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W N

Abstract: The microstructure and mechanical properties of X70 pipeline steel with a ferrite/martensite
dual-phase microstructure produced by thermo-mechanical controlled processing were investigated
by tensile tests, Charpy V-notched (CVN) impact tests, drop-weight tear tests, guided-bend tests,
scanning electron microscopy and transmission electron microscopy combined with thermodynamic
simulation analysis. All the mechanical properties met the strength, ductility, toughness and deforma-
bility properties requirements of X70 grade pipeline steel with strain-based design. The shear fracture
area and absorbed energy of CVN at —10 °C were >97% and >205 ] in base metal (BM), weld metal
(WM) and heat affected zone (HAZ) with low transition temperature, indicating adequate resistance
to propagating fracture. The microstructure of WM was mainly intragranular acicular ferrite that can
guarantee high strength, toughness and over matching requirements of the welded joint. Because of
being exposed to successive heat inputs, the ferrite plus martensite/bainite microstructure of BM was
heated between A and T forming the HAZ. However, a high CVN impact toughness of 345 ] at
—10 °C in HAZ was obtained, which indicated that the excellent mechanical properties of BM would
not be seriously deteriorated during the welding thermal cycles with the reasonable addition of Ti
and Nb.

Keywords: X70 pipeline steel; welded joint; dual-phase microstructure; mechanical properties; Ti; Nb

1. Introduction

In recent years, to meet the varieties of severe environments such as earthquake, land-
slide, debris flow, etc., pipeline steels are critically required to have not only high strength
and toughness but also excellent deformability. By applying ferrite-martensite/bainite
microstructural control, high-deformability pipeline steels with strain-based design have
been developed [1-3]. The pipeline steels with strain-based design are usually produced
by either thermo-mechanical controlled processing (TMCP) [4] or intercritical annealing [5],
through which dual-phase microstructure of ferrite-martensite /bainite can be obtained.

Process parameters on microstructure and mechanical properties of pipeline steel with
strain-based design were studied in some researches. TMCP is the preferred route because
it enables good combination of strength, toughness and deformability to be obtained
and, at the same time, keeps the processing cost low. However, ferrite in dual-phase
microstructure can be obtained through different TMCP process, which was dynamically
transformed from austenite at temperatures above the Ae3 transformation temperature [6]
or isothermally transformed below Ae3, which the amount of ferrite of the latter can be
controlled easily [7,8]. In our previous studies [3,9,10], it is found that intercritical heat
treatment followed by rapid water cooling can also achieve dual-phase microstructure with
a good combination of deformability, strength and toughness, especially for welded joints.
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However, due to high cost, it is necessary to investigate the X70 steel with strain-based
design produced by TMCP.

Welding thermal cycles during pipe forming process may change the microstructure
and mechanical properties of base metal (BM) forming the heat affected zone (HAZ),
which generally degrades the properties and results in the decline of excellent properties
of BM [11-13]. The coarse grain HAZ (CGHAZ) adjacent to the weld metal (WM) with
large prior-austenite grain boundaries (PAGBs) and coarse martensite-austenite (MA)
constituents always have the lowest fracture toughness [12]. However, microalloying
element precipitates containing Ti and Nb can prevent the grain growth in CGHAZ in
welding thermal cycle [14,15]. Although several studies have been conducted on the
properties of the welded joint of pipeline steel, further detailed research on the welded
joint of X70 steel with strain-based design is needed to guarantee the rigorous properties
requirements after welding.

In this paper, the microstructure and mechanical properties of X70 pipeline steel with
a ferrite-martensite/bainite dual-phase microstructure produced by TMCP were inves-
tigated. In addition, the microstructural and mechanical properties of the welded joint
were also systematically examined by tensile tests, Charpy V-notched (CVN) impact tests,
drop-weight tear tests (DWTT), guided-bend tests, scanning electron microscopy, transmis-
sion electron microscopy and thermodynamic simulation analysis to further improve the
material properties.

