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Abstract This study investigated the fatigue crack propa-
gation (FCP) behavior of different regions (base metal
(BM), heat-affected zone (HAZ) and weld metal (WM)) of
dissimilar metal welded joints of L360MS pipeline steel
with Inconel 625 welding wire as the filler material. The
effect of the microstructure on FCP was discussed. The
results indicated that the fatigue crack growth rates (da/dN)
for the WM were lower than those for the BM and the HAZ
under the same stress ratio. The microstructures of these
regions had different characteristics, such as equiaxed
austenite, ferrite and pearlite, which could explain the
observed differences in properties. For instance, the FCP
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path revealed that the existence of ductile equiaxed grains
and coarse columnar grains caused the WM to have higher
fatigue crack growth resistance and a more tortuous crack
propagation path than the BM and the HAZ. The
microstructure, grain orientation, strain distribution and
grain boundaries around the fatigue crack in the HAZ
specimens that propagated through the WM and the fusion
line were analyzed by electron backscatter diffraction
(EBSD). The results showed that the fatigue cracks fol-
lowed a zigzag path into the HAZ along the high-angle
Type II boundary and Type I boundary in the WM.
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1 Introduction
As energy consumption is increasing worldwide, energy

resources are facing depletion, and it is increasingly diffi-
cult to exploit traditional energy resources such as oil and
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natural gas. Extreme extraction and transport environments
have imposed strict requirements on transport pipelines,
wherein the general aim is to minimize cost while ensuring
the transport quality. Bimetallic composite pipes (BCPs)
have become a research focus because of their good cor-
rosion resistance, mechanical properties and processability,
which can significantly improve the service life of pipeli-
nes [1-3]. The combination of low cost and superior per-
formance has led to the wide adoption of BCPs in oil and
gas transport, the chemical industry, the nuclear industry
and other fields [4-8].
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For BCPs, stainless steel or nickel-based alloys mainly
provide corrosion resistance and are used as the cladding
layer. Carbon steel or high-strength low-alloy steel as the
base layer mainly provides strength. Fatigue fracture is a
common failure form of oil and gas transmission pipelines
in service [9, 10]. Transport pipelines will inevitably be
subjected to alternating loads during service. Some of these
alternating loads come from the pressure fluctuations in the
conveying medium and the layered structure of oil and gas
flow in the pipeline, whereas other alternating loads come
from outside of the pipeline, such as vibrations caused by
vehicles passing above the buried pipeline, vibrations
caused by geological migration, and Kaman vibrations
caused by fluid impacts when the buried depth of the
pipeline is insufficient. These alternating loads impose
higher requirements on the base layer that provides
strength support, especially for the welded joints of the
base layer. Moreover, due to the microstructure and
chemical composition differences, a weak area that is
prone to cracking exists in the base layer metal and the
dissimilar welded joints. Therefore, understanding the
crack propagation behavior in each region of the base
layer, dissimilar metal welded joint (DMW]J) is of great
significance to the integrity and safety design evaluation of
a BCP. However, the failure of a DMW] is a complicated
process due to the microstructure and operating environ-
ment. Although many studies have been carried out on the
microstructure [11-13], strength [14-16], fracture [17-27]
and stress corrosion cracking [28-34] of DMWIs, few
reports have analyzed the crack propagation behavior of
DMWIs in BCPs.

There are few reports on the FCP behavior of DMWIs.
Cortés et al. [35] studied the crack growth behavior of
Inconel 718 and AL6XN DMW]s filled with ERNiFeCr-2.
The crack propagation rate of the WM was considered to
be the highest under the influence of brittle second phases
such as Laves and NbC. Wang et al. [36] studied the crack
formation and propagation of DMWIJs in L360QS low-
carbon steel and NO8825 nickel base alloy composite pipes.
They found that the crack was formed in the nickel base
alloy layer and subsequently propagated perpendicular to

