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ABSTRACT 1 INTRODUCTION

Compact tension 316H austenitic steel specimens, extracted  syydies of creep behaviour in critical structures such as
from an as-received ex-service pressure yessel head_er, have beepclear power generation plants are important in the category
pre-compressed to different load levels in order to introduce @ of structural integrity assessment. Several procedures regard-
residual stress field. Finite element (FE) analysis has been per- ing structural integrity assessment have been standardised, e.g.
formed to predict the load level required to obtain a high mag- Rs5 [2] and R6 [1], and can be used to evaluate the effect of de-
nitude tensile stress field over a significant distance ahead of the fects and loading conditions on creep. The procedures cover top-
notch while preventing a large plastic zone in the specimen. The jcs such as creep behaviour under combined primary (mechani-

predicted residual stress profiles along the crack path are com- cal) and secondary (thermal or residual) stresses [2].
pared with those measured using neutron diffraction (ND). Com-

parisons have also been provided between the ND results of this
work with recent work carried out on 316H and 347 stainless
steels under different loading levels. The creep relaxation be-
haviour of the steel has been studied numerically. A proposed
method to estimate the steady state creep crack tip parameter,
C*, has been examined using the obtained displacement rates for
the case of combined loading. Creep relaxation data for com-
bined stresses are compared with the earlier studies.

Residual stress plays an important role in the study of creep
relaxation (CR) and creep crack growth (CCG) in metallic com-
ponents. The effects of tensile residual stress at the notch root of
C(T) specimens (25mm thickness) subjected to pre-compression,
extracted from a 316H steam header, on CR and CCG have been
studied in [3] and [4] with no primary loads. In this work, the
effect of incorporating primary loads on stress relaxation during
creep are studied.

Numerical studies of CR at different residual stress level, un-

der elastic conditions have been performed in [5] and have been

*Addressall correspondence to this author. extended to creep under elastic-plastic conditions in [6]. In the
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Figure 1. Schematic illustration of the C(T) specimen after EDM. All di-
mensions in mm.
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earlier works [5, 6] simplified material models and residual stress
distribution were examined. In this work, the residual stress (RS)
distributions are obtained from pre-compressed C(T) specimens
and a more representative elastic-plastic creep material model
is used. In order to quantify the RS magnitude and relaxation,
ND measurements were performed on the pre-compressed 316
C(T) specimens.

Eel

Figure 2. Tensile data for the 316H austenitic steel at room temperature
H(RT) and 550°C

This work extends those studies to C(T) specimens with deeper

cracks size (aW > 0.44). The transient creep crack tip param-
2 SPECIMEN GEOMETRY AND MATERIAL eter,C(t), used to identify the stress and strain distribution (see

Four C(T) specimens, all having 25 mm thickness and 50 e.g. [8]), is defined by

mm width, were extracted from an as-received ex-service header
manufactured from 316H austenitic steel. The specimens were
subjected to pre-compression and then pre-cracked using electro-
discharge machining (EDM). Figure 1 shows the specimen di-
mensions (Note that the loading pin holes are inserted after pre-
compression.). Tensile test specimens were also extracted from
the header and were subjected to uniaxial tension at room tem-
perature to obtain the stress-strain behaviour (Fig. 2). A num-
ber of tests at different strain rates have been performed to en-
sure the material rate independence. Comparison with the re-
cent data from a different 316H-header [4] (triangle symbols
in Fig. 2) shows nearly the same Young’s modulus and harden-
ing behaviour though the current test (square symbols in Fig. 2)
shows approximately a 40 MPa lower yield stress. Tensile test
data at 550 have been provided for this material in [7] and are
also used in this work.

