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,e fracture toughness of the weld and heat-affected zone (HAZ) of the L360QS/N08825 composite pipe welded joint was
evaluated by a crack tip opening displacement (CTOD) test.,e fracture morphology, microstructure, and inclusion near fracture
zones were observed by means of scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy
dispersive spectroscopy (EDS).,e grain size and grain orientation of the crack propagation zone in the weld were investigated by
electron back-scattered diffraction (EBSD).,e results revealed that the average CTOD values of the weld and HAZ samples were
relatively high, and a greater dispersion of CTOD values of the HAZ samples is due to the pop-in phenomenon in the P–V curve.
,e fracture surfaces of the weld and HAZ samples showed the characteristics of ductile fracture to a certain extent, whereas the
fracture of the CTOD sample with the pop-in phenomenon exhibited a quasicleavage feature. High-density dislocation and a large
number of inclusions were observed in the near fracture zone of the weld and HAZ samples. ,e stress concentration, caused by
hindering the dislocation slip, was the main reason for microcrack formation. ,e existence of large-size grains and large-scale
small-angle grain boundary in the weld implies that the cracks propagate toward the weld.

1. Introduction

Bimetallic composite pipes have been increasingly applied in the
chemical industry, for environmental protection, for oil and gas
transportation, and in the nuclear industry [1–3] because of
their several benefits such as a reduction in material costs and a
combination of good strength and excellent corrosion resistance
of the two dissimilarmaterials [4, 5]. Because of great differences
in the chemical composition, linear expansion coefficient, and
thermal conductivity between the two dissimilar metals, it is
easy for the bimetallic composite pipe welded joint to have
defects and residual stress [6–8], which results in cracking
[9–11]. ,e crack propagates until fracture occurs, thereby
increasing the risk of oil and gas transportation and reducing
the service life of the pipeline [12–14]. It is very important to
investigate the fracture toughness of the bimetallic composite
pipe welded joint to ensure the safety of construction projects.

At present, crack tip opening displacement (CTOD) is
thought to be the essential fracture parameter to assess the
fracture behavior of steel and welded joints based on

nonlinear elastic fracture mechanics [15]. As the perfor-
mance index and fracture criterion for crack initiation and
propagation analysis of steel and welded joints, CTOD can
not only effectively evaluate the fracture toughness of steel
and welded joints, but it can also provide an experimental
basis for the reliability and security assessment of con-
struction [16, 17] through CTOD tests.

A few studies of fracture toughness of welding materials
have been done by means of CTOD tests. Wang et al. [18]
studied the CTOD fracture toughness of the weld and heat-
affected zone (HAZ) of X80 steel at 0°C according to the
BS7448 standard and found that the CTOD test could be
used to evaluate effectively the fracture toughness of welded
joints. Miao et al. [19] conducted a CTOD test on a sub-
merged arc-welded joint of extrathick ocean structural steel
S355G10+N. It was shown that the fracture toughness of the
S355G10+N welded joint is excellent, and the welding
process can be directly used to construct a marine steel
structure. In addition, it was suggested that high stress
should be avoided in the weld zone owing to the lowest
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toughness of the weld. Coronado and Cerón [20] studied
CTOD for welded joints of three welding procedures and
found that the fracture parameter CTOD was correlated
with the fracture surface andmicrostructures. Leng et al. [21]
studied the relationship between the fracture toughness and
microstructure of S335G10+N welded joints by CTOD, a
Charpy impact test, and scanning electron microscopy
(SEM), and they found that the change trend of the CTOD
value at the weld and fusion line with a notch was similar to
that of the impact value. In addition, there is a big difference
in the average grain sizes of S3557, S3556, and S3559 near-
fracture microstructures. It was found that the larger the
average grain size, the smaller the CTOD value. Wang et al.
[22] studied the fracture properties and microstructure of
A508/316L welded joints. ,e results showed that the
fracture mechanism of A508, 316L base materials, and the
HAZ of 316L is typical ductile fracture of the nucleation,
growth, and coalescence of micropores. ,e fracture mode
of the HAZ of A508 and the interface area of A508/52Mb
composed of martensite is ductile-brittle mixed fracture, and
the presence of martensite leads to low crack growth re-
sistance. At the same time, it was found that the orientation
of columnar austenite crystal can affect significantly the
fracture mechanism and crack growth resistance in the weld
zone. Guo et al. [23] also studied the fracture toughness and
microstructure characteristics of various regions of 9Cr/
CrMoV welded joints. ,e research results show that the
fracture toughness of the CrMoV side is better than that of
the 9Cr side because the microstructure of the former is fine
austenite and bainite and the latter is coarse martensite. Li
et al. [9] studied the crack and fracture properties of Fe3Al/
Cr18 Ni8 welded joints. ,e test shows that the crack ini-
tiation is in the fusion zone of the Fe3Al side, in which there
is much dislocation; most of the cracks propagate along the
fusion zone, but a few cracks propagate horizontally to the
HAZ and end at the weld. ,is is because of c+ δ organi-
zation in this area. Ju et al. [24] investigated the variations
between ductile-to-brittle transition temperature (DBTT)
and CTOD within the HAZ of API X65 pipeline steel. Both
values varied dramatically with the distance from the fusion
zone, and the region near the fusion zone exhibited the
lowest CTOD and highest DBTT, which is possibly caused
by the increasing portion of coarse grain in the HAZ. Be-
cause most mechanical components are subjected to com-
plex loading conditions with varying magnitude and
direction, Mokhtarishirazabad et al. [25] successfully eval-
uated the overload effect of biaxial fatigue cracking in terms
of crack growth rate, crack opening displacement, and stress
intensity factor, providing a new method to study the effect
of applying overload cycle on the behavior of a crack under
cyclic biaxial loading.,e CTOD test can not only be used as
the basis for selecting the toughness of piping and offshore
materials, but also to provide the test basis for evaluating the
safety and reliability of structures.

