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ABSTRACT

Low cycle fatigue experiment of a dissimilar metal weld of steel and Ni-base alloy with different strain
amplitudes at room temperature were carried out, then the curve of strain-life and characteristics of cycle
response were obtained. Based on the experimental results of cyclic stress-strain hysteresis loop in fatigue
progress at different levels of strain amplitudes, the variation laws of the stress amplitudes and cyclic
elastic modulus with respected to the fatigue cycle were analyzed. The effect of the static elastic modulus
and dynamic elastic modulus on the low cycle fatigue parameters was investigated. The results showed
that the specimen of the weld joint during the progress of fatigue exhibited cyclic hardening at the
beginning of 10 cycles, and then exhibited cyclic softening until fractured. The cyclic elastic modulus was
decreased with increased number of cycles, and then remained almost stable and decreased dramatically
near the end of the life. Finally, the fatigue life curve was concluded, which can be recommended as
reference when assessing the integrity of Inconel weld. The static elastic modulus and dynamic elastic
modulus showed little different effects on the strain amplitude-life curve.

1. INTRODUCTION

The cyclic stress in low cycle fatigue (LCF) is usually caused by the combined effect of pressure, pipe
moment and local thermal stress in PWR. These effects are derived from the thermal shock, the hot
stratification cycle and heat shock during the operation. The practical structure inevitably contains the
weld joint, and then it is necessary to evaluate the fatigue performance and cyclic deformation
characteristic of the weld joint [1]. The nickel alloy is widely used to weld dissimilar metal joints in
nuclear power plants. It is considered that crack usually initiates and propagates between steel and Ni-
base alloy in the structures. Its fatigue property is a key parameter during design and structural integrity
assessment, thus the main purpose in this paper is to acquire the Ni-base weld fatigue character under
different load conditions.

Reddy [2] investigated the relationships of 316(N) weld metal and 316L (N)/316(N) between LCF
properties and temperature. Yang [3] conducted experiment research on the LCF of TC4 titanium alloy
sheet and its laser welding joint, the damage curve of the welding joint deviate from that of base metal
due to uniform microstructure and welding defects. Benoit [4] studied the LCF properties of 18% Cr
ferrite heat resistant steel base and weld joints at 300°C. Li [5] tested the LCF of welded 25Cr2Ni2MoV
steel weld joints, and results showed that cracks developed in the weld and in tempered regions of the
hear affected zone, weak zone shifted from the weld to tempered regions with decreasing strain. Zhao [6]
investigated the low-cycle fatigue properties of linear friction weld joint of TC11 and TC17 titanium
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alloys, and results showed that the stress amplitudes and plastic strain amplitudes exhibited cyclic
softening characteristics at higher total strain amplitudes (0.8-1.2%), the elastic modulus during the
loading and unloading phases remained constant at the lower strain level, which decreased as the strain
amplitude and the number of cycles increased. Zhang [7] studied the LCF behaviours of martensitic steel
and weld joint with Ni-based weld metal. The results showed that the weld joints fractured in the weld
metal parts, and base steel and Ni-based weld metal exhibit cyclic softening and cyclic hardening,
respectively.

In this paper, the LCF test for a dissimilar metal weld of steel and Ni-base alloy was carried out at room
temperature. The purpose of the experiment was to evaluate the LCF cycling characteristics of weld joint
and the variation of elastic modulus at different strain amplitudes.

2. EXPERIMENTAL
2.1. Materials and specimen

The schematic diagram of weld joint is shown in Fig. 1(a). The weld joint consists of several parts of
SA508 Cl.3 base metal, buttering Inconel690, cladding, Inconel690 weld and 316LN base metal. The
positions of specimens are shown in Fig. 1(b).

The fatigue specimen of weld joint, as shown in Fig. 2, is perpendicular to the longitudinal direction of
the weld. LCF tests were carried out according to ASTM E606 standard [8], using smooth cylindrical
specimen shown in Fig. 2. The parallel section part length of specimen is 25 mm, which contains
Inconel690 weld and 316LN base metal. So fracture can equally occur in the two parts. After
mechanically polishing, the final surface roughness of the specimen Ra is lower than 0.2pm.
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(a) Schematic of the weld joint. (b)Positions of specimens.

Figure 1. Weld joint and specimens
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Figure 2. Dimension of fatigue specimen.