- 9
ct) = /r HOW(E)dy—ta—ids, (1)

where
W(e) = / odé )

is the strain energy rate density amds the creep strain rate. The
creep strain rate can often be related to the stredy a power
law relation

£=Ad", 3)

where A and n are material constantsC(t) is evaluated over
paths very close to the crack tip (F 0). During the steady state
3 BACKGROUND creep regime, under constant stress, the valug(of becomes
Creep relaxation behaviour under combined mechanical and both time and path independent, denoteddly The value of
residual stresses have been studied for single edge notch bendC* is independent of secondary stress, as self-equilibrating stress
SEN(B), and tension, SEN(T), specimens for shallow cracks distributions will relax over long times.

(a/W = 0.07 and 015 with a the crack length an@/ the spec-
imen width) under elastic [5] and elastic-plastic [6] conditions.

2

For a power law creeping materiél; may be estimated ex-
perimentally from the load and load line displacement (LLD) or
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(crack) mouth opening displacement (MOD) rate measurements where, as proposed in [12]
usingthe relations [9]

eYe

. =1 . 10

. _ Phup N = A (10)

Clio= BW _a) N+ 1110 (4)
Cn dependson the elastic-plastic response of the material
and is given as

. PAmop N 1
C = , 5 _

MOD = B — a) N+ 1MOP (5) Cy = T (11)

respectively, withP the load,B the net thicknessN the hard-

ening exponent and geometry dependent facta {d]. Both with oy the yield stress. The parametgdepends on the degree

. . ) . of initial plasticity taking the value of unity for elastic-creep be-
ﬁ'—'—D anCMOvaa!uez r;ave llnee dn Ob.ta":fd Trom the FE analysis. p,,viour and zero under widespread plasticity. Note that egs. (9)
erefy.p is obtained from load point displacement afidop and (10) were derived for load control conditions ane N [12].

IS c(;bltlaln_?s frorT cra]f:k rg_ou}h opening Q|splaceg19r1t (jge Ii]lgs. 3 The majority of elastic-plastic creep studies to date have used the
and 4). The values for disp qcement raig gre obtained in the latter assumption. Results will be presented in section 7.
secondary (steady state) regime.

The data used for the creep behaviour in the secondary
regime have been taken from the earlier work on 316H [10]. For 4  FINITE-ELEMENT MODEL

the secondary creep response Two and three dimensional (2D and 3D) FE analyses have
been carried out. The 3D model is shown in Fig. 3. Refined

A=147x 1034 elements have been constructed around the notch root to allow

{n —116 (6) an accurate extraction of the notch tip parameters. Two dimen-

sional 4-node quadratic elements have been used to discretise
_ _ o . the model. Linear ‘hybrid’ plane strain and plane stress elements
in eq. (3) (stress in MPa, time in hr.) was found to fit the data (CPE4H and CPS4 in ABAQUS [13]) have been used and 8-node

in [10]. hexahedron elements (C3D8) have been used in the 3D anal-
A redistribution timetreq, may be defined, which represents  ysjs. Both isotropic hardening and linear kinematic hardening

the time forC(t) to reach its steady state value@f[11]. This behaviour have been used to model the plastic behaviour of the

value may be approximated by the relation, material. Linear kinematic hardening stress and strain data have

been extracted by taking a linear regression from the tensile test

J data presented in Fig. 2.
tred = 62 (7) P I
Here Jp is the initial J value, which in this work, includes ~ ® PRE-COMPRESSION TESTING AND CONDITIONS _
the contribution of residual stress. Under small scale yielding Compact tension specimens have been pre-compressed with
conditions, loads (Pin Fig. 4) of 53 kN (labeled as A1B1 and A1B2) and

65 kN (labeled as A1B4) to induce tensile residual stress fields
(KP4 KS)2 ahead of the notch after unloading.

