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Impact toughness of the weld metal is one of the important factors affecting the quality of hot bends, which is strongly dependent
on the microstructure transformation during hot bending and tempering. In this study, three kinds of weld metals with different
Ni contents were selected, and then the effects of tempering temperature on the microstructure impact toughness of weld metals
for hot bends were investigated by simulation conducted on a Gleeble-3500 thermal simulator. *e results show that the
nonmetallic inclusion particles in weld metals can become the nuclear core of acicular ferrite like in as-welded metal. So, the
overlapping acicular ferrite microstructure is obtained in the weld metal after direct cooling from the reheating temperature.
During tempering, the overlapping acicular ferrite microstructure is degenerated, and martensite/austenite (M/A) constituents in
the acicular ferrite microstructure decompose into ferrites and carbides.*e resulting carbide particles mainly distribute along the
acicular ferrite grain boundaries. With the increase of the tempering temperature, the carbide particles coarsen, which decreases
the impact toughness of the weld metal of hot bends. Addition of Ni to weld metals can refine the acicular ferrite and improve the
impact toughness.

1. Introduction

Bends are some of key parts of the pipeline projects [1, 2].
Recently, in order to maximize the transport efficiency and
decrease the construction and transposition costs, the gas
pipeline transmission develops toward a larger diameter and/
or higher operation pressure; thereby, the high strength X80
steel grade and heavy-wall pipe over 22mm have been applied
to many long-distance transmission pipeline projects [3, 4],
such as the *ird West-to-East Gas Transmission Pipeline
Project and the Sino-Russian Gas Transmission Pipeline
Project. Contemporaneously, heavy-wall hot bends have been
developed. *e heavy-wall hot bends are usually made from
longitudinal-seam submerged arc welding (LSAW) steel pipes

by hot induction heated bending, on-line water cooling, and
off-line tempering [5–7]. *e microstructure and me-
chanical properties of the weld seam of LSAW steel pipes are
different to the pipe body, and the acicular ferrite is obtained
as an optimal microstructure to improve the impact
toughness [8, 9]. And yet for all that, the weld metal still has
lower impact toughness than the pipe body. During the hot
bending processes, the weld seam does not go through the
bending deformation; nevertheless, the weld metal must
undergo reheating, spraying water cooling, and tempering
[1, 2, 5–7]. Accordingly, the effects of the reheating, water
cooling, and tempering associated with the hot bending
processes on impact toughness of the weld metal must be
firstly considered.
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*e hot bending processes including reheating, water
cooling, and tempering for the weld metal are similar to the
postwar heat treatment (PWHT) of quenching and tem-
pering. It is well known that heat treatment is an effective
method to improve the comprehensive mechanical prop-
erties of base materials and the weld joints [10–12]; espe-
cially, the impact toughness and strength of pipeline steels
will be improved with the increase of the tempering tem-
perature [10, 11]. However, our previous works showed that
the impact toughness of weld seam metals seems to decrease
trends with the increase of tempering temperature for the
X80 heavy-wall hot bends [13]. *e similar results were
found in high-strength pipeline steel. Slater and Wilkinson
[14] reported that there is no significant effect of tempering
on the Charpy toughness of the L450MB weld seam.
However, tempering has a deleterious effect on the tough-
ness of the L555MB weld seam. *ese results are contrary to
the general rule of the effect of tempering on the toughness
of the pipeline steels [10]. *e difference between the weld
metal and the pipeline steel may be attributed to that weld
metal has acicular ferrite as-weld microstructure after the
bending reheating and water cooling [11]. In addition, the
alloying elements have a significant effect on the acicular
ferrite transformation [8]. *e high-strength steels and
heavy-wall steel pipes have the higher amount of alloying
elements, which promote the acicular ferrite transformation
and increase the amount of acicular ferrite in weld metals
[8]. It is well known that the original microstructure sig-
nificantly influences the tempering microstructure trans-
formation and mechanical properties after tempering.
*erefore, the deteriorative effects of the tempering on
impact toughness of the weld metal may depend on the
transformation of the acicular ferrite. For improving the
impact toughness of the weld metal of heavy-wall X80 hot
bends, it is necessary to further reveal the microstructure of
acicular ferrite and its transformation during tempering.

