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Abstract: Multi-pass welding is used in high-pressure and thick-walled pipes in natural gas and
oil pipelines. When a welding layer of a welded joint is subjected to different welding thermal
cycles, its microstructure and properties change, thereby affecting the overall welding performance.
In this study, the temperature and microstructural variations of the fill pass 2 (FP2) in the entire
welding process were investigated by combining the thermal cycle with the cascade welding method.
The original FP2 and FP2 after double thermal cycles had the worse deformation ability by tensile test.
The toughness of FP2 improved after a single thermal cycle, decreased after double thermal cycles, and
improved again after triple thermal cycles. The content of martensite–austenite (M–A) constituents
and the average grain size of FP2 in the cascade samples were inversely proportional to FP2 toughness.
Massive M–A constituents and their unique distribution at the inter-critical temperature were harmful
to weld metal toughness. Controlling the size and fraction of M–A constituents can improve weld
metal toughness.
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1. Introduction

Multi-pass welding is used in high-pressure and thick-walled pipes in natural gas and oil pipelines
and other industries [1,2]. The X80 pipeline steel is used extensively in pipeline construction as a base
metal in multi-pass welded joints. The microstructure of multi-pass welded joints generally comprises
the original columnar weld metal and the weld metal that has been reheated at different temperatures
and different durations during the subsequent welding layer [3–5]. The destruction of the previous
columnar morphology in the reheating process results in a heterogeneous microstructure. In addition
to welding parameters, the reheated zone is a determining factor that controls the low-temperature
toughness of the entire welded joint [6,7].

Although martensite–austenite (M–A) constituents are not the main components of weld metal,
their effects on welding properties are complex. Dispersed and tiny M–A constituents do not affect weld
metal toughness [8,9]. Massive M–A constituents have a greater effect on toughness than slender M–A
constituents [10–12]. Toughness improves with the increase in slender M–A constituents but decreases
with the increase in massive ones [13,14]. However, research has also shown the improvement in
toughness is due to the formation of massive M–A constituents [15]. In addition to the morphology, the
size of M–A constituents will also affect weld metal toughness [16–18]. Li et al. [19] reported that the
inter-critically reheated heat-affected zone (HAZ) toughness of X70 pipeline steel does not completely
deteriorate because the M–A constituents of the steel are small and their content is low. Hence, M–A
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constituents should be controlled to improve toughness. Kumar et al. [20] studied the effect of welding
thermal cycles on the microstructures and mechanical properties of HAZ of HY85 steel. Their thermal
simulation results suggested that massive and slender M–A constituents that form at the prior-austenite
grain boundaries (PAGBs) and lath grains can reduce toughness. Wang et al. [21] studied the effect
of welding pass on the microstructure and toughness of the reheated zone of multi-pass weld metal.
The reheated zone was also studied using other simulation methods. Reduced toughness in this zone
is due to the necklace-type M–A constituents. Subsequently, the toughness improves during welding.
All the aforementioned studies were conducted through thermal simulation experiments. However,
the actual and simulated weld microstructures were different. The change of a weld layer during the
welding process can reveal the effect of the welding thermal cycle on the weld microstructure.

In this study, cascade welding was used to obtain the weld metal after each welding thermal cycle.
Some studies have shown that M–A constituents are the main factor affecting weld metal toughness [22].
However, other factors, such as the fraction of each phase and the grain size in the microstructure,
also affect weld metal toughness. Welding thermal cycles affect the relationship between each factor
and the impact toughness of weld metal. This study likewise observed the change in the weld metal
microstructure, particularly the M–A constituents and the grain size after each welding thermal cycle.
The change in toughness of each weld layer under welding thermal cycles was combined with the
residual stress in the welded joint to determine the weld layers with high risk.

2. Materials and Methods

2.1. Materials and Welding Parameters

An 18.4 mm thick ferrite/bainite dual-phase X80 pipeline steel was used in the experiment.
The mechanical properties of X80 pipeline steel are shown in Table 1. The welding materials were a
ϕ3.2 mm LB-52 welding rod and aϕ2.0 mm self-shielded flux-cored JC-30 wire. Table 2 lists the welding
parameters, Table 3 shows the chemical composition of X80 pipeline steel, and Tables 4 and 5 show the
chemical composition of deposited metal and weld metal. The final chemical composition of the weld
metal was the complex fusion of the base metal and the deposited metal. The chemical compositions
of base metal, deposited metal, and weld metal were measured by spectrometer (ARTUS 8).