the fusion zone and terminated in the weld. Jang et al. [37]
studied the effect of microstructure and residual stress on
the FCG rate of narrow-gap DMWIJs. Because of the
presence of tensile residual stress, the fatigue cracks first
expanded along y-austenite dendrites, and the propagation
speed was accelerated at the root of the weld. Wang et al.
[38] studied the effect of the local microstructure on the
initiation and propagation of short cracks in various regions
of the DMWIJs in a nuclear power plant. Due to the pres-
ence of second-phase particles at grain boundaries, the
cracks tended to germinate in the slip zone and propagate
along columnar grain boundaries. The fracture mode of the
WM was intergranular fracture. Ki et al. [39] determined
the FCG rate of various parts of A508/alloy82/316L
DMWIJs and found that the residual compressive stress
helps to slow the rate of crack propagation at the interface
of the WM. Huang et al. [33, 40] also simulated the effects
of residual tensile stress, crack closure and heat treatment
on the FCG of corroded DMW/s.

The present work studies L360MS/N08825 BCPs filled
with Inconel 625, wherein the particular focus is on the
BCP base layer and WM of the welded joint. Accordingly,
FCQG rate tests were carried out on various regions of girth
welds of CT specimens in an atmospheric environment. An
optical microscope (Olympus Corporation, Japan) and a
scanning electron microscope (Thermo Fisher, the USA)
equipped with an energy-dispersive spectrometer were
used to observe and analyze the FCP path and fatigue
fracture in various regions to understand the fracture
characteristics of the joint and reduce the potential safety
risks (Table 1).

2 Experimental Procedure
2.1 Materials

The materials used were L360MS/N08825 BCPs, which
were formed by centrifugal casting. The BCPs were welded
together using tungsten inert gas welding (TIG), and the
welding process and parameters were reported in our

Table 1 Chemical compositions of N08825, L360MS and Inconel 625 (wt%)

C Si Mn P S Nb Ti
NO08825 0.022 0.14 0.47 0.012 - - -
L360MS 0.10 0.45 1.65 0.025 0.003 0.06 0.04
Inconel625 0.03 0.40 0.30 0.01 0.01 37 0.03

A\ Cu Ni Cr Mo Al Fe
N08825 - 1.47 41.14 22.07 313 - Bal
L360MS 0.05 - - - - - Bal
Inconel625 - 0.03 61.60 22.00 8.70 0.1 Bal
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Table 2 Fatigue crack growth rates

Region Equation of fatigue crack growth rate Correlation coefficient
BM da/dN = 5.4641x 107 8(AK)> %2 0.9873
HAZ da/dN = 4.0829x 107 "(AK)" 8% 0.9843
WM da/dN = 3.4867x10'1(AK)**7® 0.9952

2.3 Fatigue Test Procedures and Characterization
Girth weld
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Fig. 1 Schematic diagram of the L360MS pipeline steel

previous paper [36]. The chemical compositions of the
N08825, L360MS and Inconel 625 filler metals are given in
Table 2. After welding, all joints were kept at 600 °C for
3 h and then cooled in a furnace to release residual stresses.
Finally, the welded joints were subjected to X-ray and
ultrasonic nondestructive testing, and the NO8825 cladding
layer was stripped after there were no defects. The speci-
fications of the ®710 mm x 24 mm L360MS pipeline
steel are shown in Fig. 1.

2.2 Metallographic Observations and Hardness
Measurements

The specimens encompassing the BM, WM and HAZ in
the welded joint were sampled for metallographic obser-
vations with a DME200M optical microscope, elemental
analyses with a scanning electron microscope/energy-dis-
persive spectrometer instrument, and hardness measure-
ments with an HXD-2000TM/LCD microhardness tester.
The specimens were polished and etched (the BM and
HAZ were etched in 4% natal solution, whereas the WM
was etched in aqua regia) before the examinations, and the
results revealed the material properties.

