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Abstract In structural integrity analysis of components operating at high temper-
ature, it is important to understand whether the presence of residual stresses lead
to failure [1]. Accurate prediction of the creep crack initiation is needed in struc-
tural integrity assessments of components. General assessment of structures uses
the experimental data obtained from laboratory test specimens subjected to either
displacement or load tests but in actual operating condition, components are subjected
to both inherent residual stresses and applied load. In the current research work, two
test rigs are designed and tests are performed to understand the effects of EFU, long-
range residual stress and external applied load on creep behaviour of 316H stainless
steel. Results obtained show that, for the same total initial reference stress, the time
for crack to grow is lower in the case of mixed loading conditions compared to load-
controlled tests. The longer crack growth times are a consequence of the relaxation
and redistribution of the residual loads in the structure. The initiation time is also a
function of the elastic follow-up.
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1 Introduction

A nuclear power station has a large amount of welds, viz. nearly 2000 welds are
present in large bore steam pipe work [2, 3]. Welded joints are particularly vulner-
able to plant degradation andmaterial ageing.Welded engineering components oper-
ating at high temperature will be subjected to the combinations of residual stress and
applied load.When components are subjected to the applied load, it is usually termed
as to induce primary stresses or load-controlled stress, while residual stresses present
in the components are often considered as secondary stresses or a displacement-
controlled stress. When components are working under high temperature condition,
residual stresses are expected to relax with respect to time [4, 5]. The interaction will
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Fig. 1 Superheater header: type 316H austenitic stainless steel thick section weldments [5]

become more complex, if there is a combination of both residual stress and applied
load.Weld residual stresses are created bymisfit strains and as such essentially repre-
sent displacement-controlled boundary conditions. Usually, welded components are
then subjected to an externally applied load. The subsequent deformation of the
welded sample can be viewed as being associated with combined boundary condi-
tions, i.e. combined displacement and load-controlled situations. Figure 1 shows
thick section weldments of 316H austenitic stainless steel in the superheater header.
Crack initiation was observed in welded components operating at high temperature
due to the presence of combined weld residual stress and applied stress [6].

In the life assessment of structural components, residual stress plays an important
role. Residual stresses may arise in the components or structures as a consequence
of the manufacturing process adopted and final fabrication [7, 8]. If residual stress
is tensile in nature, then it can combine with applied loads and lead to failure of the
component at a load seems to safer from design point of view. Thus, for accurate
assessments of components, a quantitative understanding of behaviour of residual
stresses with applied load is needed.

In the case of creep crack initiation and growth, many experiments are carried out
using standard laboratory-scale creep test specimens tested under load-controlled [9,
10] and occasionally under displacement-controlled conditions [11]. However, struc-
tures are subjected to stresses that arise from a combination of residual and applied
stresses. The relaxation of residual stress in one location is compensated by changes
in residual stress distribution in other locations so as to retain equilibrium, i.e. compo-
nents are often subjected to combined displacement- and load-controlled conditions.
Furthermore, it is now known [2, 12–18] that, depending on the stiffness of the
structure, relaxation of the residual stress can be associated with elastic follow-up.

The purpose of this paper is to illustrate a three-bar test rig that was designed [5, 7]
to introduce the combinations of residual and applied stresses into a compact tension
C(T) specimen. The residual stresses can be induced in a controlled manner and
can be characterized easily. Tests are performed to understand the effect of residual
stresses and applied load on creep crack initiation and relaxation.
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2 Test Rig Design

The concept of test rig is illustrated in Fig. 2. The test rig was designed such that
in a controlled manner residual stresses can be induced and will also have further
provision to apply external load to the complete test rig. The middle bar in test rig
consists of C(T) specimen and other part of barwith stiffnessXsp andXm respectively.
There are two bars having a stiffness Xout each. An initial tensile residual stress is
induced in middle bar using initial misfit Y, which is further balanced by combine
compressive forces acting outer bars. Once known, residual force is induced and
equilibrium is reached, an external load is applied to the complete test rig. More
details about the design are given in [5, 7].

Stiffness of the specimen relative to the stiffness of the other parts of middle bar
and outer bars will decide the value of elastic follow-up of the structure, Z. The
overall EFU value, Z can be found using the Eq. (1).

