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The effecTs of PosT Weld heaT TreaTmenT on microsTrucTure and mechanical ProPerTies  
of aPi X70 linePiPe using submerged arc Welding

aPi X70 steel requires high strength and toughness for safety in extreme environments like high pressure and low temperature. 
Submerged arc welding (Saw) is effective for manufacturing thick steel pipes. however, the welding heat input during Saw alters 
the microstructure and mechanical properties of the heat affected zone (haZ). Therefore, investigating the correlation between 
microstructure and mechanical properties in welded X70 pipes is important to address potential degradation of haZ and weld metal 
(wM). in this study, post weld heat treatment (PwhT) was performed to improve mechanical properties of haZ and wM and to 
reduce residual stress caused by the welding process. we performed PwhT at 640°C for 15 hours and followed by air cooling. 
after heat treatment, we observed the microstructure through oM and SeM analysis, and investigated the mechanical properties 
through tensile test, hardness test, and Charpy impact test.
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1. introduction

as the demand for oil and gas rises, the oil and gas industry 
is increasingly focusing on developing facilities in deep-sea 
environments. in offshore plant industries, aPi steel is com-
monly used for pipelines, which are typically large and thick. 
Specifically, X70 steels are sought after for their high strength 
and toughness, essential for ensuring safety and reliability in 
extreme conditions such as high pressure and low temperature 
[1,2]. Presently, research efforts are concentrated on enhancing 
the strength, toughness, and resistance of these steels to withstand 
high pressure and low temperature environments. especially, 
it is important to secure low ductile-brittle transition temperature 
(DBTT) under extremely environments since the body-centered 
cubic (BCC) materials such as aPi X70 have decreasing tough-
ness with decreasing temperature [3,4]. 

in addition, a welding process such as Saw is an effective 
method for manufacturing thick steel pipes for various plant 
industries. however, the welding heat input during Saw causes 
changes to the microstructure and mechanical properties of the 
haZ. These microstructural changes can negatively impact the 
mechanical properties, including strength, ductility, and impact 

toughness. in general, high strength steels like X70 undergo 
PwhT to reduce residual stress and dislocation density from the 
welding process and improve their mechanical properties [5,6]. 
This study aimed to investigate the influence of PwhT on the 
microstructure and mechanical properties of welded X70 pipes. 
after PwhT, the correlation between the microstructure and 
mechanical properties of welded X70 pipes was investigated.

2. experimental 

The chemical compositions of base metal (BM) and weld 
metal (wM) used of aPi X70 in this study are shown TaBLe 1. 
The Submerged arc welding (Saw) process was employed with 
a double V-groove configuration over three passes. The welding 
parameters included a current ranging from 460-870 a, voltage 
between 33-39V, and a welding speed of 0.4-0.7 cm/min. To 
alleviate stress and eliminate internal hydrogen, a PwhT was 
conducted at a temperature of 640°C for a duration of 15 hours.

Tensile testing was performed at a strain rate of 10-3/s us-
ing sub-sized plate-type specimens measuring 6.4 mm in gauge 
length, 2.5 mm in width, and 2 mm in thickness. The yield 
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strength was determined using the 0.2% offset stress method, 
while elongation was measured by tracking the travel distance 
of the crosshead. Vickers hardness tests were conducted with 
a 4.903 n load applied for 10 seconds. The hardness data repre-
sents an average of seven indentations, excluding the minimum 
and maximum values.

Charpy impact tests were carried out using an automatic 
ZwiC impact test machine with a capacity of 750 j, rang-
ing from –140°C to 20°C. The Charpy impact specimens 
were prepared according to aSTM e23 standards, measuring 
10 mm×10 mm× 55 mm, featuring a V-notch with a depth of 
2 mm at a 45° angle. The load-displacement curve was obtained 
using an instrumented impact pendulum device with a nominal 
impact velocity of 5.424 m/s.

for microstructure characterization, a scanning electron 
microscope (SeM) and electron backscattering diffraction 
(eBSD) analysis were performed using a jeoL fe-SeM 7200f. 
The microstructure samples underwent mechanical grinding with 
SiC paper, followed by polishing with 3 μm and 1 μm diamond 
paste. etching was conducted using a 3% nital solution for 30 
seconds. additionally, specimens were prepared for eBSD 
analysis using 0.25 μm diamond paste colloidal silica during 
the final polishing stage.

3. results and discussion

fig. 1 shows the microstructure of X70 steels base metal 
(BM), heat affected zone (haZ), and weld metal (wM) before 
and after PwhT. Prior to PwhT, the microstructure of the 

BM consisted primarily of complex microstructures such as 
granular bainite (GB) and acicular ferrite (af) (fig. 1a). in 
the haZ, the welding heat input resulted in the formation of 
complex microstructures, including martensite-austenite (Ma) 
and GB in both the fine-grained heat-affected zone (fGhaZ) 
and the coarse-grained heat-affected zone (CGhaZ) (fig.  1b-c). 
The microstructures of the wM were characterized by af and 
grain boundary allotriomorphic ferrite (depicted as white regions) 
(fig. 1d) [7]. after heat treatment, the microstructure of the BM 
showed the presence of af, GB, and polygonal ferrite (Pf), 
with partial recrystallization occurring in the austenite-ferrite 
two-phase region due to the heat treatment process (fig. 1e). 
in the haZ microstructure, secondary phase decomposition 
of martensite and spheroidization of cementite carbide were 
observed (fig. 1f-g) [7]. furthermore, in the wM microstruc-
ture, a reduction in grain boundary allotriomorphic ferrite was 
observed (fig. 1h). 