@ Springer

The FCG test was conducted in accordance with ASTM
E647-15, “Standard Test Method for Measurement of
Fatigue Crack Growth Rates.” The FCG rate was tested by
standard compact tension (CT) specimens. The crack tips
were located at the BM, HAZ and WM. The method of
taking specimens from the welded joint and the details of
the CT specimen are shown in Fig. 2, and no less than 3
specimens were used for each group. A PWS-50 electro-
hydraulic servo dynamic test system was used for the test,
which was conducted at 25 °C (room temperature). All
specimens had 2-mm-long prefabricated cracks, and the
specimens were cyclically loaded under sinusoidal load
control with a frequency f = 8 Hz, a load ratio R = 0.1 and
a maximum load of 4.5 kN while keeping the other test
parameters unchanged after crack prefabrication. More-
over, FCP tests with Py,x = 4 kN and P,;, = 0.4 kKN were
carried out. The specimen FCP path was characterized
under optical microscopy (OM) after the fatigue experi-
ment. Afterward, electron backscatter diffraction (EBSD)
analysis was performed on an FEI Nova NanoSEM 430
equipped with HKL Channel 5 software, which was used to
characterize the cracks in the HAZ specimens that propa-
gated across the interface. The scanning region size was
240 pm x 500 pum, and the scanning step length was
0.6 um. The fracture surfaces after the FCP tests were
observed by scanning electron microscopy (SEM).

3 Results and Discussion
3.1 Microstructure and Microhardness

Figure 3 shows the micrographs of various regions of the
welded joint and a scan of the weld interface. Figure 3a
clearly shows the microstructure of dissimilar welded
joints composed of the BM, HAZ and WM. The
microstructure of the BM consists of banded pearlite and
ferrite (Fig. 3b). The microstructure of the superheated
zone (Fig. 3c) near the FL is abnormally coarse. The
coarse-grained zone is composed of coarse ferrite, pearlite
and lath martensite, and the microstructure of the fine-
grained zone is similar to that of the BM. Two boundary
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Fig. 2 a Sampling position of the CT specimens. b Schematic diagram of the notch position in the HAZ specimens. ¢ Schematic diagram and

size of the CT specimen sampling location

types can be clearly seen in the figure: the Type II
boundary, which is approximately 20-50 um from the FL,
and the equiaxed grain boundary Type I boundary, which
connects the Type II boundary and the FL (Fig. 3d). Pre-
vious studies [41-44] have shown that the formation of
these two boundaries is related to the difference in the grain
structure between the BM and the WM and the rapid
change in chemical composition on both sides of the FL.
Among them, the Type I boundary is the result of epitaxial
grain growth, whereas the Type II boundary is caused by
the change in the solidification mode of the molten pool.
These two types of grain boundaries are high-angle grain
boundaries, which are highly sensitive to stress corrosion
cracking (SCC) and easily become crack initiation sites and
crack propagation paths [13, 44]. In addition, the
microstructure of the WM is columnar austenite and
equiaxed austenite (Fig. 3d).

Figure 3e shows an SEM image and the energy-disper-
sive spectroscopy (EDS) line scan results of the weld
interface. The concentrations of the main elements—Fe,
Ni, Cr and S—in the WM shows that there is an obvious
abrupt change region on both sides of the FL. Because the

alloy element in the WM is diluted and the Fe content is
increased by the BM melting during welding, the content
of each element in the WM far away from the FL slowly
returns to the normal level. Another significant change
appears on the Type II boundary: The contents of Fe and Cr
decrease slightly, whereas the contents of Mo, Nb and S
increase sharply. A decrease in the content of Cr means a
decrease in the corrosion resistance, and a high content of
Mo (> 3%) will worsen the oxidation resistance of steel.
Nb has a strong affinity for O, C and N and easily forms
stable compounds. The accumulation of S confirms the lack
of corrosion resistance of the Type II boundary.