Table 1. Mechanical properties of X80 pipeline steel.

Material Yield Strength Rt0.5 (MPa) Tensile Strength Rm (MPa) YS (Rt0.5)/TS (Rm) Elongation (%)

X80 605 700 0.86 20.5

Table 2. Welding parameters for X80 pipeline steel.

Parameters Interpass
Temperature (◦C)

Arc Voltage
(V)

Welding
Current (A)

Welding Speed
(cm/min)

Weld Heat
Input (kJ/cm)

Root weld 100 19–20 87–92 5.38 20.5
Fill pass 1 (FP1) 100 20 200–210 18.7 13.6
Fill pass 2 (FP2) 95 20 220–230 16.1 17.1
Fill pass 3 (FP3) 103 19 210–230 10.9 24.1
Fill pass 4 (FP4) 97 20 210–220 9.34 28.2
Fill pass 5 (FP5) 101 20 210–220 12.05 21.9

Cap weld 104 20 210–220 7.9 33.4

Table 3. Chemical composition of X80 pipeline steel.

Content C Si Mn P S Nb Cr Ni Mo Ti Al

wt.% 0.074 0.184 1.839 0.015 0.008 0.097 0.099 0.223 0.264 0.011 0.035
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Table 4. Chemical composition of deposited metal.

Content C Si Mn P S Nb Cr Ni Mo Ti Al

wt.% 0.033 0.184 1.440 0.009 0.003 0.005 0.025 1.660 0.006 0.004 1.090

Table 5. Chemical composition of weld metal.

Content C Si Mn P S Nb Cr Ni Mo Ti Al

wt.% 0.044 0.197 1.530 0.008 0.004 0.010 0.070 1.480 0.033 0.007 0.815

2.2. Experimental Method

Multi-pass and cascade welding methods were combined. Fill passes (FPs) served as the main
components of welded joints in multi-pass welding. The FP2 was studied because of its location; it
underwent more thermal cycles than did the other FPs (i.e., FP3, FP4, FP5, and cap pass), and its
changes represented those of the other FPs. Changes in the weld metal microstructure were observed
after every thermal cycle. The cascade welding method was used from welding FP3.

The thermal cycles of FP2 were measured using a thermocouple. The length and width of the
welding test plate of X80 pipeline steel was 300 mm and 150 mm separately. Two test plates were butted
prior to the experiment and then root welding and FP1 were completed. A K-type thermocouple was
used to measure the temperature, and an OMEGA OM-DAQ-USB-2401 (OMEGA, Houston, TX, USA)
multichannel data acquisition module was used for data collection.

Most of the specimens in the paper were sampled by WED (wire electro-discharge). This method
can produce specimens that easily meet the geometric-dimensional requirements, and which lack any
significant changes in the mechanical properties [23].

Metallographic specimens (i.e., JT-2, JT-3, JT-4, JT-5, and JT-C) were taken from the cascade
welding plate. The sampling direction was vertical to the direction of the cascade welding plate to
ensure the surface of the weld metal was fully exposed. The test specimens are shown in Figure 1.
The FP2 of sample JT-2 had the original welding microstructure, while the microstructures of the other
specimens were obtained via single, double, triple, and quadruple thermal cycles. The FP2 is marked
as black in Figure 1, and a Zeiss upright light microscope was utilized to study the microstructure of
each specimen, which was etched with 4% nital. A microhardness tester (432SVD, Wilson, Norwood,
MA, USA) was used to carry out a hardness test. A LePera etchant was applied to study the M–A
constituents (shown as white). A scanning electron microscope (SEM; JSM 6360LV, Jeol, Japan) and a
transmission electron microscope (JEM-2200FS, Jeol, Japan) were also used. For TEM specimens, first
we took a 0.05 mm sheet vertical to the direction of the test plate. Then, we took out a 3 mm diameter
circle from FP2, finally thinning it.
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Tensile and impact test specimens were all sampled from the metallographic specimens of the
cascade welding plate. The extraction scheme of the tensile specimen (including the dimensions of
the specimen) is shown in Figure 2. Each group had three identical specimens and FP2 was located
in the center working area. The extraction of the impact specimen and the dimensions are shown
in Figure 3. The size of the specimens was 3.3 mm × 10 mm × 55 mm to ensure that the notch was
only in FP2. The impact test temperature was −20 ◦C. The fracture surfaces were also observed by
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SEM. The miniature tensile test (UTM4204, Suns, Shenzhen, China) and Charpy impact test machines
(IMP450J Dynatup, Instron, Norwood, MA, USA) were used in the research. All the mechanical tests
were carried out in accordance with the ASTM A370 standard. The total number of tensile samples
was 15.
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3. Results and Discussion