A few research efforts have been made to examine the
fracture toughness for a bimetallic composite pipe via CTOD
tests because the application of bimetallic composite pipes is
becoming more and more extensive. To ensure the safety of
bimetallic composite pipe welded joints during operation, in

the present study, an experimental investigation was carried
out using CTOD tests to evaluate the fracture toughness of
the weld and the HAZ in an L360QS/N08825 bimetallic
composite pipe welded joint according to BS7448 [26–28],
ISO12135 (2002) [29], and ISO15653 (2010) [30] fracture
toughness test standards at room temperature. ,e fracture
morphology, microstructure, and inclusion near fracture
zones were observed by means of SEM, TEM, and EDS, and
the differences in grain size and grain orientation of the
crack propagation area were studied by the EBSD tech-
nology.,e primary aim was to study the fracture toughness
characteristics of each part of the welded joint to provide a
theoretical reference for engineering applications.

2. Materials and Methods

,e cladding and base materials were made of N08825 and
L360QS, respectively. ,e chemical compositions of the
L360QS/N08825 bimetallic composite pipe formed by
centrifugal casting are given in Table 1. ,e L360QS/N08825
bimetallic composite pipe circumferential weld was welded
using tungsten inert gas (TIG) method through a D/T-
HW350 automatic welder with a U-shaped groove shown in
Figure 1. ,e filler metal was an ERNiCrMo-3 welding wire,
whose chemical composition is given in Table 2. ,e di-
ameter of the L360QS/N08825 bimetallic composite pipe
welded joint was 610mm, and the wall thickness was (20 + 3)
mm.

2.1. Sample Preparation. ,e fracture toughness test was
conducted according to the BS7448 standard to obtain the
CTOD value of the welded joint. ,ree-point bend speci-
mens of the SE(B) with fatigue precrack in the weld and the
HAZ were prepared, and the form of the SE(B) is shown in
Figure 2. ,ickness (B), width (W), and length (L) are the
dimensions of the specimen,M is the machining notch,m is
the length of the precrack generated by fatigue, and N is the
notch thickness.

For estimating each parameter, the ISO12135 (2002) and
ISO15653 (2010) standards were used to intercept samples of
the HAZ and weld, respectively. ,e size of the weld sample
was B× 2B, and the notch direction was NP. ,e size of the
HAZ sample was B×B, and the notch direction wasNQ. ,e
schematic diagram of the sample interception is shown in
Figure 3, where N is the vertical weld direction, P is the
direction of the parallel weld, and Q is the direction of weld
thickness. NP implies that the direction of the sample length
is a vertical weld and the direction of crack propagation is a
parallel weld. NQ represents that the direction of sample
length is a vertical weld and the direction of crack propa-
gation is in the direction of the weld thickness. ,ere were
three samples to be tested for the weld and for the HAZ:W1,
W2, and W3 and H1, H2, and H3, respectively.