fig. 2 shows the tensile properties and hardness properties 
of welded X70 steels before and after PwhT. Before PwhT, 
the yield strength (yS) and tensile strength (TS) of BM were 
about 543 MPa and 606 MPa, respectively in fig 2a. after heat 
treatment, the strength of the BM showed a tendency to decrease 
compared to the strength before heat treatment. Conversely, the 
elongation of the BM slightly increased after heat treatment. 
regarding the wM, its yield strength and tensile strength were 
measured at 566 MPa and 627 MPa, respectively, which were 
higher than those of the BM. after heat treatment, the tensile 
properties of the wM were similar to the results obtained for 
the BM. however, the strength decreased and the elongation 
increased. fig. 2b shows the Vickers hardness results of welded 

TaBLe 1

Chemical composition of base metal (BM) and weld metal (wM) of aPi X70

c si mn P s cr ni fe
Base metal (BM) 0.0612 0.236 1.614 0.0093 0.0012 0.133 0.079 Bal.
weld metal (wM) 0.06 0.31 1.25 0.017 0.011 — — Bal.

fig. 1. Microstructure of welded aPi X70 before and after PwhT: (a) BM (before PwhT), (b) fGhaZ (before PwhT), (c) CGhaZ (before 
PwhT), (d) wM (before PwhT), (a) BM (after PwhT), (b) fGhaZ (after PwhT), (c) CGhaZ (after PwhT), and (d) wM (after PwhT)
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X70 steels before and after PwhT. The hardness of BM was 
measured to be about 198 hv before heat treatment, and the 
hardness value decreased to about 175 hv after heat treatment. 
after heat treatment, the hardness value decreased by increasing 
the fraction of Pf and GB with excellent ductility. in the case of 
the wM, the hardness measurement was approximately 176 hv 
before heat treatment. however, after heat treatment, the hard-
ness increased to around 178 hv due to a decrease in the fraction 
of allotriomorphic ferrite. 

The absorbed energy vs. test temperature curves for welded 
X70 steels was shown in fig. 3a. The X70 steel, with its body-
centered cubic (BCC) structure, exhibited the typical ductile-to-
brittle transition (DBT) behavior. in the case of the BM and haZ, 
the DBTT shifted to higher temperatures, while the upper shelf 
energy (uSe) decreased after PwhT. however, in the wM, the 
DBTT after PwhT shifted to lower temperatures, and the uSe 
increased, contrary to the behavior observed in the BM and haZ. 
Comparing the impact properties before and after heat treatment, 
the DBTT of the wM decreased by 16°C, while the uSe increased 
by 25 j. This indicates an improvement in the impact properties 
of the wM, while the impact properties of the BM and haZ 
were reduced. Generally, failure in welded structures occurs in 
weaker regions such as the wM. Therefore, PwhT is valuable 
for enhancing the impact properties of the wM. fig. 3b shows the 
load-displacement curves obtained by the instrumented Charpy 
impact test at low temperature (−40°C) before and after PWHT 

of wM. The crack initiation energy (Ei) and crack propagation 
energy (Ep) were calculated by determining the areas beneath 
the load-displacement curves based on the maximum load (Pmax) 
value. in fig. 3b, the Pmax value of the wM increased from 
68.1 kn to 71.9 kn after PwhT. additionally, the crack initiation 
energy (Ei) of the wM increased from approximately 38.4 j be-
fore PwhT to about 83.2 j after PwhT, representing an increase 
from 50.5% to 53.1%. however, the crack propagation energy 
(Ep) of the wM decreased from about 37.6 j before PwhT to 
73.8 j after PwhT, indicating a decrease from 49.5% to 46.9%.

fig. 4 presented the inverse pole figure (iPf) and grain 
boundary (GB) maps obtained from electron backscattering dif-
fraction (eBSD) analysis of the cross-sectional area of fractured 
Charpy impact specimens at –40°C for the wM before and after 
PwhT. notably, the crack propagation in the specimen after heat 
treatment (fig. 4b) exhibited more deflection compared to the 
specimen before heat treatment (fig. 4a). in the case of the wM 
before heat treatment, the main crack tended to propagate more 
easily along the coarsed allotriomorphic ferrite phase, particularly 
where high-angle grain boundaries (haGBs) of 15° or more were 
present (fig. 4a). however, after heat treatment (fig. 4b), the main 
crack was deflected due to the interference of fine grains and the 
af phase [2,8]. This deflection of the crack path was attributed 
to the random arrangement of fine af phases. Consequently, the 
absorbed energy after heat treatment increased, reflecting the 
disturbance caused by these randomly distributed fine af phases.

fig. 2. The results of tensile test and hardness test before and after PwhT: (a) Tensile properties and (b) hardness properties

fig. 3. Charpy impact property of X70 steel before and after PwhT: (a) The absorbed energy vs. test temperature curves and (b) Load-Displacement 
curves obtained by instrumented Charpy impact test at −40°C
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4. conclusions 

in this study, the correlation between the microstructure 
and mechanical properties of welded X70 pipes was investigated 
after PwhT. The microstructure of BM and haZ was mainly 
composed of complex microstructures such as GB, af and Bf, 
and that of wM was consisted of af and allotriomorphic ferrite. 
in the wM, the DBTT after PwhT is shifted to lower tempera-
tures and uSe increased, contrary to the result of the BM and 
haZ. also, the main crack was deflected due to the interference 
of fine grain and the af phase. as a result, the absorbed energy 
after heat treatment increased due to the disturbance of randomly 
arranged fine af phases.
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