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Abstract: The effects of alloying elements in welding wires and submerged arc welding process on the microstructures and 
low-temperature impact toughness of weld metals have been investigated. The results indicate that the optimal contents of alloying 
elements in welding wires can improve the low-temperature impact toughness of weld metals because the proeutectoid ferrite and 
bainite formations can be suppressed, and the fraction of acicular ferrite increases. However, the contents of alloying elements need 
to vary along with the welding heat input. With the increase in welding heat input, the contents of alloying elements in welding wires 
need to be increased accordingly. The microstructures mainly consisting of acicular ferrite can be obtained in weld metals after 
four-wire submerged arc welding using the wires with a low carbon content and appropriate contents of Mn, Mo, Ti-B, Cu, Ni, and 
RE, resulting in the high low-temperature impact toughness of weld metals.  
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1. Introduction 
Large-diameter and high-pressure pipelines are 

imperative in pipeline transportation of oil and gas, 
which leads to the research and production of pipe-
lines with high strength, high toughness, and excellent 
corrosion resistance [1-2]. The strength of pipeline 
steel should be higher than 490 MPa (X70) and 550 
MPa (X80), and the low-temperature Charpy V-notch 
(CVN) impact value should be above 200 J [3-4]. 
However, for the service steel pipe, i.e., submerged 
arc welded pipe, the welded joint must have the same 
high properties to meet the service requirements [5-7].  

For weld metals in submerged arc welding, it is 
necessary to obtain the optimal microstructure of 
acicular ferrite, because both the strength and tough-
ness of weld metals strongly depend on the volume 
fraction of acicular ferrite [5]. However, the volume 
fraction of acicular ferrite depends on the chemical 
compositions of weld metals and the cooling rate after 

welding [8-9]. 

The chemical compositions of weld metals are de-
termined by the chemical and physical reactions 
among the base metal, the welding wire, and the flux 
[10-11]. Therefore, it is necessary to develop the 
welding wire and flux to obtain more acicular ferrite 
in weld metals, whereas, acicular ferrite is thought to 
be able to transform in a narrow cooling rate range, 
and its transformable temperature range is slightly 
higher than that of upper bainite and lower than that of 
pro-eutectoid ferrite [12-13]. The welding process has 
a great effect on the microstructures and mechanical 
properties of weld metals because different welding 
process parameters result in different cooling rates of 
weld metals after welding. Therefore, to obtain weld 
metals with high strength and toughness, it is neces-
sary to develop welding wires with optimal alloying 
contents according to different welding process pa-
rameters. 
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In our previous study, the effects of the chemical 
compositions of welding wires on the microstructures 
and mechanical properties were studied under the 
condition of single-wire welding [14]. However, in 
modern pipeline manufacturing, multi-wire welding is 
used to increase the welding efficiency, and thus, the 
welding heat input accordingly increases. Therefore, 
the effects of welding wires and welding process on 
the microstructures and properties should be taken 
into consideration. In this study, various welding 
wires with different alloying elements were designed, 
and the effects of alloying elements and welding 
process on the microstructures and low-temperature 
impact toughness of weld metals were discussed. The 
results will be beneficial to the welding wires de-
signed to get a higher toughness of weld metals.  

2. Experimental procedure 
In this study, three materials were designed based 

on the results of our previous study. The materials 
were melted in a 1-t vacuum induction melting fur-
nace and a 30-t oxygen converter. Subsequently, the 
ingot was hot rolled and cold drawn into the wires 
with a diameter of 4 mm. The chemical compositions 
of the wires are listed in Table 1. They were designed 
based on the following principles: (I) low carbon con-
tent was adopted to increase the low temperature 
toughness; (II) some micro-alloying elements such as 
Ti, B, and RE were added to increase the rate of nu-
cleation of acicular ferrite; (III) some alloying ele-
ments such as Mn, Mo, Ni, and Cu were added to re-
strain pre-eutectoid ferrite formation and increase the 
strength and toughness of the weld metals. 