In this work, the effects of the main hot bending pa-
rameters of tempering temperatures on the microstructures
and impact toughness of the three weld metals for heavy-
wall grade X80 hot bends were investigated. Furthermore,
the evolution of the microstructure and its effects on the
toughness are discussed. *e results will be beneficial to
improve the impact toughness of weld metals of the grade
X80 hot bends.

2. Experimental Materials and Procedures

In order to prove the universality of the experiment results,
one kind of ϕ1219× 25.6mmX80 weld pipe and two kinds of
ϕ1219× 30.8mmX80 weld pipes for hot bends were selected.
*e X80 weld pipe was manufactured by JCOE (J-shape,
C-shape, O-shape, and E-expending) forming processes and
double-face four-wire tandem submerged arc welding. *e
chemical compositions of the outside weld metals are shown
in Table 1.*emain difference in the chemical compositions
of the weld metals of hot bends is the amount of Ni, which
increases from 0.16% to 0.52%.

Simulated bending test pieces of weld metals of size
10.1mm× 10.1mm× 80mm were cut from cross outside

weld joints, as shown in Figure 1. *e simulating hot
bending processes were performed on a Gleeble-3500
thermal simulator, and the process parameters are as follows:
the heating time from room temperature to the reheating
temperature (990°C) was about 60 s, and then the specimens
were held above 60 s at the same temperature, and then
cooled to room temperature with a cooling rate of 10°Cs−1.
*e cooling rate was approximated to the practical spraying
water cooling rate during hot bending manufacturing. *e
tempering tests were conducted in a resistance furnace, and
the tempering temperature was at 480∼680°C for 1 h.

After tempering, the simulated specimens were ma-
chined to Charpy impact specimens. *e low-temperature
impact energy was measured at −40°C. *e microstructure
observation specimens were cut from the impact specimens.
*e microstructure of the specimens was examined by using
an optical microscope (OM), a KYKY-2800 scanning elec-
tron microscope (SEM) with Oxford-HKL electron back-
scatter diffraction (EBSD), and a JEM-2010 transmission
electron microscope (TEM).

3. Results

3.1. Microstructure and Charpy Impact Toughness after
Reheating and Cooling. Typical optical microstructures of
the as-welded weldmetal of the pipe for Bend A are shown in
Figure 2(a). *e microstructure of weld metals mainly
consists of acicular ferrite and a few proeutectoid ferrite, and
the ferrites mainly distribute along coarse prior austenite
grain boundaries, as shown in Figure 2(a). *e acicular
ferrite is considered an optimal microstructure to improve
the impact toughness of the weld metal. Increasing the
amount of alloying elements will benefit to promote the
acicular ferrite transformation for heavy-wall welded pipes
with high weld heat input [8, 15]. Hence, high Charpy
impact energy of 146 J, 142 J, and 153 J of the base pipes for
Bend A to Bend C is obtained.

After simulated bending reheating and cooling, the
microstructures of all steels are similar to the as-welded
metal, while the coarse prior austenite grain boundaries
disappear, as shown in Figures 2(b)–2(d). *e microstruc-
tures consist of acicular ferrite and few polygonal ferrite as-
welded microstructures. *e acicular ferrite is needle-like
shape and the acicular ferrite grains are overlapping each
other; meanwhile, some dot-like islands distribute between
the acicular ferrite grains. However, the Ni content strongly
affects the amount and form of acicular ferrite and polygonal
ferrite. As the Ni content in weld metal is at 0.16% (Table 1)
for Bend A, the large-size polygonal ferrite and massive
ferrite appear in the microstructure, and the acicular ferrite
and islands are coarse (Figure 2(b)). With the increase of Ni
content in weld metals (Table 1), the amount of large-size
polygonal ferrite and massive ferrite decreases. *e amount of
acicular ferrite increases; meanwhile, the acicular ferrite is
refined (Figures 2(c) and 2(d)). Figure 3 shows the inverse pole
figure and boundarymisorientationmaps obtained fromEBSD
measurements for Bend C. From Figure 3(a), the acicular
ferrite grains mainly appear in nonequiaxed shapes, and some
small-angle grain boundaries are observed in large acicular
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ferrite grains, which are clearly shown in Figure 3(b). *e
acicular ferrite microstructure mainly consists of the large-
angle grain boundaries. Hence, with the increase of Ni content
in weld metals, the amount of acicular ferrite increases and the
microstructure of acicular ferrite refines (Figure 2). As a result,
the Charpy impact energy increases. *e average values of

impact energy of weld metals for three bends from A to C are
65 J, 78 J, and 114 J, respectively.

