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ABSTRACT

The UK’s advanced gas-cooled reactor power plants have welded components which were not stress
relieved following fabrication. The presence of the weld induced residual stresses in combination with the
low creep ductility of some heat affected zone material’s has caused cracks to form during service at high
temperature, due to a process known as reheat cracking.

An improved methodology to assess crack growth under combined loading conditions was published in a
recent revision of the RS high temperature structural integrity procedure. To validate this method, two novel
fracture mechanics specimens were developed and used to perform crack growth studies, under secondary
and combined loading conditions, in a laboratory controlled environment. Such test samples were produced
by the insertion of wedges inside the mouths of C(T) specimens and by strategically placing electron beam
welds in C(T) specimens such that the weld induced residual stresses caused crack growth.

Creep crack growth tests were conducted under secondary and combined loading conditions, at 550°C for
up to 1,300 h, on specimens made of Type 316H stainless steel. The accumulation of creep strains, during
relaxation of the residual stresses, caused crack growth of up to = 5 mm to occur. The experimentally
measured crack extensions were compared to predictions made using the new R5 approach. The crack
growth estimates were found to be consistent with experimental measurements. Through sensitivity studies
the conservatisms in the assessment procedure are presented.

INTRODUCTION

Steel components used within advanced gas-cooled reactor (AGR) power plants operating in the UK have
welded components which were not post weld heat treated following fabrication. The misfit of the
plastically deformed welded region and surrounding parent material causes elastic strains, and therefore
induces residual stresses in such components. During operation at high temperature creep strains
accumulate to reduce the magnitude of these elastic strains. Hence the effect of the misfit is reduced and
the residual stresses relax. In low creep ductility materials, the accumulation of these creep strains can lead
to creep damage in the form of intergranular voids and can eventually cause crack formation. Creep crack
growth (CCQG) due to residual stresses is known as reheat cracking. Reheat cracking has been observed in-
service in AGR power plants, where cracks have been observed in non stress relieved AISI Type 316H
stainless steel components (Coleman Miller, D. A. and Stevens, R. A., 1998).

Estimates of crack growth may be made using the R5 high temperature structural integrity procedure (EDF
Energy, 2014). The latest revision contains an improved methodology to estimate crack growth using the
creep fracture mechanics parameter C(t), which is determined using a reference stress approach. In such
assessment procedures, the crack tip stresses are categorised as primary or secondary. Secondary stresses
are those which do not contribute to plastic collapse and arise to accommodate a strain mismatch which
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could be induced from local distortions or thermal gradients. Secondary stresses are self-equilibrating
across the structure and at high temperature tend to relax due to creep deformation. Primary stresses are
generated by applied loads such as bending or pressure which could lead to plastic collapse of the structure.
Combined loading conditions occur where both primary and secondary stresses exist. Appendix A3 of R5
Volume 4/5 contains a procedure to determine C(t) under combined loading conditions, which is
investigated in this paper.

Assessment procedures need to be experimentally validated with tests performed under controlled
conditions, to demonstrate that they provide accurate and conservative crack growth predictions. To
facilitate this, two novel creep crack growth (CCQG) test specimens have been developed, where residual
stresses were induced in compact tension, C(T), specimens. These allowed CCG tests to be performed under
secondary and combined loading. A summary of the specimen designs and test results is presented in the
following section with further detail in (Kapadia et al., 2015). In this paper, the experimentally observed
crack lengths are compared to predictions made using the methodology presented in Appendix A3 of R5
Volume 4/5.

EXPERIMENTAL TESTS

CCQG testing was performed using two specimen designs which are shown in Figure 1. Residual stresses
were induced in the wedge-loaded C(T) specimens by insertion of wedges into the mouths of C(T)
specimens which had a tapered mouth profile. The wedges were held in place due to the compressive load
from the modified C(T) specimens and friction. C(T) specimens were also fabricated from blocks
containing electron beam (EB) welds. In the wedge-loaded and EB welded C(T) specimens, residual
stresses were induced by the geometrical misfits of the oversized wedge and by the plastically deformed
region surrounding the EB weld respectively.

(a) (b)

Figure 1. (a) Wedge-loaded C(T) specimen and (b) EB welded C(T) specimen.