3.1. Measurement of Welding Thermal Cycles

The temperature change in FP2 of the welding plate was measured by a thermocouple. The welding
thermal cycles experienced by FP2 in different cascade welding samples were different (Table 6).
The thickness of FP2 was 2–3 mm, which resulted in different distances from the welding heat
source. The FP2 microstructure in cascade sample JT-2 was the original weld metal, which was a
columnar structure that did not undergo a thermal cycle. The FP2 of sample JT-3 was subjected to
the single thermal cycle of FP3. Owing to the thickness of FP2, the heating peak temperature of the
single thermal cycle Tp1 measured by the thermocouple was at 1100–1300 ◦C, which was above the
recrystallization temperature. The FP2 of sample JT-4 was subjected to double thermal cycles of FP3
and FP4. The second thermal cycle heating peak temperature Tp2 measured by the thermocouple
was at 750–1000 ◦C. The thermal expansion curve of the welding material JC-30 used in the FPs was
measured by a thermal simulation machine, and the inter-critical temperatures Ac1 and Ac3 were
700 ◦C and 880 ◦C, respectively. Thus, the partial position of FP2 was subjected to the heating peak
temperature at the inter-critical regions Ac1–Ac3. The FP2 of samples JT-5 and JT-C was subjected to
triple and quadruple thermal cycles, respectively. As the number of weld FPs increased, the FP2 moved
farther away from the welding heat source. Therefore, the difference in heating peak temperature
between the third and fourth thermal cycles (Tp3 and Tp4, respectively) was small. The Tp3 and Tp4, as
measured by the thermocouple, were all less than 700 ◦C.
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Table 6. Thermal cycling conditions of each cascade sample.

Sample JT-2 JT-3 JT-4 JT-5 JT-6

Cycles None Single Double Triple Quadruple

Welding
thermal
cycles

process

None
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3.3. Toughness Impact Test 

The results of the impact test showed that the FP2 in cascade sample JT-3 had excellent 
toughness, and the impact energy at −20 °C of FP2 in cascade sample JT-3 could reach ~50 J, whereas 
that of FP2 in cascade sample JT-2 was only ~20 J (Figure 5). Among the FP2 that underwent welding 
thermal cycles, the FP2 of sample JT-4 had the worst toughness with ~33 J. Therefore, weld metal 
toughness was improved by the single thermal cycle but decreased by the double thermal cycle. In 
the subsequent welding process, weld metal toughness was improved again when the third and 
fourth thermal cycles were performed. Therefore, the effect of welding thermal cycle on weld metal 
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toughness, and the impact energy at −20 °C of FP2 in cascade sample JT-3 could reach ~50 J, whereas 
that of FP2 in cascade sample JT-2 was only ~20 J (Figure 5). Among the FP2 that underwent welding 
thermal cycles, the FP2 of sample JT-4 had the worst toughness with ~33 J. Therefore, weld metal 
toughness was improved by the single thermal cycle but decreased by the double thermal cycle. In 
the subsequent welding process, weld metal toughness was improved again when the third and 
fourth thermal cycles were performed. Therefore, the effect of welding thermal cycle on weld metal 

3.2. Tensile Test and Hardness Test

All the tensile tests were carried out at a nominal strain rate of 0.5 mm/min. The engineering
stress–strain curves of each cascade specimen were measured (Figure 4a). The overall shape of the
curves was basically the same. The specimens of JT-5 and JT-C had a worse deformability than other
specimens. The change in strength parameters such as tensile strength (TS), yield strength (YS), and
the YS/TS ratio were also measured from the curves (Figure 4b). In pipeline steel, the yield-to-tensile
strength ratio (i.e., YS/TS) reflects the strain hardening response of materials and can significantly
influence the failure behavior of pipelines. The YS/TS ratio can also be measured to evaluate the
properties of weld metal in pipeline engineering. Generally, a low YS/TS ratio is considered to provide
high capacity for plastic deformation and enhance the margin of safety against failure [24]. In JT-2 and
JT-4, FP2 had a higher YS/TS ratio which meant this weld metal had the worse ultimate deformation
ability, while FP2 in JT-3 had the best deformation ability.
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3.3. Toughness Impact Test