The microhardness distribution of the entire welded
joint interface region is shown in Fig. 4. The hardness of
the BM is lower than that of the WM, and the hardness of
the WM fluctuates greatly. The hardness of the filling layer
is higher than the hardness of the root layer due to temper
softening during the welding process. In addition, there is a
region of hardness increase at the interface between the
WM and the BM. Related research [45, 46] shows that this
is due to the existence of a carbon-rich zone in the weld
layer near the FL, which provides strong solid solution

@ Springer
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Fig. 3 OM micrographs of a the whole welded joint, b the BM, ¢ the coarse-grained zone and d the WM. e SEM micrograph and EDS line scan

results of the weld interface

strengthening and produces a martensite-like structure. The
lowest hardness value in the weld is adjacent to the highest
hardness point, which is caused by the weakening of the
solid solution strengthening by the migration of Ni and Cr

@ Springer

to the parent metal [47]. A relative hardness decrease
occurs on the HAZ side of the FL, and the local softening
in this region is due to high-temperature tempering during
the welding process.
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Fig. 4 a Distribution of hardness measuring points on the welded joint. b Microhardness profile across the welded joint

3.2 Fatigue Crack Growth Rate

In this study, the data (a,N) are processed by the Smith
method [48] when calculating the FCG rate, i.e., da/dN.
The Smith method is based on a group of functions, as
shown in Eq. (1). The FCG rate obtained by the Smith
method reflects the overall FCG rate:

yi = By + B 1nx[+B2/xi (1)

da; 2
4 _ 4 (2)
dNi (B]Cli 732(11)
AP (2
AK= Car) (0.886+4.640—13.3207+14.720” —5.65*)

BVW (1-2)3/2
(3)

where y; = N; — Nj (N; is the number of real-time cycles),
X; = ai/ay (q; is the real-time crack length), and By, B; and
B, are the undetermined coefficients that can be obtained
by regression of the test data.

The FCG rate is obtained by taking the derivative of
Eq. (1).

The crack tip stress intensity factor range AK corre-
sponding to the FCG rate da/dN is calculated by using the
crack length ;. For the CT specimens, AK is determined
by Eq. (3).

AP is the amplitude of the applied load and o = a/W
(0 >0.2a).

The steady-state crack growth (stage II) rate can be
expressed as the following Paris law:

= c(ak)"

i (4)

where C and n are material constants that are determined
from experiments.

According to the curve of da/dNvsAK in various
regions of the welded joint (Fig. 5), each crack propagation
curve can be divided into stages I and II (initiation and
Paris stage). Because of the nonuniformity of the
microstructure of the material, the fatigue crack growth
rate has a large amount of scatter. These results also
indicate that the FCG rates in various regions of the welded
joint are different and that the crack growth rate increases
as the number of cycles increases under the same stress
ratio. The rate is lower during stage I of crack propagation,
where crack propagation is faster in the BM and HAZ and
slower in the WM. In stage II, at low AK, the FCG rate
trend is comparable to that in stage I, however, as AK
increases, the differences in the FCG rates in various
regions decrease.

The equation of steady-state FCG rates in various
regions of the welded joint is shown in Table 2.

1E3
s
f-.-:' A A
o o L O
—_~ A AA
= cme ©°
oy
S IE4|
é B
Z
5
=S
=
5 BM-1 m HAZ-1 = WM-1
® BM-2 e HAZ-2 e WM-2
A BM-2 A HAZ-3 A WM-3
1E-5 1 1 1

20 30 40

AK(MPa-m"?)

50 60

Fig. 5 L360MS pipeline steel fatigue crack growth rate in various
regions of the welded joint
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3.3 Fatigue Crack Propagation Path in Various
Regions of the Welded Joint

3.3.1 Fatigue Crack Propagation Path in the BM

Figure 6 shows a micrograph of the FCP paths in the BM.
Figure 6a corresponds to the precrack, in which the crack
originates at a high stress concentration point near the
machined notch and then propagates in a tortuous manner
along an approximately straight line. As shown in Fig. 6b,
¢, when AK is low, the grain boundaries may hinder FCP,
and the crack mainly propagates along the grain boundaries

of ferrite and pearlite, following the principle of minimum
energy consumption [49]. The crack bypasses the harder
inclusions in the structure (Fig. 6b) and the hard pearlite
(Fig. 6¢). When AK is high, the fatigue crack mainly
propagates transgranularly. In Fig. 6d, the crack directly
propagates through the soft ferrite phase.