Z = ZsZeff (1)

where

Zs =
(
1 + β

β

)
, Zeff =

(
1 + αeff

αeff

)
,

1

Xeff
= 1

Xsp
+ 1

Xm
, αeff = 2Xout

Xeff
, β = Xm

Xsp

A detailed derivation of Eq. (1) is explained in [7]. As per R5 Standards [4], the
value of overall EFU Z greater than 5 represents load-controlled behaviour, while
a value near to 1 gives displacement-controlled behaviour. Hence, it was decided to
design and manufacture two test rigs, which fulfill R5 Standard criteria. Figure 3
shows the detailed schematic diagram of test rig and more details about design and
manufacturing are given in [7].

Thermocouples are connected to measure the specimen temperature, room
temperature and strain gauge temperature. A potential drop system is used tomeasure
the crack initiation and growth, while capacitance gauge mounted on C(T) specimen

Fig. 2 Concept of three-bar structure
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Fig. 3 Three-bar test rig

is used tomeasure load line displacement. TwoLVDTs aremounted at side tomeasure
the overall displacement of the test rig. The external load is applied via a lever arm
arrangement.

3 Preparation of Test Specimen

The test specimensweremanufactured according toASTM1457 [19] fromex-service
Type 316H stainless steel supplied by EDF Energy. A screw-fitting arrangement (see
Fig. 3) rather than pins were adopted to provide an accuratemeasurement of stiffness.
A 2-mm pre-crack was introduced using 0.1-mm EDM wire such that crack length
to width ratio of 0.5 is maintained. Tables 1 and 2 give details of C(T) specimen and
material composition of the test specimens.
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Table 1 Details of C(T) specimens

Rig No. Test ID W (mm) B (mm) Bn (mm) a0 (mm)

Load control LC-01 38.07 19.04 15.36 19.36

Low EFU: Z = 2.15 MX-01 38.05 19.03 15.38 19.59

High EFU: Z = 7.34 MX-02 37.83 19.04 15.36 19.59

4 Introduction of Residual Stress in the Structure

First, in theC(T) specimen,middle barswere connected to top and bottom end pieces.
The outer bars were then connected to top end piece and they have provision to move
freely through the clearance holes provided at the bottom end piece. Instruments, viz.
strain gauges, LVDTs, thermocouples, were connected to data logger and furnace
was switched on to achieve a temperature of 550 °C for the C(T) specimen. When
C(T) specimen reached a stable temperature as per ASTM standards, nuts S21 and
S11 (shown in Fig. 3) were screwed down, so that the both the end pieces were forced
apart. Under the equilibrium conditions, this results in tensile load in middle bar and
balancing compressive forces in outer bars. Force acting in bars can be easily found
by strain gauges mounted on them. Finally, when the desired amount of residual
force was introduced into the structure, nuts S22 and S12 on side bars were fixed
and the entire assembly was then subjected to an applied load.

5 Creep Crack Tests

In total, three creep crack growth tests were performed and more details are given in
Table 3. LC-01 test is the load-controlled test performed on conventional lever arm
test rig. Additionally, one test each was performed on three-bar test rig. The initial
total reference stress on three-bar test rig was selected such a way that it matches
with the load control test. However, the combination of applied and initial residual
stresses was different depending on the ease of inducing residual stress and to avoid
any twisting or bending. During the tests, the applied load was monitored using the
load cell shown in Fig. 3. The combined residual and applied forces in the middle
and outer bars were measured using the strain gauges.

Table 3provides the details of the test conditions togetherwith calculated reference
stresses. The tests were continued to permit sufficient changes in potential drop to be
measured. The tests were then stopped, specimen were broken open and final crack
lengths measured.

The reference stress in Table 3 was determined from [4, 20].

σref = P

W BnnL
(2)
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Table 3 Summary of tests

Details/Specimens LC-01 MX-01 (Z = 2.15) MX-02 (Z = 7.34)

Initial condition (Start of Tests)

Initial residual force (kN) – 8.91 6.36

Initial residual reference stress (MPa) – 183 130

Applied load (kN) 12.46 kN 2.79 5.43

Applied reference stress (MPa) 240 MPa 57 110

Total initial reference stress (MPa) 240 MPa 240 (223) 240

Final condition (End of Tests)

Total load (kN) 12.46 5.27 10.97

Total reference stress (MPa) 240 MPa 108 224

Final crack growth (mm) 0.882 0.030 0.169

Test duration (hrs) 1508 4882.4 4229

where nL is a normalized limit load function given by

nL =
√

(1 + γ )
(
1 + γ (a/W )2

) − (1 + γ (a/W ))with γ = 2/
√
3

6 Results and Discussion

In tests MX-01 and MX-02, a residual force of 8.91 kN and 6.36 kN was introduced
into the C(T) specimen, respectively. In both the tests, residual force acting in the
middle bar was approximately equal to the summation of the compressive forces
acting in side bars. The load versus load line displacement behaviour of all specimens
is shown in Fig. 4. Initial residual forces acting on test specimens MX-02 and MX-
01 are represented by points A2 and B2, respectively. The curve A2–A3 and B2–B3
represents the application of applied loads, while A3–A4 and B3–B4 corresponds to
the relaxation of load acting on the specimen with respect to time. Figure 5 shows
the load line displacement for all the tests.