The results of the impact test showed that the FP2 in cascade sample JT-3 had excellent toughness,
and the impact energy at −20 ◦C of FP2 in cascade sample JT-3 could reach ~50 J, whereas that of FP2 in
cascade sample JT-2 was only ~20 J (Figure 5). Among the FP2 that underwent welding thermal cycles,
the FP2 of sample JT-4 had the worst toughness with ~33 J. Therefore, weld metal toughness was
improved by the single thermal cycle but decreased by the double thermal cycle. In the subsequent
welding process, weld metal toughness was improved again when the third and fourth thermal cycles
were performed. Therefore, the effect of welding thermal cycle on weld metal toughness depends on
the number of thermal cycles. Wang et al. [21] also indicated that triple thermal cycles improve weld
metal toughness. The test results of the current study implied that a large dispersion of the impact
value still occurred even though the average impact energy of FP2 was improved by the thermal cycles.
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3.4. Hardness Test

The hardness values of FP2 in each cascade were measured (Figure 6). A load of 10 kg was
applied on the sample surface to obtain the hardness value. Moreover, FP2 in the sample JT-3 had the
lowest hardness values with the best toughness. The FP2 in the sample JT-2 had the highest hardness
values with the worst toughness. The law of hardness changes in FP2 in each cascade sample was
in accordance with its relationship with toughness. Yield strength and tensile strength show a linear
relationship with the Vickers hardness in some pipeline steel [25]. In the weld metal of pipeline steel, it
had an approximate linear relationship between the strength and the Vickers hardness (Figure 6c).
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3.5. Microstructure

The FP2 of sample JT-2 was the original weld metal, and the microstructure was uniform.
The microstructure of sample JT-2 was columnar with bainitic ferrite (BF) and granular bainite (GB), as
shown in Figure 7. The columnar structure was formed above 1500 ◦C in the weld metal.
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Figure 7. Microstructure of the FP2 of sample JT-2.

The FP2 had a certain thickness that resulted in different distances from the welding heat
source. Hence, starting from sample JT-3, the FP2 microstructure began to be uneven, which caused
microstructural inhomogeneity. The FP2 microstructure changed after the single thermal cycle of
FP3 (Figure 8). The closest position to the heat source, where the austenite grains grew rapidly and
coarse grains were obtained after cooling, was that of weld metal subjected to coarse grains (WM-CG,
Figure 8a). The curve measurement process of the thermal cycle indicated that the maximum heating
temperature of the single thermal cycle was approximately 1300 ◦C. The position of FP2 that was
slightly away from the heat source and where the grains in the structure were a mix of coarse and
fine grains, was that of weld metal subjected to mixed coarse and fine grains (WM-CFG, Figure 8b).
The maximum heating temperature of WM-CFG was above 1100 ◦C. The position of FP2 that was
farthest from the heat source and composed entirely of fine grains was that of weld metal subjected to
fine grains (WM-FG, Figure 8c). The maximum heating temperature of WM-FG was in the range of
1000–1100 ◦C. The PAGBs were clean in WM-CG, and BF and GB were mainly observed inside the
grains. The average diameters of the coarse and fine grains were 50 and 15 µm, respectively.

The WM-CG, WM-CFG, and WM-FG regions in the FP2 of sample JT-3 disappeared after the
welding effect of FP4. The majority of the matrix microstructure reverted to austenite owing to the high
heating temperature near Ac3. Moreover, PAGB was not clean (Figure 9a). Acicular ferrite (AF) and
GB microstructure were mainly obtained, and M–A constituents were buried in these microstructures,
making the constituents difficult to distinguish in the optical micrographs. The second maximum
heating temperature in the double thermal cycles of this region was near Ac3. When far from the heat
source, M–A constituents were formed along the grain boundaries (GBs) but were not completely
connected (Figure 9b). The yellow arrows point to the M–A constituents. The second maximum
heating temperature of this region was at the inter-critical regions Ac1–Ac3. The microstructure of
the FP2 farthest from the heat source was similar to that in WM-CG, and the average grain size was
75 µm, which was larger than that in WM-CG. The main microstructures GB, BF, and AF in this region
are shown in Figure 9c. The second maximum heating temperature of this region was also at the
inter-critical temperatures Ac1–Ac3. The M–A constituents were clearly distributed along the GBs,
as shown by the TEM image in Figure 9d (the black massive ones are M–A constituents). The M–A
constituents formed in this region decorated the prior austenite grain boundaries like a necklace [26].
These necklace-type M–A constituents facilitated crack propagation and large cleavage fractures, which
caused a dramatic loss in toughness [27]. Therefore, M–A constituents were one reason for the low
impact toughness of the FP2 of sample JT-4.
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Figure 9. Microstructure of the FP2 of sample JT-4: (a) closest to the heat source; (b) slightly far from
the heat source; (c) farthest from the heat source; (d) necklace-type M–A constituents.