2.2. Machining of Mechanical Notch. ,e cutting line of the
specimens was marked in accordance with the BS7448
standard. For the HAZ specimens, the line should be drawn
on the fusion line to ensure that the crack-tip position is not
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more than 0.5mm from the fusion line. ,e line should
coincide with the center line for the weld specimens. In
addition, the vertical angle between the plane of the cutting
line and the sample cutting surface should be 90°± 5° when

the notch is being processed. An electrical-discharge-ma-
chining (EDM) wire-cutting process with molybdenum wire
of 0.08mm diameter was used to machine the notch on the
side of the N08825 alloy along the thickness direction of the

Table 1: Chemical composition of L360QS and N08825 (mass fraction/%).

Material C Si Mn P S Ni Cr Cu Mo V Ti
N08825 0.022 0.14 0.47 0.015 0.007 41.14 22.07 1.47 3.13 — —
L360QS 0.07 0.30 1.06 0.012 0.001 0.090 0.090 0.060 0.040 0.040 0.002

ERNiCrMo-3L360QS

N08825

Figure 1: Bimetallic composite pipe welded joint.

Table 2: Chemical composition of ERNiCrMo-3 (mass fraction/%).

Material Ni C Cr Mo Nb Fe Ti Si
ERNiCrMo-3 64.43 0.011 22.2 9.13 3.53 0.19 0.23 0.05

L

N
60°

w

M a

m

B

Figure 2: ,ree-point bending specimen SE(B).
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Figure 3: Schematic diagram of CTOD sample interception. (a) HAZ; (b) weld.
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specimen. ,e machining depth of the notch was approx-
imately 45% of the specimen thickness. ,e angle of the
notch root was less than 60°, and the radius of the notch root
was 0.12mm.

2.3. Experimental Procedure. ,e fatigue precracking was
carried out on the side of the N08825 alloy using a PLG-200
high-frequency fatigue-testing instrument with a vibration
frequency between 115 and 117Hz at room temperature
(20°C). ,e load ratio was set at 0.1. For the weld and HAZ
samples, the loading span was set as 160 and 80mm, re-
spectively. Meanwhile, maximum fatigue precracking loads
of 22.00 and 35.00 kN were applied for the weld and HAZ
samples, respectively. ,e time of fatigue precracking for
each sample was approximately 0.4 h. According to the
BS7448 standard, crack growth should not be too fast when
fabricating the fatigue precracking. In the last 1.3mm, the
fatigue load ratio can be appropriately increased to avoid the
growth of the surface crack being larger than that of the
internal crack. Loading force needs to be strictly controlled
to prevent the plastic deformation of the crack tip during the
process of fatigue precracking and ensure that the initial
crack length a0 of all samples should be within the range of
0.10–0.45W (HAZ) or 0.45–0.70W (weld), where W is
sample width (mm) [30].

CTOD experiments were performed with a DDL 300
universal testing machine at room temperature; at the same
time, the P–V curve was automatically recorded (P is applied
load, and V is the crack tip opening displacement). A typical
P–V curve is shown in Figure 4. ,e parameters of the
experiment were: speed of application of the load, 0.1mm/
min; span, 160mm for the weld and 80mm for the HAZ; and
sampling interval for equipment data acquisition, 0.1 s. ,e
initial crack length (a0) [28] and CTOD value (δ) [26] are
calculated according to the following equation:

a0 �
1
8

a01 + a09

2
+ 

8

i�2
a0i

⎛⎝ ⎞⎠,

δ �
FS
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+

0.4 W − a0( Vp
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where a0i is the initial crack length of the i-th test point
(i � 2, 3, 4, . . . 8) (the measure of a0i is shown in Figure 5), F

is the applied load, S is span of SE(B), μ is Poisson’s ratio, E is
elastic modulus, f is function for (a0/W), Vp stands for the
plastic component of CTOD, σS is yield strength, and Z is
blade thickness.