Figure 6e shows a schematic diagram of the principle of
FCP in the BM, which is in agreement with the study by
Guan et al. [50]. The second hard phase, pearlite, plays an
important role in deflecting the FCP path and hindering
FCP. In addition, the crack can also pass through the
pearlite in some cases, depending on the orientation of the

. 44

L Sead
tergranular prop

o Sy
X o

Fig. 6 OM images of the crack growth paths in the BM: a crack growth path from the precrack and b—d stable crack propagation path
(AK increases gradually). e Schematic diagram of the fatigue crack propagation principle in the BM
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pearlite lamellae. When the crack tip is parallel to the
pearlite lamellae, the crack will transgranularly propagate
within the pearlite; otherwise, the crack will bypass the
pearlite.

3.3.2 Fatigue Crack Propagation Path in the WM

Figure 7 shows a micrograph of the FCP paths in the WM.
From the fatigue crack initiation region (Fig. 7a, b), it is
observed that the initial crack/slip surface is oriented at an
angle of 45° with respect to the loading axis because the

Crack growth¥
directi

WM structure is equiaxed austenite with 12 slip systems.
When subjected to external forces, slip can only occur in
the direction that is most conducive to the occurrence of
slip [51, 52]. Because the shear stress plays a leading role
in the process of fatigue crack initiation, the soft orienta-
tion of slip is preferred. During the stable propagation
period of fatigue cracks (Fig. 7c—e), it can be seen that
when AK is low, the crack propagates along an approxi-
mately straight line through the WM equiaxed grain region,
and the propagation direction is perpendicular to the load
direction. When AK is higher, the FCP path begins to

S d
i
Signal A = SE1
Mag= 200X

EHT = 15.00 kV
WD =120mm

Date :6 Jun 2018
Time :15:50:28

Fig. 7 OM images of the crack growth paths in the WM: (a, b) crack growth path in the crack initiation region and c—e stable crack propagation

path (AK increases gradually). f SEM image of the region shown in (e)

@ Springer



2396

Trans Indian Inst Met (2020) 73(9):2387-2402

become tortuous, accompanied by bifurcation and even
circular cracks. This phenomenon will slow the FCP rate
and produce a small amount of plastic deformation around
the crack [53]. The SEM image (Fig. 7f) in Fig. 7e shows
that there are a large number of fine second-phase particles
around the crack, which are dispersed on the austenite
grain boundary. The second-phase particles maintain a
coherent or incoherent relationship with the matrix, which
can often hinder the movement of dislocations [54].
Moreover, the majority of the second-phase particles gather
at the junction of multilayer and multipass welding where
the tortuous fatigue cracks occur, indicating that the sec-
ond-phase particles have a great hindering effect on FCP.
Therefore, it can be concluded that the WM has good
fatigue crack resistance.

3.3.3 Fatigue Crack Propagation Path in the HAZ

Figure 8 illustrates a micrograph of the FCP paths in the
HAZ, wherein the fatigue crack is formed at the notch in
the specimen and then propagates approximately parallel to
the fusion line (Fig. 8a, b). By analyzing the microstructure
of the welded joint (Fig. 3), the FCP paths in the HAZ

=
=

S
s:f'!
[ an
SGe
284
S
Sy
T~
=

zag crack
growth

specimens are in the fine-grained zone of the welded joint.
The area is normalized during the welding thermal cycle,
its microstructure is composed of fine pearlite and ferrite,
and the mechanical properties are superior to those of the
parent metal. This explains why the FCG rate of some HAZ
specimens in Sect. 3.1 is slightly lower than that of the
parent metal. The whole crack propagates along a straight
line, and the crack growth path is tortuous and accompa-
nied by crack branches (Fig. 8c, d). However, the tortuosity
of cracks in the HAZ specimen is different from that of the
cracks in the BM specimen: In the HAZ specimen, the
cracks have many small tortuous regions, wherein the
tortuosity is more substantial than that of the cracks in the
BM, and there are more crack branches. The crack bifur-
cation phenomenon is rare in the BM specimens. However,
compared with the FCP path in the WM, the tortuosity of
the crack in the HAZ specimen is smaller, and the FCP
resistance of the WM is higher.