The main microstructure of the FP2 of sample JT-5 after the welding effect of FP5 comprised GB,
BF, AF, and some quasi-polygonal ferrite (QF) and polygonal ferrite (PF). Some M–A constituents
were discontinuously distributed along the coarse GBs, whereas others were formed in GB and BF.
Meanwhile, some M–A constituents were decomposed into small parts (the circle in Figure 10a).
The TEM photographs of the FP2 of sample JT-5 showed retained austenite, which was formed
during tempering [28] (Figure 10b). Thus, the heating temperature was at the tempering range.
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The temperature measurement results indicated that FP2 was subjected to the third maximum heating
peak temperature of approximately 700 ◦C in the triple thermal cycles.
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Figure 10. Microstructure of the FP2 of sample JT-5: (a) metallographic of sample JT-5; (b) TEM of
retained austenite.

The FP2 microstructure after the cap pass was welded was found nearest to the heat source with
QF and GB (Figure 11a). The main structure away from the heat source comprised QF and coarse GB
(Figure 11b). The M–A constituents were distributed inside the GB and QF.
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Figure 11. Microstructure of the FP2 of sample JT-C: (a) close to the heat source; (b) far from the
heat source.

A fraction of the various FP2 microstructures in each cascade sample was analyzed to observe
the microstructural changes in the different cascade welding samples of FP2 (Figure 12a). The center
position of FP2 in each cascade sample was used to analyze the phase fraction because of the
microstructural inhomogeneity of FP2. Therefore, the result only indicates the general trend of
microstructural changes. In the phase analysis, six metallographic photographs were taken from FP2
of each cascade specimen. We circled a phase in each photograph and the software Image-Pro plus (6.0
version, Media Cybernetics, Houston, TX, USA) could automatically recognize the microstructure with
the same characteristics and the areas of the phase in the photograph was used to calculate the content
of the phase. In each cascade specimen, the average of six metallographic photographs was used in
the research. Microstructures GB and BF were the main phases in the weld metal. Generally, GB is a
hard and brittle phase with almost no high-angle grain boundaries existing. So, the presence of coarse
GB is harmful to toughness, whereas that of BF is beneficial [29]. The content of GB did not change
considerably during the entire welding process. The change in BF was larger than that of GB. In the
FP2 of sample JT-C, large numbers of PF and QF appeared at the maximum heating temperature in
the fourth thermal cycle (~700 ◦C). Thus, BF, PF, and QF were beneficial to the weld metal toughness,
whereas GB and M–A constituents were harmful to the toughness. Thus, the relationship between
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the content of GB and M–A constituents and weld metal toughness was investigated in this study, as
shown in Figure 12b,c, respectively. The content variations of GB and M–A constituents in FP2 during
the entire welding process were the same. The trend showed a decrease in the contents of GB and
M–A constituents in FP2 after the single thermal cycle (sample JT-3) and then an increase after double
thermal cycles (sample JT-4). After triple and quadruple thermal cycles, the contents of GB and M–A
constituents in FP2 decreased again and tended to be stable.
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3.6. Grain Size

