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Abstract

The current research of low cycle fatigue (LCF) is mainly focused on the components with uniform microstructure.
Compared with these typical components, LCF behavior of welded components are more complex due to their
great gradient microstructure, especially for different temperature. In this paper, LCF properties were conducted on
the welded joint at different temperatures for bainite steel, and the failure mechanism was systematically discussed.
Fatigue parameters derived from fitting curves indicated that welded joint had worse plastic deformation resist-
ance and experienced more significantly strain hardening effect at 300 °C. The joint failed in the weld metal at room
temperature, which attributed to the softening in weld metal combined with cyclic strain hardening effect in heat-
affected zone, which meant the joint was more sensitive with the hardness at this condition. When it came to 300 °C,
more cracks appeared near to HAZ and the heterogeneous distributed surface inclusion was responsible for the frac-
ture transition to HAZ adjacent to bainite steel rather than the softest zone in HAZ, reflecting the joint was more sensi-
tive with the surface inclusion at 300 °C. This research could support the design on loading of welded component at
different temperature, and further ensure the safe operation.
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1 Introduction
In the past few years, nuclear power plant has underwent
a rapid development as its extraordinary high efficiency,
reliable security as well as so-called environmental
friendly facilities [1, 2]. As the most critical component
of the turbines, the long term reliability of the rotor must
be ensured due to the ultra-severe working conditions,
including the long time thermal exposure, the complex
cyclic loading and even the probable neutron damage [3—
6]. Generally, the stress imposed on the structural com-
ponents induced by the cyclic loading will undoubtedly
exceed the yield strength, which will emerge irreversible
plastic deformation on the material thus belong to the
research field of low cycle fatigue (LCF) behavior [7-10].
Actually, a considerable number of structural com-
ponents’ failure can be attributed to the LCF damage,
especially for the steam rotors during start/stop stage
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and indicate if changes were made.

and power transient period [11-17]. A series of param-
eters, including the temperature [18], the strain rate [19],
the strain amplitude [20], etc., could influence the LCF
behavior of the material. Mishnev et al. [21] investigated
the microstructure evolution of 10% Cr steel at different
temperatures (20—650 °C) under LCF conditions. The
results indicated that the 10% Cr steel was susceptible to
cyclic softening at a wide temperature range. The fatigue
failure could be contributed to the coarsening of laths
and the decrease of dislocation density at 20 to 550 °C,
while the transformation of the tempered martensite lath
to sub-grains at 550 and 650 °C was responsible for the
softening behavior and the finally fatigue failure. LCF
tests of 9Cr-1Mo steel with different strain rates (1073/s
and 1072/s) under LCF loading were performed by some
researchers [22-24] at three temperatures (RT, 300 °C
and 600 °C), finding that the fatigue life and the plastic
strain amplitude increased at higher strain rates for each
temperature, which can be attributed to higher fatigue
crack growth rate induced by the dynamic strain aging
(DSA). In our previous study [25] on the LCF behavior of
martensite-bainite dissimilar welded joint at 500 °C, the
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fatigue failure shifted from bainite BM to OTZ with the
increasing strain amplitude, reflecting the load distribu-
tion on each zone varied greatly for the inhomogeneous
structure with different strain amplitudes.

Till now, numerous studies have been conducted on
LCF behaviors on the base materials, which becomes
more challenge when it comes to the welded joints with
inhomogeneous microstructure and heterogeneous dis-
tributed defects as well as the severe working conditions
[26-29]. As a kind of low-alloy high toughness bainite
steel, NiCrMoV steel is widely used to manufacture the
welded component since its excellent mechanical prop-
erties and competitive costings [30]. Investigations about
the NiCrMoV welded joint have been conducted about
the frequency effect on high cycle fatigue behavior and
very high fatigue properties at moderate temperature
[31], the fatigue crack growth behavior [32, 33], the effect
of long-term aging on microstructure evolution in heat
affected zone [34] and toughness [35]. Obviously, only
few studies about the LCF behavior of NiCrMoV welded
joint have been reported let along ambiguous failure
mechanism at different temperatures.