*e SEM and TEM observations show that the acicular
ferrite nucleates around nonmetallic partials in the austenite
grain and grows in all directions [16, 17], as shown in Figure 4.
*e nonmetallic partials are mainly Ti -oxide (Figure 4(a)),

Table 1: Chemical composition of the weld metal for hot bends (wt.%).

Hot bends C Si Mn P S Ni Cr +Mo+Cu Ti Nb V
Bend A 0.07 0.27 1.60 0.010 0.004 0.16 0.41 0.016 0.032 0.03
Bend B 0.06 0.29 1.67 0.016 0.004 0.31 0.37 0.016 0.034 0.01
Bend C 0.06 0.28 1.67 0.019 0.005 0.52 0.39 0.015 0.036 0.01

Sampling location

Weld metal

(a)

Simulated sample

Outside
weld

Inside weld 

(b)

Figure 1: Sketch illustration of the sampling locations cut from the (a) welded pipe and (b) the weld metal.
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Figure 2: Optical microstructures of the weld metal and after reheating at 990°C: (a) Steel A as-weld; (b) Steel A reheating; (c) Steel B
reheating; (d) Steel C reheating.
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which as heterogeneous nuclei promotes acicular ferrite
nucleation (Figures 4(a) and 4(b)); as a result, the overlapping
acicular ferrite with needle-like shape forms (Figures 2, 4(a),
and 4(b)). Meanwhile, some dot-like island constituents
distribute on ferrite grain boundaries (Figure 4(c)), which are
denoted as martensite/austenite (M/A) constituents in the
low-carbon microalloying steel fields [8, 9]. *e specific
microstructure will affect the tempering transformation and
its mechanical properties after the tempering.

3.2.Effect ofTemperingon ImpactToughness. *e effect of the
tempering temperature on impact energies of weld metals is
shown in Figure 5. Comparing with the samples after
simulated bending reheating and cooling, the impact
toughness is improved when tempering is at lower tem-
pering temperature of 480°C. However, as the tempering
temperature further increases, the impact energy of all
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Figure 3: (a) Inverse pole figures and (b) boundary misorientation maps of the ferrite phase and phase distribution maps obtained from
EBSD measurement of Bend C.
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Figure 4: Acicular ferrite nucleated surrounding the nonmetallic oxide inclusion and M/A constituents in the microstructure: (a) SEM;
(b) TEM; (c) M/A constituents.
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Figure 5: Effect of tempering on the Charpy impact energy.
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specimens for hot bends decreases (Figure 5). *e results are
different from the common rule of the steels that the
tempering improves the impact toughness. *e change of
impact toughness with the tempering temperatures of weld
metals may be attributed to the difference in the micro-
structure and its changes during tempering. In addition,
from Figure 5, Bend A with lowNi content has lower Charpy
impact energy, while Bend Cwith high Ni content has higher
Charpy impact energy. *e above results suggest that ad-
dition of Ni and tempering at a lower temperature can
improve the low-temperature impact energy of weld metals
of the hot bends.

3.3. Transformation of the Acicular Ferrite during Tempering.
*e microstructures of the weld metals of hot bends after
tempering are shown in Figure 6. At the low tempering
temperature, the microstructures of all weld metals still
maintain the microstructure characteristic of acicular ferrite
after simulated hot bending and cooling, which are amixture
of acicular ferrite, polygonal ferrite, and M/A constituents
(Figures 6(a), 6(d), and 6(g)). With the increase of the
tempering temperature, the microstructure changes slightly.
*e variation only appears when the amount of large
massive ferrite increases, which indicates that some acicular
ferrites degenerate (Figures 6(b), 6(c), 6(e), 6(f ), 6(h), and
6(i)). However, the transformation of M/A, which works as a
significant constituent in the acicular ferrite, cannot clearly
be observed by the optical metallography (Figure 6). *us,
SEM and TEM have been used, and the microstructural
variation of selected typical specimens is shown in Figures 7
and 8.

Figures 7 and 8 show the SEMmicrostructures of Bend C
after tempering at different temperatures. As the tempering
temperature is at 550°C, the ferrite matrix and some M/A
constituents change a little, while some M/A constituents
begin to degrade (Figure 7(a)). *e M/A constituents de-
compose into carbides and ferrites, and the carbides appear
in fine rod-like shapes (Figures 8(a) and 8(b)). With the
increase of the tempering temperature, some acicular ferrites
begin to coarsen; meanwhile, the carbides change to
spheroid and distribute along the ferrite grain boundary
(Figures 7(b) and 7(c); Figures 8(c)–8(f)). Simultaneously,
some large M/A constituents decompose into ferrite and
spheroid carbides, and the carbides distribute in the ferrite
grain (Figures 8(d)–8(f)).