The average grain size in the FP2 of each cascade sample is shown in Figure 13a. Welding thermal
cycles affected the grain size of the microstructure. The GBs were visualized by treating the surface of
the metallographic samples. Given that the grain size of FP2 after each welding thermal cycle was
different, the statistical result showed the average grain size of FP2. A coarse grain has a smaller crystal
interface and the grain boundary is straight. In addition, cracks propagate and develop easily, which is
harmful to the strength and toughness [30]. For sample JT-2, the average grain diameter of FP2 was
119 µm, which had the worst toughness. After the single thermal cycle of sample JT-3, the average
grain diameter was reduced to 42 µm, which had the best toughness. The average grain diameter of
the FP2 of sample JT-4 increased to 55 µm while toughness decreased. After triple and quadruple
thermal cycles in samples JT-5 and JT-C, the average grain diameter of FP2 decreased again and tended
to be stable. The relationship between average grain size and toughness of FP2 is shown in Figure 13b.
The FP2 of sample JT-2 had the worst toughness with the largest grain size, whereas that of sample
JT-3 had the best toughness with the smallest grain size. For the sample JT-4 to JT-C, the difference in
average grain size was not significant. There is more than one factor affecting weld metal toughness;
the effect of GB content and M–A constituents may all be included. With the increase in the number
of welding thermal cycles, the structure of the welding layer becomes more uniform, such as JT-4 to
JT-C. Based on this, the grain size of the welding layer is no longer an important consideration, and the
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difference in toughness of FP2 between JT-4, JT-5, and JT-C was significantly smaller than that in JT-2
and JT-3.
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3.7. M–A Constituents

The M–A constituents in FP2 were etched using LePera reagent and analyzed using Image Pro
Plus software. For morphology measurement, the M–A constituents were characterized by their
morphological parameters, namely, maximal size Lmax and minimal size Lmin (which are designated,
respectively, as the minimal and maximal “Feret diameter” in Image Pro Plus software. Aspect ratio
Lmax/Lmin characterized the elongation of a given M–A constituent. The larger the aspect ratio, the
longer the M–A constituent, which implied that the M–A constituent had a slender morphology. In the
FP2 of each cascade sample, 3000 M–A constituents were included in the morphology measurement
to avoid incomplete statistics. The results are shown in Figure 14. The data distribution indicated a
clear trend in M–A constituents during the welding thermal cycle. In FP2 in JT-2, the number of M–A
constituents, of which their maximal size Lmax was larger than 5 µm, was more than other cascade
specimens (Figure 14a). Thus, the M–A constituents in the FP2 of sample JT-2 were large and massive.
After the M–A constituents experienced the heating effect of FP3, their size in FP2 was drastically
reduced (Figure 14b). The maximum value of Lmax in the M–A constituents in FP2 of sample JT-3 was
almost below 7.5 µm, while that in FP2 of sample JT-2 reached 12.5 µm. When FP4 was finished, the
aspect ratio (Lmax/Lmin) increased, which meant the slender morphology of the M–A constituents in
FP2 became more evident (Figure 14c). The M–A constituents decomposed at ~700 ◦C because the
maximum heating temperature of the third and fourth thermal cycles was at that temperature [31].
Thus, the maximal size Lmax of the M–A constituents in FP2 of samples JT-5 and JT-C were smaller than
that of sample JT-4 (Figure 14d,e). In particular, the FP2 of sample JT-C had the smallest size of M–A
constituents and had the most apparent slender morphology of all M–A constituents. With respect to
weld metal toughness, smaller-sized (FP2 of samples JT-3 and JT-5) and slenderer M–A constituents
(FP2 of sample JT-C) had little effect on toughness. Massive M–A constituents could reduce weld metal
toughness (FP2 of sample JT-2), and the special distribution of M–A constituents (necklace-type) at
the inter-critical temperature between Ac1 and Ac3 could affect weld toughness considerably (FP2 of
sample JT-4).
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In Figure 15, the TEM image of FP2 of sample JT-4 showed the presence of stress concentration
around the M–A constituents, causing crack initiation under stress, which could reduce the toughness
(marked with a yellow circle). Figure 16 shows the SEM images taken from the fracture surface from
one of the impact samples JT-2 and JT-5 at −20 ◦C. The impact energy of sample JT-5 was unstable
and, thus, the sample with lower impact energy was selected for analysis. Both samples produced low
impact value. The position of the cleavage initiators of sample JT-2 is shown in Figure 16a. The initiators
were classified as M–A constituents, as shown in Figure 16b (yellow arrows). The M–A constituents
were also found in the fracture surface in the FP2 of sample JT-5 (Figure 16c,d). The possibility of
cleavage increased because of the presence of M–A constituents [32]. Following the river pattern
throughout each cleavage plane all over the fracture surface helped define the position of these M–A
constituents. Because of the better toughness, the fracture surface of FP2 in JT-3 showed as small
dimples (Figure 16e).
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Figure 16. SEM images of the fracture surface in FP2: (a) fracture surface in the FP2 of sample JT-2
with an impact energy of 16 J; (b) enlarged view of the yellow box area in (a); (c) fracture surface in
the FP2 of sample JT-5 with an impact energy of 25.5 J; (d) enlarged view of the yellow box area in (c);
(e) fracture surface in the FP2 of sample JT-3.
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3.8. Analysis