In the present work, the candidate material is a kind
of low-alloy high toughness bainite steel with big thick-
ness, which was manufactured by narrow gap arc weld-
ing technology. The temperature-dependent LCF test was
carried out and its behavior will be analyzed by micro-
structure characterization, data fitting, fracture mor-
phology observation and comparison of micro-hardness
distribution. Finally, we attempt to clarify the mechanism
of failure location transition at different temperatures.

2 Experimental Procedure

2.1 Experimental Materials

In this work, low-alloy high toughness bainite steel with
the thickness of 100 mm employed as base metal (BM)
to manufacture welded joint. The chemical composi-
tion of the BM and the weld metal listed in Table 1. The
weld joint was fabricated by the narrow gap arc weld-
ing technology accompanied with the multi-layer and
multi-pass techniques, which was followed by post-weld

Page 2 of 8

heat treatment (PWHT) that aims to release the residual
stress and homogenize the microstructure of the welded
joint.

2.2 LCFTest

The geometry of the specimen for low cycle fatigue test
is shown in Figure 1. Before the LCF test, the gauge area
of the specimen was polished smoothly to eliminate the
surface defects. Pull-push (axial) strain-controlled fatigue
tests following the standard ISO 12016:2003 were then
performed on the MTS NEW 810 fatigue testing system
at room temperature and 300 °C. The triangular wave-
form was selected with the strain ratio of R=—1, the
constant strain rate of 2 x 107> and the sampling inter-
val of 0.05 s. The temperature fluctuation during the test
was maintained within £2 °C. Fatigue tests were con-
ducted duplicately for each strain amplitude to improve
the accuracy of data. Fatigue life (Nf) is defined as the
number of cycles when the specimen fractures or the
maximum stress decreases by 50%. After the LCF test at
different temperatures, the failure locations will be evalu-
ated before the subsequent analysis.

2.3 Microstructure Characterization

Before the LCF test, Microstructure characteriza-
tion was conducted on optic microscope (OM, Zeiss
Imager A2m) after being etched by A (a solution of 4%
HNO3+CH3CH20H). Micro-hardness distribution
across the joint was tested by a hardness tester (Zwick/
Roell) with a constant load of 9.8 N and holding time for
15 s. After the LCF test, micro-hardness from the BM
to the middle of WM was compared to clarify the load
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Figure 1 Geometry of the specimen for low cycle fatigue test (Unit:
mm)

Table 1 Chemical composition of the base metals and the weld metal (wt%)

Materials C Si Mn P S

BM <030 0.14 0.19 0.0041 <0.15
WM <012 040 141 0.0075 <0.01
Materials Cr Mo Vv Ni Cu
BM 2.21 0.68 0.0634 2.11 <0.17
WM 0.59 047 0.0028 2.10 <0.1
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distribution for each zone at various conditions as well
as determining the precise failure location. The frac-
ture surface of the failed specimens was examined by
SEM (JSM 7600F). Energy dispersive X-ray spectroscopy
(EDS, INCA) was also carried out to detect the chemi-
cal composition of the crack initiation as well as trying
to depict the failure transition mechanism at different
temperatures.

3 Results and Discussion

3.1 Cyclic Stress-Strain Behavior and Fatigue Life

The cyclic stress-strain behavior could be described by

the following equation originated from Ramberg-Osgood
1

equation:
+(52)"

where Ao/2 is the middle-life stress amplitude, Ae/2 is
the total strain amplitude, K is the cyclic strength coef-
ficient and »’ is the cyclic hardening exponent. Figure 2
shows the relationship of stress amplitude and total strain
amplitude, as can be seen, the data points fit better with
the acquired curves at different temperatures. The K’ and
n' derived from two temperatures are listed in Table 2. It
could be seen that the cyclic strength coefficient and the
cyclic hardening exponent are much bigger compared

AE_AO’

2 2F

Ao
2K’

(1)

650
= RT
© e 300°C
o
S 600 |
N
%
o}
< 550 |
()
o
S
=
a 500 F
£
©
-
& 450+
=]
()
400 1 1 1 1
0.002 0.004 0.006 0.008 0.010 0.012
Strain amplitude Agy/2
Figure 2 Cyclic stress-strain curves at different temperatures
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to that of room temperature, it means the welded joint
experiences more significantly strain hardening effect,
which could be attributed to the formation of precipi-
tates or carbides and its interactions with dislocations
even though the temperature softening effect at elevated
temperature.