Jo= e (8) Two criteria were applied to determine the loading level: ob-

taining the highest possible tensile stress values ahead of the
notch and avoiding large plastic deformation in the specimen
(€5 < 0.1% with €& the equivalent plastic strain). Figure 5
shows the equivalent strain contours from a typical FE analysis.
The shaded region corresponds to the high plastic strain region
assg!q > 0.1%. As seen in Fig. 5, loading levels must be care-
fully controlled to avoid excessive plastic deformation that may
lead to cracking prior to creep deformation. Based on these stud-
Ct)  (A+t/teg)™™ ©) ies, 53 and 65 kN have been chosen to represent low and high
[ (1+t/tred)n+1 —@ secondary stress levels, respectively, in C(T) specimens.

whereKP andKS® are (initial) primary and secondary stress in-
tensity factors prior to creep, respectively, &ids the effective
Young’s modulus, wherg’ = E/(1—v?).

Creep relaxation behaviour for a power law material can be
estimated usintleq (see e.g. [8]) by
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Figure 3. Typical three dimensional FE model

ALp

measurement line for
neutron diffraction datp

[

P

Figure 4. Schematic of the C(T) specimen under compression
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Figure 5. Evolution of contours of 8@& in the C(T) specimen at different
loading level

6 RESIDUAL STRESS REDISTRIBUTION

Non-destructive neutron diffraction is required to penetrate
sub surface to a sufficient depth to quantify the residual stresses
ahead of the notch (see Fig. 4). ND measurements have been car-
ried out at E3, Helmholtz-Zentrum Berlin (HZB). A gauge vol-
ume of 3x3x3 mra for A1B1 and A1B4 and 4x4 x4 ménfor
A1B2 was used. For each specimen, measurements were taken
at 20 to 30 points ahead of the notch along the crack path with a
measuring time of approximately 30 minutes per point.

6.1 Comparisons between residual stress redistribu-
tions measured using ND in 316H and 347 C(T)
specimens

Residual stress profiles in 316H and 347 C(T) specimens
were compared in [14] with pre-loads of 110 kN for 316H and

150 kN for 347 stainless steel C(T) specimens. Results were

taken from [15] for 347 and from [4] for 316H. This work ex-

tends comparisons carried out in [14] to different loading lev-

els. Figure 6 compares the normalised residual stresg @g

with ag 2 the 02% proof stress) obtained from the ND measure-

ments. As seen, the normalised results are almost independent of

the steel type and loading level. Results also show that plastically
induced residual stresses produce near yield stress levels under

65 kN pre-compression and hence further compression (110 kN)

does not significantly affect this level. However, it should be

noted that stress levels may be higher near the notch which are
not well resolved by the ND technique due to surface effects.

High energy X-ray diffraction (HEXRD) measurements [4] have

shown high strain values close to the notch tip. Thus the ND

measurement in Fig. 6 may not be resolving the stress near the
notch root due to the high gauge volume factor.

6.2 Comparisons between residual stress redistribu-
tions from ND measurements and the FE analysis

A comparison between measured and predicted RS profiles
is provided in Fig. 7. In Fig. 7(a), comparisons are provided
between the ND data and FE results for a C(T) specimen with
the 53 kN pre-compression load. The FE analyses have been
carried out using both isotropic and linear kinematic hardening
assumptions. As seen in Fig. 7(a), the stress predicted from the
3D FE analysis is high near the notch and, though not shown
here, in close agreement with the results from a 2D plane strain
FE analysis. The plane stress FE analysis predicts lower stress
values near the notch. It is also seen that good agreement has
been obtained between the ND data and results from the plane
stress analysis. The result that the plane stress FE prediction ap-
pears to provide better agreement with the measured stress than
the 3D prediction is unexpected and may be fortuitous. This re-
sult is under investigation. Results from the FE analysis with
linear kinematic hardening assumption predict lower stress val-
ues, providing a better agreement with the ND data compared to
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Lo O 3I6H, P = 110 kN; P/BW = 57.9 MPa [1] 000