Specimens were made using ex-service Type 316H stainless steel which was pre-conditioned to reduce the
material’s creep ductility. C(T) blanks were uniformly pre-compressed to 8% plastic strain before
fabrication into the C(T) specimens. This process reduced the creep ductility to increase the likelihood of
crack growth would occur during subsequent CCG testing (Mehmanparast et al., 2013). In similar studies
where CCQG tests were conducted under secondary loading, only limited crack growth occurred (Hossain,
Truman, & Smith, 2011; Yazdani, 2012). This is likely to have been due to the relatively higher creep
ductility of the ex-service Type 316H stainless steel which was in the as-received condition.

The wedge-loaded C(T) specimens were tested with three different wedge insertion depths such that tests
were conducted with three magnitudes of crack driving force, which is quantified by the stress intensity
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factor due to secondary loading, K°. The wedge-loaded C(T) specimen could only be used to test under
secondary loading conditions as any applied load would oppose the effect of the wedge. Hence the EB
welded specimens were used to conduct tests under secondary and combined loading conditions. The crack
driving force due to the primary and secondary loads characterised by the parameter K and K respectively
are shown in Table 1. Specimens were tested at 550°C for test durations of 1 hours, as shown in Table 1.
The maximum crack extensions, A, ., observed which were at mid thickness of the specimens are also
shown in Table 1. Further detail of the crack profile are presented in (Kapadia et al., 2015).

Table 1. CCG test specimens with residual stresses showing crack driving forces and crack extensions

Specimen tr (h) KP (MPam'?) KS (MPam'?) Aa,,q, (Mmm)
WC(T)3 329 0.0 36.0 0.9
WC(T)4 329 0.0 43.6 1.8
WC(T)5 885 0.0 40.4 5.4
EBW3 1,320 0.0 16.0 0.0
EBW5 1,340 0.0 22.2 1.2
EBW6 1,300 5.0 22.2 3.1
EBW7 1,320 10.0 22.2 33

CRACK GROWTH PREDICTIONS USING THE R5 PROCEDURE

C(t) Definition in the RS Procedure

The stresses around a crack tip in a material deforming under steady state creep conditions are constant and
may be defined using the parameter C* which defines the magnitude of the stress field. At short times,
transient conditions exist where the magnitude of the stress field is time dependent and is described by the
parameter C(t). Where residual stresses are present, stress relaxation occurs and transient creep conditions
exist, therefore the magnitude of the stress field must be described using C(t).

In the RS procedure, the parameter C(t) is determined using the reference stress, oy¢. The reference stress
is a measure of proximity to plastic collapse and for primary loading is defined by:

p P
O-Tef = an (1)

where P is the applied load and P, is the load that causes plastic collapse of the component. For a C(T)
specimen P; . is given in R6 Section IV.1.9.1 (EDF Energy, 2015).

Appendix A3 of RS Volume 4/5 presents a solution for C(t) under combined loading. For small amounts
of crack growth, C(t) is estimated in a material which exhibits power law creep by:

C(t) _ O'reféref (gref/&?ef)n-i-l (2)
C s |00 [(erer/e%;)"" = 1] + (1 = 08, /S, )

where & is the total reference strain, efe 7 1s the initial reference strain, &.¢ is the reference creep strain
rate and n is the creep exponent. The strain &5 includes elastic, plastic and creep deformations. The
parameter C”* is included in the expression as a normalising parameter and is defined by:

C* =o}, &0 R 3)
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where efe £ is the reference creep strain rate due to primary loads only and R’ is a characteristic length

defined by:
KP? ’
v ()
O-re f

Under secondary loading conditions alone, C* = 0 and hence cannot be used to normalise C(t) in
Equation (2). Hence C(t) is normalised by Cg which is the steady state value of C* that would exist if the
initial residual stress was induced by a primary load that does not relax (Lei, 2013):

Co = refgrefR, Q)

Therefore:

. n+1
C(t) _ Oref€ref (Sref/é‘??ef)

Co o-feféfef #(0) [(gref/ggef)n+1 N 1] + (1 - O-Toef/EgBef)

(6)
which may be used for both secondary and combined loading conditions. The normalisation approach does
not change the estimate of C (t).

In Equation (6) the parameter ¢ is a time dependent function of the elastic follow up factor, Z and has a
value1 < ¢(t) < Z/(Z — 1).R5 Volume 4/5 Appendix A3 (Section A3.4.3.3) recommends a conservative
estimate of ¢p(t) = 1.0 may be taken.

Under elastic-creep conditions Equation (6) reduces to:

. n+1
C(t) Urefgref (Egref/ar()ef) 7
Cx n+1 ( )
0 ref ref ¢(t)(E€ref/ ef)

Determining the Relaxation of Reference Stresses under Secondary and Combined Loading
For combined loading the initial reference stress, g, £, In RS Volume 4/5 Appendix A3 (Section A3.4.1.1)

Method 1 may be determined from KP and K° by Equation (8), however using the advice in R6 Section
11.6, this may also be expressed as Equation (9) which is equivalent (EDF Energy, 2015; Lei, 2013).