The total strain amplitude consists of elastic and plastic
strain amplitude in LCF analysis. Dependent equations
were proposed between elastic/plastic strain amplitude
and fatigue life by different researchers. Figure 3 repre-
sent the relationship between the strain amplitude and
the number of reversals to failure at two temperatures
by the Manson-Coffin equation, which is mathematically
defined as Eq. (2):

Aeg,
2

Ae
=

Agy _

5 (2)

UJL b /

where ajl is the fatigue strength coefficient, E is the
Young’s modulus, b is the fatigue strength exponent, 8} is
the fatigue ductility coefficient, c is the fatigue ductility
exponent and N, is the number of cycles to failure.

The fatigue parameters at two temperatures are listed
in Table 2. We can Figure out that the fatigue strength
coefficient and the fatigue strength exponent at two tem-
peratures are very close, reflecting the welded joint has
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Figure 3 Strain amplitude-life curves at two different temperatures

Table 2 Low cycle fatigue parameters at two different temperatures

af’ (MPa) b e", c n’ K’
RT 9984 —0.068 0.3617 —0.660 0.0666 842.0
300 °C 925 —0.070 0.3251 —0.731 0.0833 9204
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similar elastic strain behavior. While the joint has larger
fatigue ductility coefficient and fatigue ductility exponent
at room temperature, which indicates the joint has bet-
ter plastic deformation resistance than that of elevated
temperature. Finally, the intersection point correspond-
ing to transition life of 1290 cycles (Nt) exists in RT but
only 610 cycles in 300 °C as the fatigue life is very short at
strain amplitude of 0.6% at 300 °C.

3.2 Cyclic Deformation Behavior
Generally, the cyclic deformation behavior represents
the stress alteration of the material under cyclic loading
conditions and it can include hardening stage, saturation
stage and softening stage. The proportion of each stage
depends on the original microstructure as well as the
microstructure evolution during the cycling conditions.
Figure 4(a) and (b) show the stress amplitude varia-
tion tendency at various strain amplitudes at two tem-
peratures, respectively. At room temperature, the data
are obtained in the range of strain amplitude from 0.3%
to 1.0%. While at 300 °C, the data are obtained in the
range of strain amplitude from 0.275% to 0.6%. As can
be seen, the stress amplitude increases with the increas-
ing strain amplitude while the fatigue life decreases. At
RT in Figure 4(a), the joint displays a stable period for the
majority of life followed by a sudden softening behavior
for the remaining life at strain amplitude of 0.3%, while
it exhibits a continuous and gradual softening behavior
followed by a sudden softening behavior at strain ampli-
tude above 0.3%. When it turns to elevated temperature
in Figure 4(b), the joint displays a stable period for almost
90%N; followed by a sudden softening behavior at strain
amplitude of 0.275% which only covers about 10%Nj
For strain amplitude from 0.3% to 0.5%, a continuous
and gradual softening behavior followed by a sudden
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softening behavior is observed. While at strain amplitude
of 0.6%, the joint shows a stable period in the first few
cycles the followed by a slightly hardening effect and ends
up with a continuous and gradual softening behavior.

3.3 Microstructure Characterization

Microstructure characterization of the welded joint
is depicted in Figure 5. Figure 5(c) displays the overall
microstructure across the welded joint, which can be
divided into BMs, WM and HAZs. The width of the WM
is about 20 mm and a typical multi-layer and double-pass
feature can be observed. As shown in Figure 5(a) and (b),
tempered granular bainite as the main microstructure of
BM and WM with different grain size, and few blocky fer-
rite could be found in WM. As illustrated in Figure 5(d)
and (e), HAZ can be further divided into coarse grain
zone (CGZ) and fine grain zone (FGZ). The microstruc-
ture of the CGZ and FGZ are both tempered martensite.
The austenite grains were larger in the CGZ due to the
heating peak temperature was even higher than that of
the FGZ. The BM was suffered from the heat treatment
of quenching and high-temperature tempering, the over-
tempering zone (OTZ) will occur under welding thermal
cycle, which could be determined by hardness test due to
no obvious microstructure difference with BM .