3.3.4 EBSD Analysis of the HAZ

During the observation of the FCP path in the HAZ spec-
imen, the crack in one of the specimens propagates across

rack branches ;

Fig. 8 OM images of the crack growth paths in the HAZ: a, b crack growth path in the crack initiation region and ¢, d stable crack propagation

path (AK increases gradually)

@ Springer
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Fig. 9 OM images of a fatigue crack propagation across the interfaces in the HAZ specimens and the b scanning area

the interface (Fig. 9). After the fatigue crack forms at the
specimen notch, it first tortuously propagates forward in the
welding seam, extends a short distance parallel to the FL
after approaching the FL and then passes through the FL
and enters the HAZ. According to the microstructural
analysis of the WM near the FL in Fig. 3d, it can be
assumed that the fatigue crack encounters the Type II
boundary in the WM during propagation, and the Type 11
boundary itself has a high SCC sensitivity.

It is of great significance to study the relationship
between the FCP and the microstructure, grain orientation,
grain boundary distribution and strain distribution, which
can provide important information on crack growth
anomalies in this region. During this period, the crack is
scanned and analyzed from the point of view of crystal-
lography via the EBSD technique.

EBSD maps are presented in Fig. 10, and the image
quality map (Fig. 10a) well reflects the granular grains in
the BM and the columnar grains in the WM. As shown in
Fig. 10b, the fatigue crack propagates from the face-cen-
tered cubic (FCC) austenite to the body-centered cubic
(BCC) ferrite and pearlite.

The FCP process is bound to produce a large amount of
plastic deformation, resulting in dislocations and disloca-
tion interfaces, and the EBSD technique can measure the
grain orientation change caused by a large number of dis-
location arrangements. The orientation relationship of the
microstructure around the crack is clearly reflected by the
inverse pole figure (IPF) after software processing
(Fig. 10c). The columnar grains of the WM have obvious
directionality, and the misorientation is small. With pre-
ferred orientation, the crack propagates along the edge of a
large cluster of grains with the same or similar orientation,
and this region corresponds to the Type I boundary. The
microstructure orientation on the HAZ side is more
confusing.

As shown in the kernel average misorientation (KAM)
map (Fig. 10d), except for many strain regions caused by

the influence of the welding thermal cycle on the HAZ,
there is no large strain zone around the crack in the WM.
This may be due to the propagation of fatigue cracks along
the path with lower resistance (along the Type I boundary).
Near the FL, a high degree of stress concentration (large
range of yellow areas) can be found, indicating that there is
a higher density of dislocation pileup in this area and that
crack propagation in this area is difficult. Hence, the crack
bypasses this region and enters the HAZ.

The grain boundary distribution map of Fig. 10e con-
firms that the fatigue crack propagates along the high-angle
grain boundary in the WM (corresponding to the Type I
boundary) and enters the HAZ; because of the low crack
propagation resistance at the Type I boundary, there is no
large strain region around the crack.

By analyzing the OM images and EBSD results of the
fatigue cracks in the HAZ specimen, a schematic diagram
of the HAZ FCP model can be created (Fig. 11). This
model is consistent with the stress corrosion cracking
mechanism of alloy 182 and A533B low-alloy DMWIs in
PWR nuclear power plants studied by Hou et al. [13].
When subjected to a high-temperature and high-pressure
water environment, fatigue cracks are generated from the
notches machined in the CT specimens, and these cracks
exhibit tortuous propagation in the WM until they
encounter the Type II boundary near the FL. These cracks
continue to extend along the Type II boundary with low
resistance to crack propagation for a short distance, and
then they reach the FL through the Type I boundary and
finally enter the HAZ under external forces.