® 347, P =150 kN; P/BW = 60.0 MPa [15] —— FE results, 3D, isotropic hardening
—-A--316H (A1B1), P =53 kN; P/BW =424 MPa | | e FE results, 3D, kinematic hardening
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Figure 6. Measured residual stress distributions for 316H and 347 C(T) 600 . . '
specimens after pre-compression, normalised by 0.2% proof stress _gg iizﬁﬂz ‘zg ﬁﬁ;&?ﬁchﬁﬁxﬂﬁg
(00.2) - - - FE results, 2D, plane stress, isotropic hardening
. — - FE results, 2D, plane stress, kinematic hardening
A ND results (3 x 3 x 3 mm?)
the results from the isotropic hardening analysis. Similar conclu- 4} %
sions were reported in [4] for 316H and in [15] for 347 stainless el ‘}
steel material. The results from isotropic and kinematic harden- %‘ .
ing models are in good agreement far away from the notch root, & NN
X>2.5mm. s S
For the 65 kN load case reasonable agreement between the © N
ND measurements and plane stress FE analysis is also seen in om
Fig. 7(b). Note, however, that in this case the stress at the notch 200 ! .
root is best predicted by the 3D kinematic hardening analysis.
The 3D FE analysis predicts a 3 mm tensile stress region, ap- pre-compressed (65 kN)
i i before creep
proximately, ahead of the _notch, 4 mm for plane stress analysis —400 AIST type 3168
and 25 mm for plane strain analysis. To ensure that the crack | z} 30 min/point
. . . - . . -5 1 L L
lying in the tensile region, a 2 mm slot has been machined using 0 10 20 30
EDM (Fig. 1) distance from notch tip, z (mm)
(b)
7 CREEP RELAXATION IN 316H C(T) SPECIMEN Figure 7. Measured stress versus distance from tip; (a) pre-compressed
7.1 Prediction of stress redistribution C(T)s by S3kN, (b) pre-compressed C(T) by 65kN, before creep, 25mm

Stress relaxation occurs during creep and in the steady statethickness
creep regime, the steady state creep crack tip pararfigteran
be obtained either directly from the FE analysis based on eq. (1)
or from the approximations based on egs. (4) and (5). It has beenDuring the heating-up process, the material behaviour is allowed
found in this work thaCy, o, values are in close agreement with  to change from its values at room temperature to those &550
the FE values of* at long times. (Fig. 2). The value of(t) is taken to be the average of values
The pre-compression discussed in section 5 is carried out at over five element rings around the crack tip node (first ring ex-
room temperature. A crack is introduced ahead of the notch. The cluded) from the FE analysis. Our investigations show that the
specimen is then heated to 3&0and the creep load is applied. maximum difference irC(t) values over these contours, when
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600

t/treq = 0.001, is approximately 8% fdk” = 25 MPa/m (the
worst case). Results from [3] showed that a major proportion of
creep damage within the specimen, due to the thermal soaking,
occurs during the first 1000 hours. Thus this time duration has
been taken for the creep tests and simulations in this work.
Figure 8 shows the predicted stress redistribution ahead of
the notch of the specimens pre-compressed by the load of 53

—— after cracking
= ---- after heating up (1 hr.)
-------- after loading (K7 = 25MPay/m)
— — after creep (1000 hrs.)

400

200

kN. As seen in Fig. 7, the plane stress analysis provides a better z
agreement with the ND data and therefore a plane stress analysis = -
was used to investigate the stress relaxation. The mechanical &
load (identified byKip) examined in the FE analysis, has been '
selected to be in the range of 20 to 25 MRa. For the C(T) |
specimenKip is defined by the relation (see e.g. [1])
—200
¢ obn (2 ) w2 , st sion
1 BWl/Z 1— a/W3/2 ’ p}ane stlebs .
a0 ‘ | 150t{0p1c harde‘mng
0 10 20 30
where P is the mechanical load during creep and the non- distance from notch tip, z (mm)
dimensional function of (a/W) is obtained by ()
800
f(aW) =0886+464@W) ~1332@/W)* | , T Sher hating ap (1 )
+14.72(a/W)* - 5.60(a/W)*. T ercveep (000 sy
Figure 8(a) shows the predicted stress redistribution results L
from the FE analysis. The solid line presents the results after .
introducing the crack in the model loading to a peak stress of 190 \'\ .
480 MPa. The results show that the maximum normal stress at § | o
the crack tip relaxes to about 50% of its initial value after one 5;
hour at temperature 55G. A mechanical load is then applied € sl pre-compressed (53 kN)
which increases the stress close to the room temperature value. . I‘)*lflfetg’gziiw}‘
Figure 8(a) shows that an approximate 140 MPa drop in stress i . isotropic hardening