*e EBSD pole figures and boundary of the mis-
orientation maps of the ferrite phase and the phase distri-
bution maps obtained from the EBSD measurement of the
specimens of Steel C after tempering at different tempera-
tures are shown in Figure 9. Comparing with Figure 3, at low
tempering temperature, the microstructure changes little.
*emicrostructure is a mixture of large massive ferrite grain
and fine nonequiaxed acicular ferrite (Figure 9(a)). *e
boundaries between the acicular ferrite grains are mainly
high-angle grain boundary (θ≥15°). *e fraction of high-
angle grain boundary is 0.573, and the fraction of low-angle
grain boundary (2°≤ θ ≤15°) is 0.158 (Figure 9(b)). At the
same time, the M/A constituents do not fully disintegrate;

some retained austenite exists in the microstructure
(Figure 9(c)). As the tempering temperature rises to 620°C, the
ferrite grains appear with the fragmentation phenomenon,
and some refined grains with high-angle and/or low-angle
boundaries can be found in the pole figure (Figure 9(d)) and
boundary misorientation map (Figure 9(e)). Meanwhile, the
M/A constituents almost fully disintegrate, and some refined
carbide clusters are found on the boundaries and/or in the
corner of ferrite grains (Figure 9(f)). *e microstructural
transformation mainly ascribes the decomposition of M/A, as
well as the recovery and recrystallization of the acicular ferrite.
With the further increase of the tempering temperature to
680°C, some acicular ferrite grains coarsen (Figure 9(g)).
Moreover, no low-angle boundaries can be observed in the
coarsened ferrite grains (Figure 9(h)). Meanwhile, the amount
and size of the carbide clusters increase, and the carbide
appears as a network distributed along the ferrite grain
boundaries (Figures 9(h) and 9(i)). *e results are similar to
the results of the SEM and TEM analysis (Figures 7 and 8).

4. Discussion

From the results stated above, the weld metals as-welded
microstructures for the X80 heavy-wall hot bends are the
predominant acicular ferrite (Figure 2(a)). *e acicular
ferrite in the weld metal is considered as an optimal mi-
crostructure to remarkably improve the impact toughness
because the overlapping acicular ferrite can inhibit the crack
propagation and increase the crack growth path [8, 18].
Accordingly, the Mn-Mo-Ti-B weld wires are applied to
pipeline steel pipes to increase the fraction of acicular ferrite
[8]. In doing so, the nonmetallic Ti-oxide inclusion particles
work as effective nuclei for the acicular ferrite which exists in
the weld metals. Successively, the Ti-oxide inclusion parti-
cles can still act as effective nuclei to promote acicular ferrite
transformation during the hot bending and cooling pro-
cesses (Figures 4(a) and 4(b)), and the dominant acicular
ferrites are obtained in the weld metal of the hot beds
(Figures 2(b)–2(d)). Obviously, the alloy elements have a
significant effect on acicular ferrite transformation [8, 18].
According to the results in Table 1 and Figure 2, the effect of
Ni on the acicular ferrite transformation behavior is note-
worthy. *e increase of Ni content in weld metals facilitates
the acicular ferrite transformation, refines the final micro-
structure (Figure 2) [15], and then improves the impact
toughness.

*e acicular ferrite transformation is thought of as a
noncomplete phase transformation and transforms in the
temperature range between slightly below polygonal ferrite
and slightly over bainite transformation [8, 18], and thus,
some M/A constituents usually exist between the acicular
ferrites, as shown in Figure 4(c). In this work, the starting
phase transformation temperatures of the three weld metals
determined by dilatometry during the cooling process are
653–519°C, 647–527°C, and 612–496°C for the three weld
metals, respectively.*e high transformation temperature of
the acicular ferrite results that the acicular ferrite micro-
structure possesses excellent tempering resistance [19, 20].
*e microstructures still maintain the characteristic of
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acicular ferrite after tempering (Figure 6). *erefore, the
changes of acicular ferrite do not fundamentally affect the
mechanical properties after the tempering. Nevertheless, the
acicular ferrite generally accompanies the M/A constituents
transformed at the lower temperature during the tempering
process (Figures 2 and 4(c)), as a result, which possess a weak
tempering resistance. During tempering, the evolution of M/
A constituents during tempering becomes one of the most
important factors influencing the impact toughness.