2.2. Experimental procedure

The LCF tests were performed in servo-hydraulic machine MTS Landmark 370.10, which has a capacity
of £50kN and a 25mm gage length uniaxial extensometer used for the measurement of strain in the gage
section of the specimen. Then the fatigue tests were carried by strain control at room temperature. A
triangular waveform was selected with frequency of 0.5 Hz and strain ratio of R,=-1, mean strain &,=0. In
this experiment five different strain amplitudes of 0.2%, 0.3%, 0.4%, 0.5% and 0.6% were chosen. Three
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specimens were tested at each level of strain amplitude in order to reduce test error. The fatigue life N is
defined as the number of cycles for 25% decrease of the maximum tensile stress.

The stress-strain hysteresis loop and wave form are shown in Fig. 3, Ag, is the total strain range, A&, is
the elastic strain range, Agp is the plastic strain range, Ao is the stress range, Er is the modulus for

unloading following a peak tensile stress and Ec is the modulus for loading following a peak compression
stress.
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(a) Stress-strain hysteresis loop (b) waveform
Figure 3. Definitions of tension and compression modulus.

Fig. 4 shows the experimental results of weld joint, where &-N curve shows the variations of fatigue life
N¢ with the total strain amplitude &, in Fig. 5(a), and -N curve shows the variations of fatigue life N

with the mid-life stress amplitudes &, in Fig. 5(b).
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Figure 4. Experimental results of weld joint.
3. RESULTS AND DISCUSSION

3.1. Hysteresis loop

Fig. 5 shows the hysteresis loops of the specimens for five strain amplitudes. At each level of strain
amplitude, one representative specimen was selected to describe the relationship between stress and strain.
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The hysteresis loops represent the response of material microstructure due to cyclic load, and they are
basically symmetrical during loading and unloading. It can be seen that the weld joint exhibits the
characteristics of cyclic hardening in the first several cycles and then cyclic softening until fracture. As
the strain amplitude increasing, the hysteresis loop becomes wider and higher gradually, indicating that
the effect of plastic deformation and loss of energy caused by cyclic loading are strengthened.
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Figure 5. Hysteresis loop of weld joint specimen at different total strain amplitudes.

3.2. Variation of stress amplitude with cycles
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Fig. 6 shows the variations of stress amplitude with cycles for weld joint specimen at all levels of strains.
And the cyclic responses show the same trend during loading and unloading. When the strain amplitude is

Ag, 12=0.2%, the stress amplitude increases firstly and then decreases with the increasing number of

cycles. Then the cyclic softening is followed and its rate of descent is gradually reduced. With increasing
of strain amplitude, the cyclic hardening and cyclic softening become much more evident. It shows cyclic
hardening in the initial 10 cycles and followed cyclic softening until fracture at strain amplitudes of 0.2%
to 0.6%. All of the curves do not show stable cyclic stress amplitude. As the strain amplitude increases,
the degree of both cyclic hardening and cyclic softening are increasing.

It was found that the cyclic softening after hardening in the initial stage for some material was
significantly concerned with the irregularity of microstructure and material plastic [9]. Thereinto, the
irregularity will increase frictional resistance when grains slip in the initial stage, subsequently the
plasticity gradually consumed, then the micro crack developed and propagated during the softening stage
until fracture.
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Figure 6. Variation of stress with the number of cycles at different total strain amplitudes
3.3. Variation of elastic modulus during cyclic deformation

The variation of cyclic elastic modulus with number of cycles at each level of strain is shown in Fig. 7,
where the cyclic elastic modulus E” is the average value of Et and Ec. It can be seen that the cyclic elastic
modulus is larger in the initial stage of fatigue test, and then begins to decline with increase of number of
cycles. After 10% of total fatigue life Ny, the degree of decline is becoming slowly and steady until 90%
of Nt. It decreased dramatically in the last stage 10% of Ns to the failure. And the cyclic elastic modulus
decreases with the increase of the total strain amplitude from 0.2% to 0.5%, and the change of the elastic
modulus is not significant when the strain amplitude increases from 0.5% to 0.6%.

Therefore, it can be seen from Fig. 7 that the cyclic elastic modulus decreases with increasing of number
of cycles, indicating that the micro cracks formed and developed into small cracks, and this stage is
considered as crack initiation. After that, the sharply decreasing of elastic modulus indicates that the crack
begin to propagate until fracture. For the material exhibiting cyclic softening response, the point at which
the cyclic elastic modulus begin to decrease sharply is considered to be the dividing point between fatigue
crack initiation and growth [10-12]. The decreases of stress and elastic modulus before this point are due
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to the softening of the material, while the decreases after this point are due to macroscopic crack

propagates.
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Figure 7. Variation of cyclic elastic modulus with the number of cycles at different total strain amplitudes

3.4. Fatigue life
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Then the relationship between stress and total strain can be described by the followings:
Mg, _ Az, Mg, Ao)2 +(Aa/2j”“'
2 2 2 E K’
where K’ is the cyclic strength coefficient, N is the cyclic strain-hardening exponent.