(6%.0)° (1 +VKS/KP)?

Orerérer = ¢ 0 ®)
(o, +fKS/\/_)
O'refsvgef ! Efz(zr) ©)

where the parameter V' defines the interaction between the primary and secondary stress and f(L,) is the
failure assessment curve which are defined in R6. Equation (9) is more convenient to solve for secondary
loading conditions and uses the effective stress intensity factor for secondary loads, Kj°, which is determined

from the J-integral. For secondary loads only, K¢ is equal to Kj in accordance with R6 Section 11.6.4.2.
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The parameter ¢ is a constant determined from V and is tabulated in R6 Table 11.6.3. For secondary loads
only L, = 0 and due to this, ¢ =1 and f(L,) = 1.

The parameter R’ is defined by Equation (4). As both K? and O'rpe Farea function of the applied load, P, the

parameter R’ may still be determined for secondary loading where P = 0. However, this approach assumes
the stress distribution defined by K? and orpe 5 are representative of that produced by the residual stresses.

The stress relaxation rate under combined loading conditions is defined in RS as:

oﬁf:_g@imw)—q@ﬁﬂ) (10)

where & is the creep strain rate determined at the total reference stress, gy ¢, or the primary reference stress,
arpe £ The reference strain is defined in R5 Volume 4/5 Appendix A3 as:

0
Oref — Oref
Eref = Epef — — 5 " Eref (11

where &2, s is the initial reference strain and ey, is the reference creep strain. The first term, e #» includes
elastic and plastic strains, and the second term defines the reduction in elastic strain during stress relaxation.
In this definition the plastic contribution of the initial reference strain remains throughout stress relaxation.
Estimates of €2, s may be made using a material’s stress-strain curve or a constitutive model such as the
Ramberg-Osgood model.

Material Properties

The elastic strains were determined using the Young’s modulus of the material at 550°C which was
experimentally determined as 140 GPa (Mehmanparast et al., 2013). The plastic strains were determined
using the Ramberg-Osgood material model:

o N
e=r+Ao (12)

where E is Young’s modulus and, A and N are constants that are fitted to experimental uniaxial tensile test
data. The constants 4 and N were fitted to tensile test data at 550°C for pre-compressed Type 316H stainless
steel (Mehmanparast et al., 2013), and were determined as 2.56 x 102! and 7.45 respectively (for o in MPa
and € in mm/mm).

The Norton law was used to define the creep properties of the material where an average creep strain rate
was assumed. The average creep strain rate, £, is defined as the ratio of the uniaxial failure strain, &, to
the rupture time in a uniaxial creep test, t,:

¢ =L =Co™ (13)

where C and n are temperature dependent material constants. For Type 316H stainless steel, this law was
empirically fitted to test data from 87 constant-load creep tests conducted at 550°C (Webster et al., 2008).
The constants C and n were determined as 1.05 x 10-*° and 8.45 respectively, (for €€ in mm/mm, ¢ in MPa
and ¢ in units of h respectively).
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C(t) in Wedge-Loaded and EB Welded C(T) Specimens

The initial reference stresses for the wedge-loaded and EB welded C(T) specimens were determined using
Equations (9) and are shown in Table 2. The reference stresses are greater in the wedge-loaded C(T)
specimens which have large K*. All values of o, are significantly less than the material’s yield strength
at 550°C, which is 259 MPa (Mehmanparast et al., 2013).

Equation (10) was evaluated to determine relaxation of o, £, and was numerically integrated using the
Runge Kutta method. An elastic follow up factor of Z = 3.0 was assumed for all specimens. From o, the
creep fracture mechanics parameter, C(t), was determined for the wedge-loaded and EB welded C(T)
specimens and its variation with time is shown in Figure 2. At short times, C(t) values determined using
elastic-plastic-creep properties are less than those determined using elastic-creep properties. Plasticity
reduces the magnitude of crack tip stresses and hence the values of C(t) are smaller. At longer times, C(t)
values determined using material properties with and without plasticity converge to the same magnitude.
In general the magnitude of C(t) reduces for all specimens as the residual stresses relax.

Table 2. Reference stress estimates for C(T) specimens with secondary and combined loads.