The variation of forces in all bars with respective to time for both rigs is shown in
Figs. 6 and 7. It is evident that when external loadwas applied in case ofMX-01, C(T)
specimen on test rig 1 with Z = 2.15, relaxation of load from 11.7 to 10.87 kN took
place. Also, there was an additional plastic deformation that took place in specimen
when compared to conventional load control test. The MX-02 C(T) specimen test on
test rig 2 with Z = 7.34 showed less additional plastic deformation during external
loading. This phenomenon is due to the higher EFU value in rig 2.

During the creep process, it was found that the total load was relaxed in both the
specimens and as expected the rate of relaxation is high for MX-01 than MX-02.
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Fig. 4 Load versus total load line displacement for C(T) specimens

Fig. 5 Comparison of displacements after loading

In case of MX-01, after 4883 h of creep, the initial induced residual stress was
relaxed from183MPa (8.91 kN) to 51MPa (2.48 kN).While in case of specimenMX-
02, after 4229 h, the initial induced residual stress was relaxed from 130 MPa (6.36
kN) to 113 MPa (5.54 kN). It is observed that the stiffness of the C(T) specimen was
decreasing due to creep and crack growth and hence with respect to time a greater
portion of the applied load was carried by the outer bars. The slope of relaxation
curves A3–A4 and B3–B4 in Fig. 4 is dependent on the relative stiffness of C(T)
specimen and other components of the test rig, and which in turn corresponds to
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Fig. 6 Variation of force in all bars with time (MX-01)

Fig. 7 Variation of force in all bars with time (MX-02)

EFU values associated with test rigs. It can be concluded that rig with higher EFU
considers the residual load as load control,while the test rigwith lowerEFUconsiders
it as displacement control.

Figures 5 and 8 show the measure crack load line displacement and crack growth,
respectively, for LC-01, MX-01 and MX-02. It is evident that for the same total
initial reference stress, the creep load line displacement was greater for MX-02 than
MX-01. Also, crack initiation of 0.03 mm occurred much early in case of MX-02
than MX-01, but both were much later than LC-01.
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Fig. 8 Comparison of crack growth

The crack initiation times for the various tests are shown in Fig. 9, where, together
with the tests performed and explained in the current paper additional tests performed
in [6, 7, 9] are also reported. It reveal that, while the initial reference stress was
the same for tests LC-01, MX-01 and MX-02, creep crack initiation times were
significantly different. For a crack length of 0.03 mm in load control case, it took
52.46 h, while for low and high EFU tests, it took 4882.4 h and 873.9 h, respectively.
Rig with low EFU will contribute for more load relaxation and redistribution than
high EFU and thus it will leads to increase in creep crack initiation time. Figure 10

Fig. 9 Comparison of time for cracks to grow 0.03 mm
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Fig. 10 Comparison of Crack growth and Micrograph of specimen a LC-01, bMX-02

shows the crack growth and micrographs of the specimen LC-01 andMX-02. All the
creep tests appeared to fail in an intergranular crack growth and to consist mainly of
wedge cracking. More detailed micrographic analysis is given in [7].

7 Conclusion

Structural integrity analysis of components is based on conventional laboratory load-
controlled or displacement-controlled tests, but in actual working condition, they are
subjected to combination of residual stress and applied load. This in turn represents
mixed load conditions. In the current paper, two test rigs with EFU near 2 and 7 were
developed. The rigs are designed on the concept of three-bar structure, in which
residual stresses can be introduced in a controlled manner. The results obtained
shows that even though the initial reference stresses were the same for mixed and
load-controlled test, the initiation timeswere longer inmixedboundary condition test.
Also, it is found that with initiation timeswere high for lower values of elastic follow-
up test rig. The longer initiation times were due to the relaxation and redistribution
of the residual and applied loads in the structure.
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