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Abstract: Heat exchangers manufactured from Inconel 690 tubes are widely used for steam
generators in nuclear power plants. Inconel 690 tubes have suffered failures of fatigue fracture due
to flow induced vibration. It is difficult to obtain the fatigue life of the tube directly since the
conventional fatigue test would potentially cause end fatigue failure due to the stress concentration
at the clamp end. In this study, a thin-walled Inconel 690 tube with circular hole is designed to
deduce the fatigue life of smooth tube based on the notch fatigue life prediction technology. Firstly,
the local stress and strain distributions around the hole based on the finite element analysis are
discussed. Local stress-strain is calculated and compared with Neuber’s ruler. Meanwhile, fatigue
life tests using tube specimens with circular holes are carried out. Finally, based on the best-fitted
fatigue life curve of Inconel 690 alloy, the fatigue life of tube specimen is estimated from the local
strain according to Neuber’s ruler. The results show that the local stress and strain estimated by
Neuber’s ruler are basically consistent with those obtained by finite element analysis. Compared
with the average fatigue life of nickel-based alloy, the new predicted equivalent fatigue life of heat
Inconel 690 transfer tube with a hole is higher. The Inconel 690 heat transfer tube has better fatigue
performance.

Keywords: tube specimen with hole; fatigue life; local strain; Inconel 690 tube

1. Introduction

Inconel 690 heat transfer tubes, with excellent heat transfer performance, have been widely used
in nuclear steam generators, ultra-supercritical boilers, and other important equipment in nuclear
power plants. Under the action of fluid excitation, these heat exchange devices are prone to cause
vibration of the heat transfer tube, resulting in the fatigue fracture failure of heat transfer tubes [1,2].
Moreover, the heat transfer tube is subject to many degradation mechanisms, e.g., corrosion, wear,
and fatigue. A large number of studies focused on the corrosion behaviour of tube materials with
service conditions, i.e., high temperature and high pressure water. It should be noted that fatigue
failure of tubes must be considered during the design and operation of steam generators. Fatigue
design curve is necessary to conduct the fatigue design of tubes, which is usually derived from large
tests of similar materials under atmospheric environment. To consider the effect of corrosion
degeneration, a correction factor is usually adopted to revise the fatigue life under atmospheric [3,4].
Therefore, it is necessary to perform fatigue tests for tubes.

The Inconel 690 heat transfer tube for nuclear steam generators is a uniform thin-walled tube
structure with a diameter of J17.48 mm and a wall thickness of only 1 mm. If the fatigue test is
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performed directly with the actual thinned wall tube, the stress concentration will easily occur in the
clamping ends leading to fatigue failure [5]. Thus, the obtained fatigue life is not the actual fatigue
life of the heat transfer tube. To resolve this issue, we tried several tube specimens to carry out fatigue
tests. In this work, an attempt by tube specimens with holes was made to deduce fatigue life for tube
based on the notch fatigue life prediction technology.

Some prediction models for the notch effect on fatigue live had been proposed to evaluate the
fatigue life of components with notches. Generally, an effective parameter is introduced to link the
fatigue lives between the notch and smooth specimens, such as the local stress-strain method [6-10],
the critical distance method [11,12], and stress field strength method [13-15]. One of the most popular
methods to analyse notch fatigue problems was formulated by Neuber, who stated that the geometric
mean value of both the stress and strain concentration factors is constant at any load state, and equals
the elastic stress concentration factor [16]. This method has not only been successfully applied to a
wide range of engineering problems (e.g., [17-19]) but among the fatigue life assessment methods
recommended by the International Institute of Welding [9].

In this study, a notched specimen of Inconel 690 heat transfer tube was designed and tested
under cyclic loading. Based on the finite element analysis, the local stress and strain distributions
around the notch are obtained and compared with Neuber’s ruler. The fatigue life curve of Inconel
690 material is used to estimate the fatigue life of tubular specimens with hole based on local strain
according to Neuber’s ruler. The fatigue life is verified by the test results. In our experiments, the
fatigue life prediction method for heat transfer tubes provides a basis for engineering design
assessment.

2. Experimental Procedure and Results

2.1. Experimental Procedure

The chemical composition of Inconel 690 alloy thin-walled tube commonly used in nuclear
power steam generators is shown in Table 1, and the mechanical properties are given in Table 2.

Table 1. Chemical compositions of Inconel 690 (wt%).

Ni Cr Fe C Mn Si Cu S
58.0 min. 27.0-31.0 7.0-11.0 0.05max. 0.50max. 0.50max. 05max. 0.015max.

Table 2. Tensile properties of Inconel 690 tube.