. K* K? a), s R’ Of
Specimen (MPam'?) | (MPam'?) |  (MPa) Ly (mm) ¢ (MPa)
WC(T)3 36.0 0.0 0.0 0.00 94.2 1.000 117.3
WC(T)4 43.6 0.0 0.0 0.00 96.0 1.000 140.7
WC(T)5 40.4 0.0 0.0 0.00 95.1 1.000 131.0
EBWS5 22.2 0.0 0.0 0.00 94.1 1.000 71.7
EBW6 222 5.0 16.3 0.06 94.1 1.009 88.6
EBW7 22.2 10.0 32.6 0.13 94.1 1.018 105.6
Elastic-Creep ---- WC(T)3
% ------------- WC(T)4
S — WC(T)5
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= .
S
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Figure 2. C(t) determined during stress relaxation in the C(T) specimens assuming elastic-plastic creep
and elastic-creep material properties.

Sensitivity Studies

The C(t) values presented in Figure 2 were determined assuming an elastic follow up factor of Z = 3.0 for
all specimens. Studies were performed to determine the sensitivity to the value of Z. Figure 3 shows C(t)
determined for specimen WC(T)5 for three values of Z. At small times the estimates of C(t) values were
insensitive to Z. At times larger than 1,000 hours C (t) values were greater for large Z. Where elastic follow
up is significant, the rate of stress relax slowly and hence the magnitude of the stress field surrounding a
crack tip remains large.
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True stress vs. plastic strain measurements made on 8% pre-compressed Type 316H stainless steel are
shown in Figure 4(a), data from (Mehmanparast et al., 2013). The constants for the Ramberg-Osgood
model, A and N, were fitted up to eP' = 10% and determined as 2.56 x 10! and 7.45 respectively for this
study. However Mehmanparast et al. fitted the Ramberg-Osgood model to the entire stress-strain curve,
where A and N were determined as 5.11 x 107"° and 5.00 respectively. For specimen WC(T)5, where
aroef = 131.0 MPa, the initial plastic strain was determined as 197 pe and 15 pe for the Ramberg-Osgood
model fitted to failure and fitted up to &' = 10% respectively. Estimates of C(t) for each of these
deformation models and in the limiting case of no plasticity, for specimen WC(T)5, are shown in Figure
4(b). The C(t) estimates at short times are very sensitive to £P! and therefore the plasticity model assumed.
The Ramberg-Osgood model determines plastic strains at all stresses, i.e. no limit of proportionality is
included in the law. As o, s values were low for all C(T) specimens tested in this study, the Ramberg-

Osgood model fitted up to P! = 10% was considered to give the most accurate predictions of plastic strains.
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Figure 3. C(t) determined during stress relaxation in the C(T) specimens assuming elastic-plastic creep
and elastic-creep material properties.
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Figure 4. (a) True stress vs. plastic strain from uniaxial tensile test compared to Ramberg-Osgood models
and (b) sensitivity of C(t) estimation in WC(T)5 to plastic strain

Estimates of CCG using the R5 Procedure
An expression to determine the crack growth rate, a, is presented in RS Volume 4/5:

a=D(ct)” (14)

where D and ¢ are material constants that can be determined empirically from experimental data. These
constants were determined from CCG tests on 8% pre-compressed Type 316H stainless steel under primary
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load conditions at 550°C (Mehmanparast et al., 2013), and were determined as 94 and 0.91 respectively,
(for a in mm/h and C(t) in MPam/h). Due to large scatter in the CCG data, a multiplicative factor for the
constant D was determined as 3.01 which estimates the upper bound (UB) and lower bound (LB) fits.

(a) (b)
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Figure 5. Comparison of crack growth predictions from C(t) with experimentally measured crack length
in specimens: (a) WC(T)3, (b) WC(T)4, (c) WC(T)5, (d) EBWS, (¢) EBW6 and (f) EBW7.

Estimates of crack growth in the C(T) specimens were made using Equation (14) with the C(t) estimates
shown in Figure 2, determined using elastic-creep and elastic-plastic-creep deformation assumptions. Crack
extension predictions were made using the mean, upper and lower bound CCG properties, and are shown
in Figure 5.

Crack length predictions made by assuming elastic-creep material properties and mean CCG properties
provides a reasonable estimate of the experimental crack length. In specimens WC(T)3 and WC(T)4 the
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assessment predicts a crack length of up to 1.5 mm greater than the experimental measurements, whilst in
specimen EBWS the predictions are in excellent agreement with the experimental measurements. However
in specimens WC(T)5, EBW6 and EBW7 the assessment assuming elastic-creep properties and mean CCG
data under-predicts the crack lengths by up to 2.1 mm. The upper and lower bounds represent the scatter in
CCQG rates observed in experimental testing under primary load conditions. Using the UB/LB fits, bounding
crack lengths were estimated. The experimental crack length measurements lie within the UB/LB estimates
where elastic-creep material properties are assumed. However for some of these specimens, UB crack
length predictions are up to 10 times larger than experimental observations and therefore are overly
conservative.