The preceding analysis indicates that some factors considerably influence the weld metal toughness,
namely, M–A constituents, average grain size of the microstructure, and GB content. The change rule
of GB content and toughness was not obvious. The relationships between the two factors (content of
M–A constituents and average grain size of the microstructure) and the weld toughness are shown
in Figure 17a,b. The data were fitted by curves with minimum errors. The findings showed that the
content of M–A constituents and the grain size were all inversely proportional to weld metal toughness.
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Figure 17. Two factors and toughness of FP2: (a) impact energy and content of M–A; (b) impact energy
and average grain size.

The relationship between the content of M–A constituents and weld metal toughness can be
expressed by Equation (1), and the average grain size and weld metal toughness can be expressed by
Equation (2). These equations can determine the microstructural characteristic of the weld metal in
one FP through the impact energy.

IE = 1/(0.0157 + 0.0101CM-A) (1)

IE = 1/(0.00375 + 0.000443d) (2)

where IE denotes impact energy, J; CM–A refers to the content of M–A constituents, %; and d is the
average grain size, µm.

The research in this paper showed that, in addition to the two factors above, both large and
necklace-type M–A constituents were detrimental to weld metal toughness. Therefore, all the factors
should be controlled to effectively improve the impact toughness of multi-pass weld metal. To achieve
this goal, the chemical composition of the welding wire or the welding parameters between different
welding passes could be changed.

In addition, if the welded joint is used for the girth weld connection of the pipe, then it can be
divided into three zones [33]: 20% of thickness from the inner surface, 20% of thickness from the outer
surface, and the middle 60% of section thickness (Figure 18). The highest data on residual stress were
found at mid-thickness. The maximum and average residual stress near the outer surface tended to be
greater than those near the inner surface. Thus, cap weld, which did not undergo any welding thermal
cycle, and FP4, which underwent double welding thermal cycles, had the lowest mechanical properties
(deformation ability and toughness) for the entire welded joint. The cap weld was in the outer zone,
and FP4 was in the middle zone. These two weld layers had the worst toughness and would be more
affected by residual stress compared with other weld layers. Furthermore, tensile residual stress could
cause cracks. Crack initiation and propagation in these two weld layers could, therefore, easily occur
compared with other weld layers.
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4. Conclusions

Cascade welding can reveal the changes in the microstructure and toughness of actual weld layers
during the welding process. In this study, FP2 underwent quadruple thermal cycles. Each time a
thermal cycle was performed, the microstructure and toughness of FP2 changed.

(1) Yield and tensile strength showed an approximate linear relationship with the Vickers hardness
in the FP2 in each cascade specimen, and the original FP2 and FP2 after double thermal cycles
(JT-2 and JT-4) had the worse deformation ability.

(2) The toughness of FP2 after a single thermal cycle improved, decreased after double thermal
cycles, and improved again after triple thermal cycles. Weld metal toughness did not improve
further after quadruple thermal cycles. Therefore, on the basis of the total number of weld layers,
the number of thermal cycles each weld layer experienced and the toughness of each weld layer
could be obtained.

(3) The FP2 microstructure was not uniform after a single thermal cycle. The WM-CG, WM-CFG,
and WM-FG regions were formed when FP2 underwent the single thermal cycle. However,
microstructural uniformity increased along with the increase in the number of thermal cycles.

(4) The content of each phase in the microstructure of FP2 changed under different thermal cycles.
Granular bainite (GB) and Bainitic ferrite (BF) were the main phases in FP2 during the entire
welding process. However, the content of the M–A constituents and the toughness of FP2 revealed
a certain relationship, that is, the content of the M–A constituents was inversely proportional to
FP2 toughness. Average grain size and toughness of FP2 also had the same relationship.

(5) In the samples with low impact toughness, stress concentration was observed around the M–A
constituents in the FP2 microstructure. Large massive M–A constituents and necklace-type M–A
constituents were harmful to the toughness. The total content of M–A constituents was inversely
proportional to the weld metal toughness.

(6) The weld layer that did not undergo any welding thermal cycle and the weld layer that underwent
two welding thermal cycles had the worst toughness. These weld layers were more affected by
residual stress compared with other weld layers.
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