                              Table 1.  Chemical compositions of welding wires                            wt% 

Wire No. C Si Mn P S Ni Cu Mo Ti B Re Remark 
Y1 0.07 0.22 1.50 0.013 0.003 0.22 0.18 0.28 0.041 0.0010 ≤0.1 
Y2 0.08 0.16 1.46 0.015 0.007 0.46 0.27 0.43 0.101 0.0039 ≤0.1 

1-t VIM furnace 

YD 0.08 0.17 1.60 0.014 0.007 0.36 0.21 0.42 0.086 0.0060 ≤0.1 30-t oxygen converter 

 
For the submerged arc welding experiment, 

API-X70 grade steel plates with the thicknesses of 
10.7 and 17.9 mm were chosen as the base metal, and 
the experimental welding wires and corresponding 
agglomerated flux SJ101 were adopted. The chemical 
compositions of the base metal and the flux are shown 
in Tables 2 and 3, respectively. The plates were dou-

ble-side butt-welded. Table 4 shows the welding pa-
rameters of both single-wire submerged arc welding 
and multi-wire submerged arc welding for different 
samples. The welded joints were machined to speci-
mens for compositional analysis, impact toughness 
tests, and microstructure observations. 

              Table 2.  Composition of the agglomerated flux           wt% 

SiO2+TiO2 CaO+MgO Al2O3+MnO CaF2 S P 
10-20 30-35 20-25 20-25 ≤0.06 ≤0.08 

                       Table 3.  Chemical composition of the API-X70 steel plate                  wt% 

C Si Mn P S Cr Mo Ni Cu Nb Ti V 
0.04 0.25 1.42 0.010 0.002 0.026 0.18 0.15 0.21 0.057 0.015 0.049

Table 4.  Welding process parameters 
Voltage / V Current / A 

Sample 
No. 

Wire 
No. 

Welding 
method 

Welding 
side Wire 

1 
Wire 

2 
Wire 

3 
Wire 

4 
Wire 1 Wire 2 Wire 3 Wire 4 

Welding speed / 
(m⋅min−1) 

Inside 31-33 — — — 750-800 — — — 
S1 Y1 Single-wire 

Outside 33-35 — — — 900-950 — — — 
1.0-1.2 

Inside 31-33 — — — 750-800 — — — 
S2 Y2 Single-wire 

Outside 33-35 — — — 900-950 — — — 
1.0-1.2 

Inside 30-32 35-37 — — 925-975 430-470 — — 
S3 Y1 Double-wire 

Outside 31-33 35-37 — — 1000-1050 400-450 — — 
1.2-1.4 

Inside 30-32 35-37 — — 925-975 430-470 — — 
S4 Y2 Double-wire 

Outside 31-33 35-37 — — 1000-1050 400-450 — — 
1.2-1.4 

Inside 33-35 35-38 38-41 40-43 850-900 650-750 500-600 500-550 
S5 YD Four-wire 

Outside 34-36 37-39 38-41 40-43 950-1050 750-850 550-650 500-650 
1.5-1.7 
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The microstructures of the specimens were ob-
served under both optical microscopy and transmis-
sion electron microscopy (TEM). The specimens for 
metallographic examination were mechanically pol-
ished and etched with a 3vol% nital solution, and then 
observed under an optical microscope. For TEM ob-
servations, the thickness of the first foils were me-
chanically thinned from 300 μm to about 50 μm and 
then electro-polished by a twin-jet electropolisher in a 
solution of 10vol% perchloric acid and 90vol% acetic 
acid. TEM observations were performed on a 
JEM-2000FXII TEM with an accelerating voltage of 
200 kV. 

3. Results and discussion 

3.1. Low-temperature impact toughness of weld 
metals 

Table 5 shows the results of the Charpy V-notch 
impact test of weld metals at −20°C. It can be seen 
that all the weld metals have the impact toughness 
higher than 90 J. However, the chemical compositions 
of the welding wires and the welding processes have 
great effects on the impact toughness. For example, 
for the Y1 welding wire with a lower content of al-
loying element, under the condition of single-wire 
submerged arc welding, the average impact toughness 
is up to 225 J; whereas under the condition of dou-
ble-wire submerged arc welding, the average impact 
energy decreases to 181 J. However, for the Y2 weld-
ing wire with a higher content of alloying element, 
under the condition of single-wire submerged arc 
welding, the average impact toughness is only 173 J; 
whereas under the condition of double-wire sub-
merged arc welding, the average impact energy in-
creases to 215 J. For the YD welding wire, whose 
content of the alloying element is close to that of the 
Y2 welding wire, the average impact energy is only 
156 J. These results indicate that it is necessary to in-
crease the content of alloying elements of welding 
wires in order to get a higher impact toughness of 
weld metals when high welding heat input is selected. 