After the CTOD test, the validity of the CTOD samples
was determined according to the BS7448, ISO12135 (2002),
and ISO15653 (2010) standards, and specific steps were
performed based on standard procedures from the literature
[21]. ,e analysis showed that the CTOD samples of the
welded joints were effective.

,e fracture surface of the samples was analyzed by SEM
using secondary electrons, while the composition of fracture
inclusions was analyzed by EDS.,e SEM sample was etched

by a solution of CH3OH+HNO3 with the proportion of 3 :1.
TEM was used to observe and analyze the microstructure
morphology and the distribution of dislocations in the near
fracture of the sample, and the acceleration voltage was
200 kV. ,e piece of TEM observational sample was cut
from the middle thickness region of the specimens along the
direction perpendicular to the machining notch, as shown in
Figure 6. After mechanical thinning to 50 µm, the TEM
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Figure 4: Typical P–V curve.
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Figure 5: Measure of a0i (i� 2, 3, 4, . . ., 8).
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specimen was exposed to a double electrolytic jet in an
electrolytic double spray device, and the electrolyte was 75%
CH3OH+25% HNO3 (volume fraction). To understand
further the direction of crack propagation from the per-
spective of crystallography, the crystal structure, grain size,
and grain boundary misorientation of the weld zone were
observed and analyzed using EBSD technology.

3. Results and Discussion

3.1. Discussion of CTODValue. Table 3 summarizes the data
concerning the fracture toughness tests. ,e average CTOD
value (δm) of the weld samples is 1.3232mm, and the
minimum value is 1.2022mm. Meanwhile, the average
CTOD value of the HAZ samples is 1.5119mm, and the
minimum value is 0.9787mm.

As Table 3 shows, the δm value of the HAZ is highly
discrete. ,e maximum δm value of 2.4457 is more than
twice the minimum δm value of 0.9787, which is thought to
be caused by the heterogeneity structure and performance in
the HAZ. ,e lowest CTOD value of H2 may be caused by
the pop-in phenomenon in the P–V curve of sample H2
shown in Figure 7. ,e pop-in phenomenon shows that the
load suddenly decreases and the displacement increases in
the P–V curve, and then the load and displacement continue
to increase until cracking. Meanwhile, when the pop-in
phenomenon occurs, a relatively weak crackling sound can
be heard during the loading process, and a brittle fracture
zone can also be observed on the fracture surface of the
sample. In fact, this pop-in phenomenon was derived from
the small brittle crack initiated at a local brittle zone. ,is
rapidly propagating brittle crack was subsequently arrested
when it propagated into the higher-toughness region that
surrounded the local brittle zone [31]. ,e macroscopic
fracture of sample H2 shown in Figure 8 reveals the signs of
crack tip instability in the local brittle zone, and the crack
propagation path is extremely unstable. Cleavage steps can
also be observed in the crack growth zone, which conforms
to the pop-in phenomenon characteristics. In the loading
process of the CTOD sample, the reduction in resistance to
crack propagation of sample H2 resulted from unstable
crack propagation, which resulted in a lower δm value. ,e
allowable value of CTOD was set at 0.30mm by referring to
the design value of similar steel structures.,e CTOD values
of all zones of the above automatic TIG welded joints

exceeded the allowable value (0.30mm), so this process can
be used for welding L360QS/N08825 composite pipe.

3.2. SEM Fractography Analysis of CTOD Sample. SEM
images of the fracture surfaces of the weld and HAZ samples
are shown in Figures 9 and 10, respectively.

Figures 9(a), 9(d), and 9(g) show that there are many
shallow dimples and some flat brittle appearance on the
fracture surfaces of the crack initiation area of the weld
samples, which is believed to be a result of separating the weak
grain boundaries with low fracture energy [32]. Figures 9(b),
9(e), and 9(h) are the fracture images of the crack propagation
region of the weld sample. In Figures 9(b) and 9(h), the
fracture is ductile fracture with large and spherical dimples
distributed alternately, and small dimples have side-by-side
connections. Figure 9(e) shows the fracture surface that is
characterized by parabolic dimples, and inclusions are dis-
tributed at the bottomof the dimples. As Figures 9(c), 9(f), and
9(i) show, the fracture surfaces of the final fracture zone
consist of equiaxial dimples distributed uniformly, which are
typical of microvoid coalescence fracture [33].