*e M/A constituents are generally regarded as a brittle
phase [21], and tempering will weaken the embrittlement

effect of the M/A constituents [22]. Hence, the impact en-
ergy of the weld metal of hot bends increases after tempering
at the low temperature. However, as the tempering tem-
perature increases, the M/A constituents begin to de-
generate.*e degeneratedM/A constituents decompose into
ferrite and carbide particles, and the carbide particles appear
in sheet-like or rod-like shapes and mainly distribute at the
prior M/A island grain boundaries, i.e., acicular ferrite grain
boundaries (Figures 7 and 8). *e network carbides along
the grain boundaries are accompanied with a decrease of
impact toughness [23, 24]. In doing so, the impact toughness
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Figure 6: Optical microstructures of the weld metals tempered at different temperatures. Bend A: (a) 480°C; (b) 550°C; (c) 600°C. Bend B:
(d) 550°C; (e) 620°C; (f ) 680°C. Bend C: (g) 550°C; (h) 620°C; (i) 680°C.
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decreases (Figure 5). With the further increase of temper-
ature, the acicular ferrite, which is transformed by the shear
transformation mechanism below the polygonal ferrite
transformation temperature, also begins to degenerate, and

some new carbide particles begin to precipitate, which mainly
nucleate on acicular ferrite grain boundaries (Figures 7(b) and
8(f)). Simultaneously, some ferrites formed fromdisintegrated
M/A constituents begin to coarsen. As a result, the amount
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Figure 7: SEM micrographs of Bend C tempered at different temperatures: (a) 550°C; (b) 620°C; (c) 680°C.
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Figure 8: TEM micrographs of Bend C tempered at different temperatures: (a, b) 550°C; (c, d) 620°C; (e, f ) 680°C.
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Figure 9: Inverse pole figures and boundary misorientation maps of the ferrite phase and phase distribution maps obtained from EBSD
measurement of Bend C after tempering at different temperatures: (a)–(c) 550°C; (d)–(f ) 620°C; (g)–(i) 680°C.
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and size of the carbide particle cluster distributed along ferrite
grain boundaries increase (Figure 9(i)); consequently, the
impact energy further decreases (Figure 5). From the point of
transformation of the carbide particle cluster, refining the
acicular ferrite and reducing the size of M/A constituents can
be beneficial to reduce the size of carbide particles and its
cluster and improve the impact toughness. *is is a main
reason that the impact energy rises with the increasing Ni
content in weld metals (Figure 5).

According to the above results, the acicular ferrite mi-
crostructure and its evolution during tempering play an
important role in affecting the impact toughness of the weld
metal of the X80 hot bends, especially, the M/A constituents
in the acicular ferrite microstructure. *e M/A constituents
decompose into ferrite and carbide particles during tem-
pering. *e carbide particles mainly distribute along ferrite
grain boundaries, and the size of carbide particles and
carbide clusters increases with the increase of the tempering
temperature. As a result, impact toughness decreases with
the increase of the tempering temperature. *erefore, re-
fining the acicular ferrite and tempering at a lower tem-
perature reduce the size of M/A constituents and network
carbide along ferrite grain boundaries, and the low-tem-
perature impact toughness of the weld metal of X80 hot
bends is remarkably improved.

5. Conclusion

(1) *e acicular ferrite and its change during tempering
play an important role in affecting the low-tem-
perature impact toughness, especially, the M/A
constituents distributed between the overlapping
acicular ferrites. *e M/A constituents decompose
into needle rod-like carbides during tempering, and
the rod-like carbides distributed along the ferrite
grain boundary further worsen the low-temperature
impact toughness. Hence, the impact energy of the
weld metal decreases with the increase of the tem-
pering temperature.

(2) *e increase of the Ni content in weld metals can
promote the acicular ferrite transformation and
refine the acicular ferrite, bainite, and the M/A
constituents distributed between the acicular ferrites;
furthermore, it can refine the carbide decomposed
from the M/A constituent and bainite. Conse-
quently, the adverse influence of the larger size M/A
constituents and carbide on the impact toughness is
reduced. *us, the low-temperature impact tough-
ness is improved.
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