3.4 Fatigue Fractography
3.4.1 BM and HAZ
Because the BM and the HAZ have the same fer-

rite + pearlite microstructure, the fracture surfaces of the
BM and the HAZ are very similar. The crack growth rate in

@ Springer
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200um

Fig. 10 EBSD maps: a image quality map, b phase map, ¢ IPF map, d KAM map, e high-angle grain boundary (represented by blue line) and
low-angle grain boundary (represented by red line) distribution map (color figure online)

Fig. 11 Schematic diagram of the HAZ fatigue crack propagation
model [13]

@ Springer

the initial crack growth period (Fig. 12a, b) is low, and the
corrosion layer formed by the full contact between the air
and water in the environment and the crack tip fracture
surface results in the dark color of the fatigue source
region. After the crack enters the stable propagation period
(Fig. 12c, d), a large number of fatigue steps appear on the
fracture surface, accompanied by many secondary cracks
(Fig. 12e), and no fatigue striations are observed. The
fatigue step is not only strong evidence for the increase and
advancement of cracks between cleavage planes but also an
important index to reflect the crack resistance in the
structure. Moreover, the fatigue steps in Fig. 12c are much
larger than those in Fig. 12d. This analysis shows that for
the ferrite + pearlite structure, when the crack grows from
the brittle pearlite to the ductile ferrite, the crack growth
slows due to the sudden increase in resistance. The grain
size also has a certain influence on the crack growth rate.
The refinement of the structure not only greatly improves
its yield strength but also greatly increases its plasticity,



Trans Indian Inst Met (2020) 73(9):2387-2402

2399

Fig. 12 SEM fractographs of the BM and the HAZ: a crack initiation region in the BM, ¢, e crack stable propagation region in the BM
(AK increases gradually), b crack initiation region in the HAZ, and d, f crack stable propagation region in the HAZ (AK increases gradually)

thereby making it more difficult for the material to crack.
Compared with the fine-grained region of the HAZ, the BM
grains are coarser and the crack resistance is smaller, which
is more conducive to sliding. Some slip surfaces with
approximately the same orientation meet to form a large
slip surface, and more slip surfaces with different orien-
tations meet and interact to form a fatigue step. The sec-
ondary crack is beneficial to slow the crack propagation

rate. The rapid propagation period of the fatigue crack in
the HAZ (Fig. 12f) is similar to the radial region of tensile
fracture, and there are a large number of radial patterns,
indicating that the plasticity of this HAZ structure is poor;
the direction of the radial patterns is parallel to the direc-
tion of the crack propagation and points back to the crack
source. However, this phenomenon was not observed in the
BM specimens.
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«Fig. 13 SEM crack fractography of the WM: a crack initiation region
and b-f stable crack propagation region (AK increases gradually).
g EDS results of the inclusions in the fatigue-fractured WM specimen

342 WM

Figure 13 shows the SEM images of the fatigue fracture of
the WM specimens. The fracture morphology of fatigue
crack initiation and early propagation period (Fig. 13a, b)
and the WM FCP path (Fig. 8) show that the crack prop-
agates in the pure shear mode, mainly along the direction
of the main slip system. A large number of cleavage
fracture characteristics, such as river patterns and tear
ridges, are found on the fracture surface [55].