Table 5.  Results of impact tests on weld metals 

Sample No. 
Charpy V-notch impact 

value (at −20°C) / J 
Shearing area / 

% 
S1 225 100 
S2 173 100 
S3 181 100 
S4 215 100 
S5 156 90 

 
3.2. Chemical compositions and microstructures of 

the weld metals 

The chemical compositions of the weld metals are 
shown in Table 6. Comparing Table 6 with Tables 1 
and 3, differences among the chemical compositions 
of the weld metals, the base metal, and the welding 
wires can be easily identified. The carbon content in 
the weld metals is about 0.04wt%, nearly the same as 
that of the base metal, half of that of the welding wires. 
The Si content in the weld metals is higher than that of 
the base metal and the welding wires. This indicates 
that the Si content in the meld metals increases during 
the process of submerged arc welding because of the 
metallurgical reaction among the base metal, the weld 
wire, and the flux. The content of Ti in the weld met-
als is approximately 10% of that in the melding wires 
owing to the oxidation and dilution, and nearly the 
same as that of the base metal, because Ti is liable to 
be oxidized. Though Mn, Mo, Ni, and Cu are all stable 
elements, their contents in the weld metals are consid-
erably lesser than those in the welding wires owing to 
the dilution of the base metal. 

Comparing the contents of alloying elements in the 
weld metals prepared by different welding processes, 
it can be clearly seen that when the welding heat input 
was increased, the contents of alloying elements in the 
weld metals decreased, and were considerably lower 
than those in the welding wires and nearly the same as 
those in the base metal. As the welding heat input was 
increased, the fusion rate increased and the dilution 
effect of the base metal increased accordingly. There-
fore, the welding wires with higher alloying contents 
should be adopted for the multi-wire welding process. 

Fig. 1 depicts the optical microstructures of the 
weld metals prepared with different welding wires and 
different welding processes. It reveals a pronounced 
effect of the contents of alloying elements in the 
welding wires and welding processes on the micro-
structures of the weld metals. The microstructures of 
the weld metals obtained in single-wire welding using 
the Y1 and Y2 welding wires mainly consist of acic-
ular ferrite, with some amount of granular bainite 
(Figs. 1(a)-(b)). Furthermore, the amount of granular 
bainite in sample S2 is higher than that in sample S1, 
which can be deduced as the reason for the lower im-
pact toughness of the weld metal of sample S2. 

With the increase in welding heat input for the 
double-wire submerged arc welding, some polygonal 
ferrite distributed at prior austenite grain boundaries 
can be observed in the microstructures of the weld 
metals of all the samples ((Figs. 1(c)-(d)). The micro-
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structure of the weld metal of sample S4 is mainly 
acicular ferrite with a small amount of granular bainite, 
which is less than that in sample S2. With a further 
increase in welding heat input for four-wire sub-

merged arc welding, the amount of polygonal ferrite 
in the microstructure of the weld metal of sample S5 
increases obviously, resulting in the decrease of the 
impact toughness. 

                                Table 6.  Chemical compositions of the weld metals                        wt% 

Sample No. C Mn Si P S Cr Mo V Cu Ni Al Ti Nb 
S1 0.04 1.43 0.27 0.014 0.004 0.027 0.22 0.038 0.18 0.18 0.027 0.010 0.041
S2 0.04 1.41 0.28 0.015 0.004 0.028 0.37 0.036 0.23 0.32 0.028 0.013 0.039
S3 0.04 1.42 0.30 0.011 0.003 0.027 0.24 0.033 0.19 0.18 0.021 0.013 0.037
S4 0.04 1.42 0.28 0.014 0.004 0.028 0.25 0.037 0.21 0.29 0.029 0.017 0.038
S5 0.05 1.52 0.32 0.09 0.003 0.029 0.32 0.034 0.08 0.26 0.021 0.019 0.034

 

  

  

 