The crack extensions predicted assuming elastic-plastic-creep deformation were less than that assuming
elastic-creep deformations, as shown in Figure 5, due to lower values of C(t) at short times. The crack
growth predictions assuming elastic-plastic-creep deformations and mean CCG properties were in close
agreement with the experimental measurements in WC(T)3 and WC(T)4, whereas for specimen WC(T)5
and the EB welded specimens the crack length measurements were close to the upper bound predictions.

DISCUSSION

Crack growth predictions made using C(t) determined from the RS procedure, assuming limited crack
growth were generally conservative. The extent of conservatism was dependent on whether elastic-creep
or elastic-plastic-creep properties were assumed and also whether mean, upper or lower bound fits to the
CCG properties were used. Crack growth predictions assuming elastic-creep deformation and using the UB
CCQG fit bounded all of the experimental results, however for some specimens were overly conservative.
This was due to the large C(t) estimated at short times which resulted in initially high crack growth rates.
By including plasticity, the estimates of C(t) at short times were reduced. However the predictions were
sensitive to the accuracy of the plasticity model and for many of the specimens the initial crack growth rate
was under-predicted by assuming elastic-plastic-creep deformation. When making assessments using the
C (t) estimation methodology presented in the R5 procedure, care must be taken that the extent of plasticity
is not over-estimated as this could make the predictions non-conservative.

Crack growth predictions made using C(t) estimates were sensitive to the CCG properties assumed.
Specimen WC(T)5 had small grains in comparison to WC(T)3 and WC(T)4, as shown by (Kapadia et al.,
2015). It was considered that this difference in microstructure contributed to a faster crack growth rate and
hence the assessments using the UB crack growth fits provided more accurate predictions. In general the
UB and LB predictions show a large spread in crack lengths which is typical of the material tested. Large
differences in creep ductilities have been observed based on the cast and service history of the material
(Chevalier, 2013; Webster et al., 2008). When making component lifetime assessments, the microstructure
of a component is usually unknown. For conservatism, the UB @ — C* fit should be used to predict crack
lengths but this can lead to very conservative crack growth estimates.

In the EB welded C(T) specimens, the experimental measurements were greater than predictions made
assuming elastic-plastic-creep deformation and mean crack growth properties, and were close to the upper
bound estimates. The experimental measurements were in good agreement to predictions made assuming
elastic-creep deformation. In these specimens, up to 3% weld induced plastic strains existed ahead of the
crack tip from EB welding, as shown by (Kapadia et al., 2015) . Plasticity reduced the creep ductility of the
material and hence this contributed to the increased crack growth rates measured in comparison to the
predictions made using the CCG properties of material in the 8% pre-compressed condition. The presence
of weld induced plasticity was not accounted for in the assessment. This supports the observations by
(Turski et al., 2008) where the plasticity induced in the pre-compressed C(T) specimens influenced the
crack growth rate. Further work is needed to develop the assessment approach to include the effect of prior
plasticity on crack growth rates. This is important for carrying out lifetime assessments for components in
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service, as reheat cracking is a concern in welded components where weld induced plasticity reduces the
creep ductility of the material.

CONCLUSIONS

Creep testing was conducted in recently developed C(T) specimens with residual stresses, to investigate
CCG under secondary and combined loading. In these tests cracks lengths of up to 5.4 mm were observed
after up 1,300 hours of testing specimens made of pre-compressed Type 316H stainless steel at 550°C.
Crack growth predictions were made using C(t) estimated by following the approach in the latest revision
of the R5 procedure, in combination with @ — C* trends that were published in the literature for CCG tests
on the same material under primary loading conditions.

The analysis presented shows the crack growth estimates using the reference stress methodology in RS
Volume 4/5 Appendix A3 are in good agreement with the experimental data. It is shown that performing
the assessment using elastic-creep deformation produces conservative crack growth estimates. However
elastic-plastic-creep material properties provide more accurate predictions of C(t) values at short times.
Furthermore it is shown that upper bound crack growth properties can be used in assessments to take into
account reduction in creep ductility which may be caused by plasticity or microstructure variability in the
component.
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