3.4 Failure Location and Micro-hardness Test

After the LCF test, all the specimens fails in the middle
of the WM at RT, while the failure locations transferred
to BM side at 300 °C. Two specimens of various tempera-
tures at strain amplitude of 0.6% were selected for further
analysis. There exists some cracks in HAZ and adjacent
to HAZ besides the failure location, reflecting the failure
mode at 300 °C is competitive.

V]

S - R

= 400

o 0.3% -« 03%%

0.4%

0.6% -

0.5%

0.65%
0.™e 0.8%
1.0%
A A vl A

10 10 10 10 10
Number of cycles N

b
-
T

Stress amplitude 2Ao/2 (MPa)

D9 -

Figure 4 Cyclic deformation behavior at different temperatures: a RT, b 300 °C

b so0
©
o
-
Qf 600 k= » : :3,‘3:.‘
9 i1 iand
_g + an
3
=
- 100
e
: « 0275% =+ 03%
8 « 035% -+ 0375%
= 200k 0.4% + 045%
w o 048 « (6%
PP | PRSP | Db PRSP
10 10 10 10 10°
Number of cycles N




Xu et al. Chin. J. Mech. Eng. (2019) 32:29

Grains

Ci olumnar grain direction

1\\\\\

; Tcmpnred
v ﬁnneusne

S0pum

Figure 5 Structure of the welded joint: a microstructure of BM, b
macrostructure of WM, ¢ the overall macrostructure of the whole
welded joint, d microstructure of course grain zone, @ microstructure
of fine grain zone

400
—un— Before test
—e— After test at RT
—A— After test at 300°C |
—~ 350 |
Pl
o
>
L, :
@ 300 At
&
T e
S ki
T 250} {
o1z
BM -+ HAZ WM
200 1 . 1 1 1
-10 -5 0 5 10
Distance to fusion line (mm)
Figure 6 Failure location and micro-hardness distribution before and
after test

Figure 6 shows the micro-hardness distribution of
welded joint before and after LCF test, the micro-hard-
ness of WM before test has a good match with that of
BM. It is clearly noted that the micro-hardness of OTZ in
HAZ drops remarkably in the HAZ as the repeated over
tempering during the welding process. Some researchers
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suggested the sharply micro-hardness drop zone may be
the most vulnerable area in the LCF test at room tem-
perature. So much attention should be paid to this zone.
Finally, the width of HAZ is determined about 4.0 mm,
which could be utilized to confirm the precise failure
location of the specimen.

The hardness test showed that WM became a little bit
softer comparing to that before test after LCF test at RT,
while the micro-hardness of HAZ rose up to the same
level with the BM accompanied with soft zone in OTZ
vanished. So the WM become the weaker part of the
whole joint for LCF test at RT, leading to failure happen
in WM. For the specimen at 300 °C, BM and HAZ exhib-
ited a sharp hardening behavior while the weld metal dis-
played a slightly hardening behavior. However, the soft
zone still existed in OTZ. The different hardening and
softening behavior in various zones may be tightly associ-
ated to the load each zone takes up and affecting the final
fracture behavior. The fracture location was 4.4 mm from
the fusion line, so the specimen at 300 °C could be fur-
therly confirmed to fail at OTZ near the BM rather than
in the soft zone.

3.5 Fracture Morphology
Fracture surface were observed for two failed specimens,
showing in Figure 7 and Figure 8, respectively. The over-
all morphology of the specimen failed at WM at room
temperature is presented in Figure 7(a). It can be clearly
observed that specimen exhibits a multi-surface crack
initiation feature. One of the surface crack initiations
is magnified and shown in Figure 7(b) and no obvious
inclusion exists, which indicates the surface crack initia-
tion can be attributed to extrusion and invasion mecha-
nism induced by the movement of slip bands. Obvious
fatigue striations in the crack propagation area can be
observed in Figure 7(c). Generally, the slip of the disloca-
tions in the plastic zone ahead of the crack tip is deemed
to be responsible for the occurrence of the fatigue stria-
tions. An internal inclusion with diameter of 40 um is
magnified and displayed in Figure 7(d) and a plane can
be observed around the inclusion, the EDS analysis result
is shown in the inserted table. We can conclude that the
internal inclusion is not a crack initiation as it occurs
in the final fracture area. The competition between the
surface and inner initiation due to an internal inclusion
have been investigated by Hu et al. [36], they deem that
the LCF lifetime is more sensitive to surface defects,
while crack nucleates from internal inclusion has a longer
fatigue lifetime due to smaller stress concentration at
crack tips.