Item Young’'s Modulus (MPa)  Yield Strength (MPa) Tensile Strength (MPa)
Experimental results 2.12 x 105 286 702
Standard requirement - 240 586

The specimen was directly taken from the straight tube section of the steam generator tube with
the outer diameter of 17.48 mm and a wall thickness of only 1.01 mm. The detailed specifications of
the sample are shown in Figure 1. The length of the specimen is 150 mm, a through hole with different
diameters (d =2 mm and 4 mm) in the middle of tube were made, as shown in Figure 1.
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Figure 1. Test specimen for thin wall tube with holes. Unit: mm.
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The tests were carried out on the Intsron 8802 hydraulic servo fatigue testing machine (Illinois
Tool Works Inc.,, Norwood, MA, USA) under the stress control mode and strain control mode
respectively. The test rig is shown in Figure 2a. To avoid the deformation due to the clamping, a plug
is designed and inserted the tube, as shown in Figure 2b. In both stress control and strain control,
symmetrical loading is adopted, that is, the stress ratio is —1.

Tube
Specimen

Figure 2. Picture of the test device: (a) Test rig, and (b) diagrammatic sketch of clamping technique.

2.2. Results and Analysis

The test results for the tube specimens with holes under different cyclic loadings are shown in
Table 3. For the strain control test, the fatigue life is the number of cycles when the load decreases by
5%, while the fatigue life for the stress control test is the number of cycles corresponding to a 5%
increase in displacement.

Table 3. Fatigue lives of tubes with holes under different loading with stress/strain control mode.

Diameter of Holes Control Method Load Level Test Life
4 mm Strain control +0.2% 478, 886
2 mm Stress control +250 MPa 11,722, 13,300
2 mm Stress control +200 MPa 44,200, 58,800

For a hole in tubular specimens, the fatigue cracks initiate on the hole edge and extend
perpendicular to the axial direction. In the thickness direction, the crack surface exhibits different
angles with the crack growth, as shown in Figure 3. Figure 3a gives a macroscopic view of the crack
which is perpendicular to the loading direction. Figure 3b shows the fracture appearance near the
hole and a diagrammatic sketch is drawn in Figure 3c. It can be observed that the crack initiates on
the plane of maximum shear stress and is at an angle to the diameter of the hole. The crack initiation
is on the plane of maximum shear stress and is at a certain angle to the radial direction of the hole.
As the crack propagates, the effect of the hole is weaker and the crack tip tends to be in a planar stress
state. Therefore, in the region far from the hole, a sharp oblique fracture is exhibited. Thus, the
fracture can be divided into three regions. The first region, from the edge of the notch to the blue line,
corresponds to crack formation on maximum shear plane where slip occurs. The fracture surface in
the first region presents a plane with normal at 45° to the specimen axial. As the crack propagates,
the effect of the notch is weaker and the stress state is changed. The normal of crack face is switching
with the stress state, as shown in the section region between the blue line and green line. When the
crack continues propagating, a third region is displayed with slant appearance. In this region, notch
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effect can be ignored, which is similar with smooth specimen. In addition, a microscopic morphology
appears fatigue striations, as shown in Figure 3d.
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Figure 3. Fracture appearance for tube with holes: (a) Macroscopic view of the crack, (b) fracture
appearance, (c) diagrammatic sketch, and (d) microscopic morphology.

3. Evaluation of Stress and Strain near the Hole

3.1. Finite Element Model

According to the symmetry, a 1/8 model of the notched specimen was constructed using finite
element software ABAQUS (Dassault Systemes, version 6.12, Vélizy-Villacoublay Cedex, France). 20-
node hexahedral element C3D20R was selected. Consider the stress concentration at the root of the
notch, local refinement of the area near the notch was conducted, as shown in Figure 4. The element
size along the notch is about 0.04 mm x 0.05 mm x 0.05 mm. Symmetric boundaries are applied to the
three symmetric planes of the model, and pressure load is applied to one end of the tube.

Step: Step-1
increment  10: Steo Time = 1,000

Figure 4. Finite element model.
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In order to obtain the local stress-strain state around the notch, elastic analysis and elastoplastic
analysis were carried out respectively. Meanwhile, the cyclic stress-strain relation of material for
elastoplastic analysis is described by Ramberg-Osgood model [20]:

1/n
E:E.F £ (1)
2 28 \2K'

where the cyclic strength coefficient K’ = 424.92 MPa, the cyclic strain-hardening exponent n” = 0.129.