Observations of the fracture surfaces of the crack ini-
tiation area of the HAZ samples are shown in Figures 10(a),
10(d), and 10(g). Figure 10(a) shows that the shape of the
dimples is parabolic, and the size is nonuniform. ,e
number of dimples in Figure 10(g) is less than that in
Figure 10(a), which indicates that the toughness of sample
H3 is weaker than that of sample H1 in accordance with the
CTOD value (δm) listed in Table 3. ,e fracture morphology
of the crack initiation area of H2 in Figure 10(d) is a
quasicleavage fracture, and macroscopic cracking occurs
between some cleavage surfaces. ,e occurrence of mac-
roscopic cracks may be caused by cracking along grain
boundaries or brittle phases. ,e SEM fracture analysis of
the crack propagation region of sample H1 revealed a ductile
fracture with large and deep dimples in a parabolic shape, as
shown in Figure 10(b). ,e extensive and deep dimples in
the fracture morphology of H1 indicate that a great deal of
energy has been consumed during the fracture process [34],
contributing to a high CTOD value (δm). Some shallow
dimples can be seen in the crack propagation region of
sample H2 (Figure 10(e)), which is characteristic of local
ductile fracture. Figure 10(h) shows that the fracture surfaces
of H3 had a ductile appearance characterized by equiaxial
dimples that are typical of microvoid coalescence fracture.
Figures 10(c), 10(f ), and 10(i) show high-resolution frac-
tographs of the final fracture zone of the HAZ samples.
Figure 10(c) shows that many parabolic dimples were dis-
tributed on the fracture surface of H1, and the fracture had a
ductile fracture morphology. ,e fracture surfaces of the
final fracture zone of H2 consisted of brittle fracture with
quasicleavage characteristics, including a fluvial pattern, as
shown in Figure 10(f ).,is fracture was accompanied by less
plastic deformation and energy consumption, and it cor-
responds to lower crack growth resistance. In the final
fracture zone of H3, some small dimples and brittle facets
can be seen, as shown in Figure 10(i), and this is charac-
teristic of mixed ductile–brittle fracture.

Observed section

Notch

Figure 6: TEM observation of CTOD near-fracture sample.
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As shown in Figure 10, there is a clear difference in the
fracture surface characteristics between sample H2 with the
pop-in phenomenon and samples H1 and H3 without the
pop-in phenomenon. ,e fracture morphology of the crack
initiation zone and the final fracture zone of samples without
the pop-in phenomenon is the ductile dimple. However, the
fracturemorphology of the same area of the samples with the
pop-in phenomenon is quasicleavage. ,is further confirms
that samples containing the pop-in phenomenon have lower
CTOD values compared with samples without the pop-in
phenomenon in line with data shown in Table 3.

,e morphology and composition of inclusions in the
fracture surface of the CTOD sample of the HAZ are shown

in Figure 11. ,e spherical inclusions are located at the
bottom of the dimple and are identified as oxides, including
Al2O3 and CaO, by EDS analysis.,e inclusion is a favorable
position for the formation of dimples, and the stress con-
centration around the inclusion generates a microstress
field, which leads to the formation and propagation of cracks
until ultimate fracture.

3.3. TEM Analysis of CTOD Sample near Fracture Zone.
,e microstructure of the near fracture zone of CTOD
fracture samples of the L360QS/N08825 composite pipe
welded joint is shown in Figure 12. Figures 12(a) and 12(b)
show that the microstructure of the near fracture zone of the
HAZ samples is mainly dendritic austenite with a clear
dendritic boundary, and the branch width is between 181.61
and 620.69 nm. ,e appearance of the dendritic austenite
microstructure of the near fracture zone of the HAZ samples
is because the location of the CTOD fracture crack prop-
agation zone is in the weld. At the same time, there is a high
dislocation density inside the austenite grain and along the
grain boundary, and dislocation entanglement was also
observed in the grain. As reported in the literature [35],
dislocation slips forward under the action of external forces.
When the dislocation moves to the grain boundary, it is
obstructed and causes local stress concentration. ,e stress
concentration at the grain boundary becomes the crack
source that eventually develops into a microcrack with the
increase of the deformation degree, which eventually leads to
fracture after crack growth, propagation, and unstable
propagation. In addition, a large number of precipitated
phases with a relatively uniform size of approximately 15 nm
on the dislocation line were also observed inside the den-
dritic austenite grain.