Figure 8(a) exhibits the overall SEM micrograph of the
specimen failed at OTZ at 300 °C, the surface crack area,
the crack propagation area and the final fracture area
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Figure 7 Fracture morphology of the specimen failed at WM at room temperature: a the overall morphology of fracture surface, b magnified
micrograph of one surface crack initiation, c fatigue striations near the surface crack initiation, d internal inclusion in the final fracture zone
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can be easily distinguished. Two obvious surface crack
initiations are magnified and depicted in Figure 8(b)
and (c), respectively. For one surface crack initiation in
Figure 8(b), an obvious inclusion is observed and the
chemical composition of the inclusion is MgO and Al,O,.
While no inclusion exists in another surface crack ini-
tiation in Figure 8(c), which indicates the extrusion and
invasion of slip bands plays a dominate role here. In Fig-
ure 8(d) presents the fatigue striations induced by the
surface crack initiations, which is clearer compared to
the Figure 7(c), reflecting the ductility of OTZ at 300 °C is
better than that of the WM at RT.

3.6 Discussion

According to Table 2, the joint has smaller fatigue ductil-
ity coefficient (8}) and fatigue ductility exponent (c)
accompanied with bigger cyclic strength coefficient (#')
and the cyclic hardening exponent (K’) at 300 °C, which
means the joint experiences more significantly strain

hardening effect and has worse plastic deformation
resistance than that of room temperature, indicating the
microstructure deteriorates faster thus resulting the
reduction of fatigue life with the increasing temperature.

As shown in Figure 6, the middle of the WM suffers
softening and the cyclic strain hardening effect occurs
in OTZ. As fatigue parameters mentioned above, the
joint is more sensitive to the micro-hardness distribu-
tion at room temperature, which resulting in the fail-
ure in the middle of WM. When it comes to 300 °C, the
fracture occurs in OTZ near the BM while existing some
cracks in HAZ, the crack and fracture location corre-
sponding to the soft zone in OTZ and the fracture loca-
tion where consists of surface inclusion, respectively.
It has been found that surface cracks initiate not only
from the damaged grain boundaries but also from geo-
metrically discontinuous portions such as slip steps [37].
As can be seen from Figure 6, the BM and HAZ exhib-
ited a sharp hardening behavior while the soft zone still
exists, but the joint fails in OTZ near BM where consists
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Figure 8 Fracture morphology of the specimen failed at OTZ at 300 °C: a the overall micrograph of the fracture surface, b magnified micrograph of
one surface crack initiation, ¢ magnified micrograph of another surface crack initiation, d fatigue striations in the crack propagation zone

of surface inclusion rather than in the soft zone in OTZ.
As the softest part in HAZ, OTZ has great hardness dif-
ferences with the surrounding microstructure. Thus, lots
of microcracks are found at OTZ. However, their crack
growth rates are much slower than the crack leading to
failure with inclusion on the surface. This indicated that
the joint is more sensitive to the distributed surface
inclusion at 300 °C.

4 Conclusions

LCF tests were conducted on the bainite welded joint
at two temperatures, the failure locations at two tem-
peratures were analyzed. Some conclusions are drawn as
follows:

(1) The fatigue life curves at two temperatures both can
be described well by the Manson-Coffin relation-
ship. Fatigue parameters derived from fitting curves
indicates that the joint has worse plastic deforma-

tion resistance and experiences more significantly
strain hardening effect at 300 °C.

(2) Except initial stabilized stress response at single
low strain amplitude, a gradual cyclic softening fol-
lowed by a sharp softening behavior is observed at
all strain amplitudes at both temperatures.

(3) The joint fails at middle of WM at RT, which attrib-
uted to the softening effect of WM combined with
cyclic strain hardening effect in OTZ. When it
comes to 300 °C, the heterogeneous distributed sur-
face inclusion is responsible for the fracture transi-
tion to OTZ near BM rather than the soft zone in
OTZ, reflecting the joint is more sensitive to the
surface inclusion.
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