dominated.

The fracture surface of sample CT-A has been examined in more detail using the scanning electron microscope
(SEM). Figure 8(a) shows a macrograph of the fracture surface where it is clear that the creep fatigue crack growth
region is faceted, and in comparison the FCG region (used to break open the sample) is relatively flat. The SEM
images from these two regions are shown in Fig. 8 (a) and (b). The CFCG region, Fig. 8 (a), appears to be
intergranular when compared to the transgranular fatigue dominant region in Fig. 8 (b). Though not shown, similar
SEM observations were seen in samples CT-B, CT-C1 and CT-C2.

Y

(a) CFCG  FCG Fast fracture

Fig.8. (a)Fracture surface of CT-A ; (b) SEM images of CT-A fracture specimen showing creep fatigue crack growth region ;(c) SEM images of
CT-A fracture specimen showing fatigue crack growth region

6. Conclusion

The creep fatigue crack growth behaviour of P91 steel in as-received and ex-service material conditions has been
examined. The crack growth data was characterized using fracture mechanics parameters 4K and C*. The results
showed that at high frequency (> 0.01 Hz), the CFCG behaviour tend to that of high cycle fatigue crack growth and
is best correlated with the 4K parameter whereas at lower frequencies, creep mechanisms have been found to
dominant and best correlated with the C* parameter. The correlation between crack growth rate and C* parameter,
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shows that most of the CFCG tested at 600°C to 625°C fall within the CCG P91 scatter band data for this
temperature range. A linear cumulative rule approach has been used to predict the CFCG experimental result by
considering the frequency effect. The data has been found to be relatively consistent with the prediction lines. An
intergranular fracture surface was observed for all CFCG tests examined with a frequency of less than 0.002
indicating that the fracture process is creep dominant.
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