When the fatigue crack enters the stable propagation per-
iod (Fig. 13c, d), an obvious dividing line can be found
between the prefabricated crack and the test crack (Fig. 13c).
Compared with the precrack test, the loading force of the test
decreases, the driving force AK of crack propagation is
already very large, the crack growth rate is relatively fast, the
fatigue fracture becomes rough, and the gloss brightens. From
the fatigue striations found on the fracture surface (Fig. 13d),
it can be concluded that the fracture is a fatigue fracture [56].
The fatigue striations are not continuous and exist on different
sections, and the spacing between striations becomes wider as
AK increases. The smaller the spacing of fatigue striations is,
the better the fatigue performance is and lower the FCP rate
is. Both the BM and the HAZ are BCC structures. Because
the metal with a BCC structure has many slip systems and
high stacking fault energy and is prone to staggered slip, it is
more difficult to form fatigue striations in this metal than in
the metal with an FCC structure. Moreover, the secondary
crack on the fracture surface is basically parallel to the fatigue
striation, which indicates that during the crack growth pro-
cess, austenite has better crack growth resistance than ferrite
and pearlite.

With the increase in AK, the number of fatigue striations
on the fracture surface decreases gradually (Fig. 13e), and
a considerable number of micropores appear. These
micropores are actually formed by impurities or second-
phase particles being peeled off from the matrix under
cyclic stress. The EDS analysis of the inclusions, as shown
in Fig. 13g, shows that the main components of the
spherical inclusions are oxides of Al and Ti. Under the
action of an external force, these inclusions tend to produce
greater stress concentrations, and when they meet with
cracks, crack propagation is promoted by the inclusions or
their cracking boundaries. Although there are also holes in
the stable crack propagation zone, the number of cracks is
small, and the size of these cracks is small. Under the
action of stress, these micropores continue to grow through
plastic deformation and finally form dimples. Figure 13e

shows that some micropores have grown into dimples, and
signs of slip can also be clearly seen at the edge of the
dimples, which indicates that when the fatigue crack enters
the rapid propagation zone, it follows the slip mechanism
and dimple formation mechanism. As AK increases, the
stress intensity factor K reaches the critical value K¢, the
crack enters the unstable propagation region, and the FCP
is controlled by a single dimple formation mechanism,
exhibiting typical ductile fracture characteristics, as shown
in Fig. 13f.

4 Conclusions

The microstructure and fatigue properties of L360MS
pipeline steel welded joints were studied by OM, SEM and
fatigue tests. The FCP behavior of specimens in different
regions was analyzed and studied, and the following con-
clusions were drawn from the results:

(1) In L360MS pipeline steel welded joints, the BM was
composed of banded pearlite and ferrite, the WM
included columnar and equiaxed austenite, and the
Type I boundary and Type II boundary appeared near
the FL. The HAZ included a coarse-grained zone,
which was composed of coarse ferrite, pearlite and
lath martensite, and a fine-grained zone, which was
composed of fine ferrite and pearlite.

(2) The a-N curves of the specimens and the FCG rate
equations for the different regions of the specimens
were fitted. Under the same stress ratio, the cracks
propagated faster in the BM and the HAZ and slower
in the WM. An equation for the steady-state FCG rate
was obtained.

(3) Based on the observations of the crack paths in the
different regions of the sample, the fatigue crack in
the BM of the welded joint propagated intergranularly
or transgranularly according to the orientation of the
pearlite lamella and the driving force of the crack tip.
The FCP paths in the WM were relatively tortuous
due to the effects of equiaxed austenite and multipass
welding. The FCP in the HAZ specimens had two
forms. For the HAZ specimens where the crack
growth rate was slightly lower than that in the BM,
the results showed that the fatigue crack propagated
in the fine-grained region of the HAZ. For the HAZ
specimen where the crack propagated across the WM
and the FL, the EBSD results showed that the fatigue
crack propagated tortuously into the HAZ along the
high-angle Type II and Type I boundaries in the WM.

(4) The fracture morphology of the BM was basically the
same as that of the HAZ, which contained a large
number of fatigue steps and secondary cracks, and

@ Springer



2402

Trans Indian Inst Met (2020) 73(9):2387-2402

there were no fatigue striations. For the WM, the
initial stage of fatigue crack growth had quasi-
cleavage characteristics such as rivers and tearing
edges. In the middle stage, a large number of fatigue
striations appeared. The stage of instability propaga-
tion exhibited a single dimple-type ductile fracture
characteristic.
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