values is seen after creep for 1000 hrs. at"850

In Fig. 8(b) the plane strain results are presented. As seen,
the plane strain analysis predicts a high peak stress after crack L
introduction and a high stress gradient near the crack tip. Slight
relaxation due to creep is seen for plane strain conditions (ap- ~2005 ‘ i ‘ %
proximately 30 MPa drop near the crack tip) compared to the distance from notch tip, = (mm)
plane stress results in Fig. 8(a) with 140 MPa drop in stress val- (b)
ues over 1000 hours.

Figure 8. Normal stress distributions from the FE analysis for 316H
C(T) specimens pre-compressed by 53kN (K = 25.9) under Kip =25

7.2 Crack tip parameter under combined residual and
MPa,/M; (a) plane stress, (b) plane strain

mechanical stresses
Residuall values have been obtained after introducing the
crack (afV = 0.44) using the modified expression in [16],

which provides a path independehtintegral. The value of the
secondary stress intensity factorfjikas been obtained from the
J-integral, K = /JE/, as 259 and 334 MPa,/m for 53 and 65
kN respectively. The values &f° are used in eq. (8) to calculate
the initial J, designatedp, from eq. (8) and also provide an es-
timate ofteq from eq. (7). The relation betweeb(qp andC* has

been obtained numerically and is shown in Fig. 9. Note @fat
is not sensitive td&S. The values ofC* obtained from egs. (4)
and (5) are also included in this figure. For this valueagi,
NLp = Nmop = 2.2 [17] - the difference between the two esti-
mations arises from different values®fop andA | p.

The FE results for th€(t) parameter are shown in Fig. 10
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.......... K? = 20 MPay/m
- ——-K? =25 MPay/m

oL Eq. (9),¢p~1

C@)/C*

elastic-plastic (n = 11.7)
pre-compressed (53 kN)
AISI type 316H

plane strain

a/W = 0.44

P | | |
K", MPa,/m 0-19 501 0.01 0.1 1 10
t/tred

Figure 9. C* versus Kip from the FE analysis for 53kN pre-compressed

316H C(T i KS =259 MPay/m
(T) specimen ( ay/m Figure 10. Comparison of evolution of C(t) in 53 kN pre-compressed

C(T) specimen at different primary loads (Kip)
for C(T) specimens pre-compressed by the load of 53 kN=AK
259 MPa,/m) and subjected to primary Ioat{,-p (20 MPa/m
and25 MPa/m), during creep. The redistribution tintey, has with the earlier studies in [5] and [6]. These results will provide
been obtained from eq. (7) based on the FE valu€x @ndJp. preliminary data for the creep crack growth tests currently under
The analyticalC(t) results (presented by a solid line) obtained development.
from eq. (9), are in close agreement with the FE results. As also
seen, the time fo€(t) to reach its steady state value is closely
predicted by eq. (7), i.eC(t) — C* ast — treq (as found in [5]
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ND technigue and compared to FE results, showing good agree-
ment. It was found that the normalised RS profile obtained for
316H and 347 stainless steel is weakly dependent on the pre-
compression level and the specimen size. Creep relaxation be-
haviour was also studied numerically and it was found @iat

can be closely represented G5 rather tharC| .
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