Figures 12(c) and 12(d) show that the microstructure
morphology of the near fracture zone of the weld samples is
similar to that of the HAZ samples.,emajor microstructure
is dendritic austenite with a clear dendritic boundary, and the
branch width is in the range of 228.99 to 1660.00 nm.
Furthermore, high-density dislocation and precipitated
phases with different sizes ranging from 5.88 to 17.65 nm
were also observed in the austenite grain and grain boundary.

,e above analysis shows that the high-density dislo-
cation was distributed in the grain and grain boundary,
providing conditions for the initiation of microcracks that
go through the growth and propagation process until
fracturing eventually. ,e relevant literature [36] indicates
that the precipitations on the dislocation line could hinder

Table 3: CTOD values and parameters of specimens of L360QS/N08825 welded joint (20°C).

Samples Crack
location

Mechanical
properties

,ickness B
(mm)

Width W
(mm)

Crack length a0
(mm)

a0/
W

CTOD value δm
(mm)

Average value − δm
(mm)

W1
Weld

σs � 370MPa 19.82 39.88 21.55 0.54 1.2739
1.3232W2 E� 2.1× 105MPa 19.98 39.90 20.59 0.52 1.4935

W3 µ� 0.3 19.96 39.98 21.02 0.53 1.2022
H1

HAZ
σs � 370MPa 19.94 19.91 4.21 0.21 2.4457

1.5119H2 E� 2.1× 105MPa 19.96 19.94 3.36 0.17 0.9787
H3 µ� 0.3 19.92 19.85 3.77 0.19 1.1113

0.0 1.2 2.4 3.6 4.8 6.0
0

18

36

54

72

90

Pop-in

V (mm)

P 
(k

N
)

Figure 7: Pop-in phenomenon in P–V of sample H2.

Location of crack initiation

Cleavage fracture

4mm

Figure 8: Macroscopic fracture morphology of sample H2.
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dislocation motion effectively and delay the initiation and
propagation of cracks to some extent, which is beneficial to
the toughness of materials. ,e appearance of a mass of
precipitations in the HAZ and weld might be one of the
reasons why the average δm value of the CTOD samples was
higher than the standard value (0.30mm).

In general, the inclusions in thematrix of themetalmaterial
welded joint play an important role in the fracture process as
the nucleus center of microvoid formation and aggregation.
Figure 13 shows the distribution of inclusions and EDS analysis
of the near fracture zone of the HAZ samples. Figure 13 shows
that there are approximately 40 spherical inclusions with
different sizes between 3 and 8µm in diameter in the area of
400× 400µm. ,ese inclusions were distributed in the grain
and the grain boundary, and they were composed of sulfide and
oxide, mainly including TiO2 and CaS.

,e distribution of inclusions and EDS analysis of the near
fracture zone of the weld samples are shown in Figure 14.

Many irregularly shaped inclusions with nonuniform size were
distributed unevenly on the weld substrate. ,e EDS results
reveal that the composition of inclusions is mainly SiO2 oxide.
,e occurrence of stress concentration happens easily and is
common around the inclusions under the action of external
force, which increases the opportunity formicrocracks to form
in the material. Meanwhile, high-density distributed in-
clusions make the connection of microcracks easier, which
eventually leads to the fracture of components after the process
of growth and propagation of cracks [35].

3.4. EBSDAnalysis ofWeldZone. Metallography observation
on the surface perpendicular to the fracture surface showed
that fatigue precracks of HAZ and weld samples propagated
into the weld zone during the CTOD test. To reveal the
relationship between the direction of crack propagation and
microstructure and the grain size and grain boundary
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(b)
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(f )

50μm Electron image 1

(g)

50μm Electron image 1

(h)
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Figure 9: CTODmicroscopic fracture photo of weld of L360QS/N08825 bimetallic composite pipe welded joint: (a), (b), (c) W1; (d), (e), (f )
W2; (g), (h), and (i) W3.
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Figure 10: CTOD microfracture photo of the HAZ of L360QS/N08825 bimetallic composite pipe welded joint: (a), (b), (c) H1; (d), (e), (f )
H2; (g), (h), and (i) H3.
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Figure 11: SEM of morphology and composition of inclusions in the fracture zone of the HAZ.
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misorientation from the perspective of crystallography,
EBSD technology was used to analyze the grain size and
grain boundary misorientation in the weld zone.