3.2. Elastic Analysis

The elastic stress concentration factor is one of the important parameters in the local stress-strain
method to estimate the fatigue life of notched specimens. Therefore, the elastic finite element analysis
of the thin-walled tube with hole is carried out. To investigate the local stress-strain, three paths are
defined as shown in Figure 5. Path P1 locates at the external surface along the circumference of the
hole, while P2 locates at the hole edge along the wall and P3 on the mid-thickness wall along the
radial path of the hole. The stress distributions on different paths are obtained. In the analysis, the
stress concentration factor, which is the ratio of stress level to applied stress, is used to describe the
stress field.

P2

Figure 5. Path diagrammatic sketch.

The equivalent stress and maximum principal stress distribution along the outer circumference
on the tube wall (P1 path in Figure 5) are shown in Figure 6. As shown in Figure 6, the stress
concentration is perpendicular to the load direction, i.e., the 0° position in the figure. At this position,
the stress distribution in the wall thickness direction (P2 path in Figure 5) is shown in Figure 7. Due
to the constraint effect [21], the maximum stress appears in the middle of the thickness, which is more
than about 7% above the surface stress. At this stage, the fatigue damage in the middle portion of the
wall thickness is the highest. From the fracture results of the specimen, it can be found that the crack
initiation source of most of the specimens is in the middle of the thickness of the hole edge.
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Figure 6. Distribution of Mises stress and max principal stress around the hole circumference (path
P1).
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Figure 7. Distribution of Mises stress and max principal stress along the hole depth (path P2).

Figure 8 shows the stress distribution along the radial path of the hole (P3 path in Figure 3). In
the figure, r is the radius of the hole. The stress decreases with the radial distance from the hole edge.
However, the stress tends to be stable beyond a certain length. The difference between the Mises
stress and the maximum principal stress shows a trend of increasing initially then decreasing. The
greater the difference between the two, the more obvious the stress triaxiality. When the two are
equal, the structure is in a uniaxial stress state. For a thin-walled tube, if the stress in the thickness
direction is ignored, it would be in a plane stress state.
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Figure 8. Distribution of Mises stress and max principal stress radically away from hole edge on

specimen outer surface (path P3).

In the cylindrical coordinate system, the stress state at a point of the tube can be simplified as
two-dimensions plane stress with axial stress, hoop stress and shear stress. Under axial loading, the
maximum principal stress closely approximates the axial stress, which usually independents with the
tube thickness, as shown in Figure 9. However, the hoop stress presents much more correlatively
with thickness than the two other component stresses. Further, the directions of maximum shear
stress change with the hoop stress component. The values of maximum shear stress near the inner
surface are higher than the external surface. This phenomenon results in a more serious fatigue
damage to the region of inner surface, initiating a crack easily. For the region away from notch, the
stress state tends to be uniaxial. Therefore, there is a transition region for the maximum shear stress.
This is consistent with the formation mechanism of the three-region-fracture from the stress state of

the hole.

(©)

5,522 (CSYS-1)

(b)

(d)

Figure 9. Stress contours from elastic finite element analysis: (a) Axial stress, (b) hoop stress, (c)

maximum principal stress, and (d) maximum shear stress.
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3.3. Elastoplastic Analysis

In the notched fatigue analysis, the precise local stress-strain field is the key to predicting the
fatigue life of the notch. For materials, stress concentration is likely to occur near the notch which
may exceed the yield strength of the material. Therefore, the elastoplastic analysis can describe local
stress-strain field more accurately.

In the analysis, the Neuber’s formula is also used to calculate the local stress-strain of the notch
and predict the fatigue life of the notched component. The Neuber’s formula [22,23] can be expressed
as:

2 Q2 *
_KS” Ee* @)

£,0, E S
where 0q and é&q are local equivalent stresses and strains, Ky is the equivalent elastic stress
concentration factor, S* and ¢* are plastically corrected nominal stresses and nominal strains, E is the
elastic modulus, and S is the elastic nominal stress. The asterisked nominal stress and strain are
corrected for nominally inelastic loadings, which are not considered in this work as the nominally
applied stress is lower than the yield strength. Figure 10 compares the local equivalent strain as
functions of nominal stress estimated with elastoplastic finite element analysis and Neuber’s formula.
As shown in Figure 10, the estimation is basically consistent with the finite element calculation result
with an error less than 6%. In this work, the Neuber’s method is also used to analyse the local stress-
strain of the notch to estimate the fatigue life.
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Figure 10. Neuber’s rule estimations compared to finite element results for nominal stress vs. local
equivalent strain.