(1)

The following Basquin’s equation [13-14] is used to evaluate the elastic strain component of fatigue data:

Age_U_'f
= (2N, f )

where o is the fatigue strength coefficient, b is the fatigue strength exponent and E is the elastic

modulus.

The following Manson-Coffin [15] relationship is used to evaluate the plastic strain component of fatigue
data:

Ajp = &N, ) @)

where ¢} is the fatigue ductility coefficient, ¢ is the fatigue ductility exponent. Then the relationship

between total strain and fatigue life could be defined as:
Ae, Ae. Ag, O
P P TN, P+l (2N, f 4

It can be seen from the equations mentioned above that the calculation accuracy of elastic strain and
plastic strain in LCF depends on whether the static elastic modulus or dynamic elastic modulus is selected.
Then the static elastic modulus Eq from static tensile test, the modulus Ej; from first quarter of cyclic
loading and cyclic modulus E" from middle life cycle are chosen to evaluate the elastic strain.

Fig. 8(a) shows the effect of modulus of strain-life curve with three different moduli. It can be seen that
Mason-Coffin curve obtained by using static elastic modulus Ej is at the bottom, while the curve obtained
by the modulus Eyj is at the top. When N;<10* cycles, the curves obtained by using E* and Ey, are
approximately coincident. When N;>10* cycles, the curve obtained by using E* is approaching the curve
obtained by using Eo.

Fig. 8(b) shows the strain amplitude-life curves obtained by cyclic modulus. The intersection of elastic
and plastic curves represents the transition fatigue life which is Ny=6500 for this weld joint. When Ns
<6500, the plastic strain is dominant and the fatigue resistance is controlled by the ductility. While
N >6500, the elastic strain is dominant and the fatigue resistance is controlled by the strength.
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Figure 8. Strain-life curves.
3.5. Fracture morphology

As shown in Fig. 9, the weld joint was fractured in the parallel section and located in 316LN steel base,
and fracture surface was perpendicular to the axial of specimen from SEM photograph. Fig. 10 shows the
fracture surface of fatigued specimen for 2SPL-12 at the strain amplitude of 0.6%. The macroscopic
fracture is shown in Fig. 10(a), and it can be clearly seen the crack initiation region, crack growth region
and final fracture region. The crack traces point to the specimen surface in crack initiation region, and
most of the fracture surface is dominated by the crack initiation and growth region. There is a clear
boundary between the crack growth region and final fracture region. In the crack initiation region shown
in Fig. 10(b), the cracks were initiated and formed at specimen surface. In the crack growth region shown
in Fig. 10(c), there are many fatigue striations caused by cyclic stress. In the final fracture region shown
in Fig. 10(d), dimples are the main feature here.
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Figure 10. Fracture morphology.

4. NOMENCLATURE

LCF low cycle fatigue

Ns total fatigue life

N number of cycles

Er  modulus for unloading following a peak tensile stress

Ec  modulus for loading following a peak compression stress
E®  cyclic modulus, E'=( Er + E¢)/2

Ag, total strain range

elastic strain range
A& plastic strain range
o fatigue strength coefficient

b fatigue strength exponent
gy fatigue ductility coefficient

c fatigue ductility exponent

5. CONCLUSION

The following conclusions can be drawn from the study of LCF for weld joint by stain control at room
temperature:

(1)The fracture location of Ni-base dissimilar metal weld happened in stainless steel section, rather than
Ni-base alloy weld section.

(2)The weld joint exhibits cyclic hardening during the initial 10 cycles for the strain amplitude of 0.2% to
0.6%, and then exhibits cyclic softening until failure. The larger strain amplitude, the greater degree of
cyclic hardening and cyclic softening.

(3)The cyclic elastic modulus decreases slowly in the first 10% of the fatigue lifetime, and then it remains
almost stable and decreases rapidly when reaching 90% of the life time. And the larger strain amplitude,
the smaller the cyclic elastic modulus. The variation of elastic modulus with fatigue lifetime can clearly
characterized the dividing point between fatigue crack initiation and propagation for material with cyclic
softening.

(4)The relationship between strain and fatigue life for weld joints could be well characterized using
Basquin and Mason-Coffin laws, where the parameters of the fitted curve can be used to predict the LCF
life of this weld joint for the strain amplitude of 0.2% to 0.6%. And the static elastic modulus and
dynamic elastic modulus have little effect on the strain-life curve of this weld joint.
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