,e strength and toughness of materials are closely related
to the sizes of grains. Generally, the strength and toughness of
materials are improved as the size of the metal grain decreases
[37, 38]. ,erefore, it is necessary to study the grain size of the
crack propagation zone in the weld. Figure 15(a) shows the
grain size distribution in the weld zone, and the color of each
grain is selected randomly. As the histogram of the weld grain
size distribution in Figure 15(b) shows, there are 1172 grains,
and the average grain size is 95.2µm. Based on the above data
analysis from Figure 15, the average grain size in the weld zone

is relatively large, which leads to a decrease in toughness and
promotes crack propagation in this area.

To reveal the crystallographic parameters of the weld
microstructure further, the grain orientation distribution of
the weld (the same color represents the same grain orienta-
tion) and the grain boundary misorientation distribution
diagram of the weld are shown in Figures 16 and 17, re-
spectively. Mathematical statistics show that there is an ap-
proximately 81% small-angle grain boundary (2°–15°) in the
weld zone, and the remaining 19% is a high-angle grain
boundary distributed within 49°–62° randomly. ,is result
indicates that the grain boundary misorientation of the weld
zone is small, and the appearance of high-angle grain
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Figure 12: TEM images of near fracture zones of CTOD samples: (a, b) HAZ and (c, d) weld.

Advances in Materials Science and Engineering 9



boundaries (>15°) results from the accumulation of small-
angle grain boundaries [39]. According to the relevant liter-
ature [40], the existence of small-angle grain boundaries leads

to the decline of material toughness, which is conducive to the
propagation of cracks. ,erefore, a large number of small-
angle grain boundaries in the weld zone reduce the resistance
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Figure 13: SEM images of inclusions and compositions in the near fracture zone of the HAZ.
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Figure 14: SEM images of inclusions and compositions in the near fracture zone of weld.

Grain distribution
1000μm

(a)

20.0

15.0

5.0

0.0
200.0 400.0 800.0

Grain size (μm)
600.00.0

10.0

avg

No. of grains: 1172 avg. size: 95.2μmFraction (%)

(b)

Figure 15: Grain size of weld: (a) grain size and (b) histogram.
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to crack propagation, which explains why cracks propagated
into the weld zone during the CTOD test.

4. Conclusions

In the present work, the fracture toughness characteristics of
bimetallic composite pipe welded joints were studied. ,e
following results were obtained:

(1) ,e CTOD values of the HAZ and weld samples
were high; nevertheless, the greater dispersion of
CTOD values of the HAZ samples resulted from
the pop-in phenomenon in the P–V curve of
sample H2.

(2) ,e fracture surfaces of the L360QS/N08825 com-
posite pipe welded joint were characterized by
ductile fracture to a certain extent, while the fracture

1000μm
IPFZ map
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]

(b)

Figure 16: Grain orientation distribution of weld.
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Figure 17: Grain boundary misorientation distribution histogram of weld.
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surface of the CTOD sample in the HAZ region
containing the pop-in phenomenon had a quasi-
cleavage morphology.

(3) ,e microstructure of the near fracture zone of the
HAZ and weld samples was mainly dendritic aus-
tenite, and there were high-density dislocation and
dislocation entanglement in the grains and grain
boundary. A large number of spherical or irregular
inclusions were observed, which is the main reason
for the appearance of microcracks. Meanwhile, the
high-density inclusions distributed on the matrix
made the connection of microcracks easier, which
eventually leads to the fracture of components after
the process of growth and propagation of cracks.

(4) ,e average grain size of the weld structure was
95.2 µm, and small-angle grain boundaries accoun-
ted for approximately 81%. A larger grain size and a
larger proportion of small-angle grain boundary can
reduce the resistance to crack propagation and
promote crack propagation.
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