4. Fatigue Life Analysis

Based on the cyclic stress and strain curve of materials, local equivalent strain of structure is
calculated by elastoplastic finite element analysis and estimation method. The fatigue life of structure
is estimated by strain fatigue life curve. Based on the results of finite element analysis, Neuber’s
method can be used to predict the local strain in the linear elastic range. Therefore, Neuber’s formula
is used to estimate the equivalent strain of the notch structure. In order to interpret notch effect on
fatigue life, the elastic stress concentration coefficient is revised to the fatigue notch coefficient Kx:

K -1
K, =l+—— )

1++/pr
where K: is the elastic stress concentration factor, r is the notch radius, and p is the material
characteristic length. The material characteristic length can be estimated on the ultimate tensile

strength ou of alloy by the following empirical relation [24,25]:
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log p=- a1 (4)
586

According to the tension properties of the tube, one can obtain p = 0.11 mm. The elastic stress
concentration factor is obtained by elastic finite element analysis as described in Section 3.2, where K:
=2.94 for d =2 mm and Ki= 3.54 for d = 4 mm. Combining Equations (1) and (2), the local equivalent
strain near the hole can be obtained by replacing equivalent elastic stress concentration factor Kiq with
fatigue notch coefficient Kt. Then, the equivalent strain amplitude €. of the smooth tube can be
calculated.

Figure 11 shows the equivalent strain amplitude for the test samples. Moreover, the strain fatigue
life curve of nickel-base alloy materials is also plotted. The strain fatigue life curve is described with
Langer equation [26]:

£, =14.967 N;°“% +0.0805 )

which is usually used in the codes and standards for fatigue assessment of components containing
pressure [27]. As shown in Figure 11, the equivalent fatigue life based on the notched specimen is
consistent with the material fatigue life trend. Further, the equivalent fatigue life based on the
notched specimen is mostly higher than the fatigue life of the material. Figure 12 shows the difference
between the life prediction values and experimental values based on the material life curve. At higher
load levels, these are more consistent, that is, the low-cycle life zone based on Neuber’s method can
predict the fatigue life of the heat transfer tube more accurately. However, as the fatigue life increases,
the deviation between them increases. Moreover, the test value may fall outside the dispersion band
of the double predicted life.

10

Equation (5)

<& Tested results

Equivalent strain amplitude &,/(%)

102 10° 104 10° 100 107 108
Fatigue life Ny

Figure 11. Fatigue life curve of tube with holes and material.
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Figure 12. Comparison test result with predicted result of fatigue life of tube with holes.

This difference may be attributed to two reasons: fatigue life prediction model itself and material
fatigue life curve. (1) When the prediction method is concerned, the fatigue life prediction model
based on local stress-strain is expected to conservatively predict the low-cycle fatigue behaviour of
the structure. However, there are still limitation in the prediction of high-cycle fatigue. (2) The fatigue
life curve of the materials used in the paper is derived from the fatigue life test results of many nickel-
based alloys. It can represent the mean fatigue life of nickel-based alloy materials which may differ
from the smooth tube fatigue properties referred. Actually, the predicted result of this method is
conservative, i.e., the fatigue life of the smooth tube involved in this paper should be higher than the
average fatigue life of the nickel-based alloy material. This also indicates that the heat transfer tubes
mentioned in this work should have better fatigue properties.

5. Conclusions

Aiming at the fatigue life of Inconel 690 heat transfer tube, a thin-walled tube specimen was used
and tested for fatigue life. The fatigue life of heat transfer tube was predicted and analysed based on
the local stress-strain field around the hole. The conclusions are as follows:

(1) Under the axial cyclic loading, the fatigue crack initiates on the boundary of the hole and
propagates perpendicular to the axial of the tube. The fracture of the sample can be divided into three
areas: the crack initiation zone, the fracture zone transition zone, and the long crack extension zone.
In the thickness direction, the crack face exhibits different angles as the crack propagates.

(2) The elastic stress concentration factor of the tube specimen with a hole is obtained by elastic
finite element analysis. Also, the stress distribution is discussed in this paper. The fatigue damage in
the middle of the wall thickness is the highest, which is consistent with the test fracture analysis.

(3) The local stress-strain field of the tube specimen with a hole is obtained by elastoplastic finite
element analysis. Compared with the Neuber’s formula estimation results, the error between them is
less than 6%. The Neuber’s method can be used to estimate the local stress-strain of the notch.

(4) Based on the local stress-strain field of the tube specimen with a hole, the equivalent fatigue
life of the smooth heat transfer tube was obtained and compared with the fatigue life of the raw
material. Compared with the mean fatigue life of nickel-based alloy materials, the equivalent fatigue
life of smooth heat transfer tubes is higher. Further, the heat transfer tubes involved should have a
better fatigue performance.
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