Fig. 2 depicts the TEM micrographs of the weld 
metals. It can be seen that the microstructure of sam-
ple S1 consists mainly of acicular ferrite (Figs. 
2(a)-(b)); whereas, some lathy bainite and ferrite can 
be observed in sample S2 (Fig. 2(c)). These results are 
in compliance with optical microstructure observa-
tions. On the other hand, the particles of nonmetallic 
inclusions are effective nucleus [15-16], which is 
proved by TEM observations in Fig. 2. It is clearly 
seen that acicular ferrite is radically transformed from 
the nucleus of a nonmetallic inclusion particle (Fig. 
2(a)). TiO is regarded to be the most effective nucleus 

of acicular ferrite. Therefore, a higher Ti content in 
the welding wires should be adopted [5-6]. 

From the results of the present study, it can be 
found that with the increase of alloying elements in 
the welding wires (Table 1), the contents of alloying 
elements in the weld metals increase (Table 6), which 
suppresses pre-eutectoid ferrite formation and in-
creases the fraction of acicular ferrite in the micro-
structures. Therefore, their impact toughness can be 
increased (Table 5). With further increasing the alloy-
ing elements in the welding wire, the fraction of bain-
ite in the weld metals increases (Fig. 1), and hence, 

Fig. 1.  Optical micrographs showing 
the microstructures of the weld met-
als welded with different wires and 
welding processes: (a) sample S1; (b) 
sample S2; (c) sample S3; (d) sample 
S4; (e) sample S5. 
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the impact toughness of the weld metals decreases 
(Table 5). The above analyses indicate that there must 
be an optimal content of alloying elements for the 
toughness of the weld metals. As the alloy content in 
weld metals is lower than the optimal level, the frac-
tion of grain boundary ferrite increases. As the alloy 
content in weld metals is higher than the optimal level, 
the fraction of bainite increases. In either case, the 
toughness of the steel declines. However, to obtain the 
acicular ferritic microstructure and high toughness of 
the weld metals, the optimal content of alloying ele-
ments in the weld metal needs to vary along with the 
welding heat input of the welding process. With the 
increase in welding heat input, the optimum contents 
of alloying elements must increase (Tables 5 and 6). 

Therefore, it is necessary to increase the contents of 
alloying elements in welding wires. The effects of 
welding process and alloy contents on the microstruc-
tures of the weld metals are sketched in Fig. 3 [8]. It 
can be seen that the critical cooling rate for obtaining 
acicular ferrite (AF) and/or bainite ferrite (BF) de-
creases along with the increase in welding heat input 
and alloy contents in the weld metals. These results 
imply that as the welding heat input increases, the al-
loy contents in the welding wires increase so as to re-
tain higher alloy contents in weld metals, and thus to 
restrain grain boundary ferrite (GBF) and side plate 
ferrite (SPF) formation at prior austenite grain 
boundaries, resulting in an increase in impact tough-
ness of the weld metals. 

   
Fig. 2.  TEM micrographs: (a) and (b) sample S1; (c) sample S2. 

 
Fig. 3.  Sketch for the effects of welding process and alloy-
ing contents on the microstructures of weld metals [8]. 

Based on the results of this study, the welding wires 
containing low C, Ti, B, Mn, Mo, Ni, and Cu have 
been approved to be able to obtain appropriate chemi-
cal compositions and high toughness of the weld met-
als with the microstructure mainly consisting of acic-
ular ferrite after high-welding-heat-input four-wire 
submerged arc welding. 

4. Conclusions 

(1) Both the contents of alloying elements in weld-
ing wires and the welding process have great effects 
on the microstructures and toughness of weld metals. 
With the increase in welding heat input, it is necessary 
to increase the contents of alloying elements in weld-
ing wires in order to restrain the formation of grain 
boundary ferrite, to increase the nucleation sites of 
acicular ferrite in austenite grains, and thus to promote 
acicular ferrite transformation.  

(2) The microstructures consisting mainly of acic-
ular ferrite can be obtained in weld seam metals dur-
ing high-heat-input four-wire submerged arc welding 
using welding wires with a low carbon content and 
appropriate contents of Mn, Mo, Ti-B, Cu, Ni, and RE, 
as well as the agglomerated flux SJ101, resulting in 
the high low-temperature impact toughness of weld 
metals. 
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