2. Materials and Methods

One Grade X70 pipeline steel with a diameter of 1016 mm and thickness of 21.0 mm
was investigated in this work. Direct reading spectrometer ARL 4460 was used to mea-
sure the main chemical composition of the pipe, and the analysis precision can meet the
requirement of GB/T 4336-2016. Chemical composition is listed in Table 1. The pipes were
formed through a JCOE process. The JCOE process included the crimping of the plate
edges, followed by successive forming into a J-shape, C phase and O phase. Both ends of
the plate are welded by submerged arc welding with first on the inside and then on the
outside. Finally, the plates underwent mechanical expanding [16-18].

Table 1. Chemical composition of studied steel (mass%).

Position

C

Mn

Si Ni Mo Nb Ti P S N Fe

BM
WM

0.050
0.056

1.54
1.59

0.20 0.19 0.17 0.059 0.014 0.0198 0.0010 0.0031 Bal.
0.33 0.15 0.23 0.028 0.026 0.0170 0.0026 - Bal.

This pipe was formed using plate that was produced through TMCP with accelerated
cooling and had ferrite plus martensite/bainite microstructure. The rolling process took
place as follows. The slabs of 260 mm were reheated at 1180 °C in a heating furnace before
rolling, in order to obtain sufficient dissolution of carbonitride particles and achieving
excellent high temperature thermoplasticity [14]. The rough rolling temperature is about
1110 °C above the recrystallization stopping temperature (T,;), and the finishing temper-
ature is about 780 °C below T}, and then isothermal holding in the two-phase region of
A;3-Ayq, followed by accelerated cooling of 20 °C/S to a temperature of 300 °C. The Ty,
was predicted by employing the following empirical Equation (1) [7], which is 1090 °C.
The A3 and A,y transformation temperature was determined using JMatPro software
(Public Release Version 7.0.0, Sente Software Ltd., Guildford, UK), which is 835 °C and
615 °C, respectively.

T,r = 887 + 464C + (6645Nb — 664v/Nb) + (732V — 230v/V) 4 890Ti + 363Al — 3575i 1)

Tensile tests were conducted at room temperature in both longitudinal and transverse
directions according to ASTM A370 (The international standard, American Petroleum
Institute), with full-thickness specimens of 38.1 mm in gage wideness and 50 mm in gauge



Metals 2022, 12, 1616

3of 14

%,

length on a universal tensile testing machine (CMT5105; SANS, Shenzhen, China). Charpy
V-notched (CVN; Wanchen Testing Machine Co., Ltd., Tsingtao, China) impact tests of
the BM, weld metal (WM) and HAZ were performed according to ASTM A370 over a
range of temperatures from —60 °C to 20 °C to obtain transition curves, with specimens
of 10 mm x 10 mm X 55 mm size. The orientation was transversal with the notch in weld
centerline for WM specimen, with the notch in HAZ for HAZ specimen. Guided-bend tests
were carried out in the transversal direction in accordance with ASTM A370. Bending angle
is 180°. Drop-weight tear tests (DWTT; JL—100000; Shengwei, Shandong, China) were
carried out over a range of temperatures from —60 °C to 20 °C in the transversal direction.
DWTT specimens have a size of 300 mm x 75 mm X thickness in accordance with API
RP 5L3 (The international standard, American Petroleum Institute). For each type of test,
three test pieces were prepared and tested. Orientations and locations of tensile, impact,
and DWTT specimens were shown in Figure 1. According to API Spec 5L, the welded joint
was taken from one end of the pipe and subjected to a hardness test in cross section at a
load of 10 kgf for 15 s using digital hardness tester (HVS—50 Vickers; Vickers, Shanghai,
China). Moreover, hardness test locations for welded pipe included weld centerline, HAZ,
and BM, down a straight line with 1.5 mm below the outside surface, as shown in Figure 2.

Tensile sample

Thick 260 mm
21.0 mm

90 mm

= \ tR,lSmm 1
A

y, i
N
S 3 50 mm
<2 mm&\/// 381 mm
B /
S - Y —
e ST
2 50 mm
1. Longitudinal tensile specimens, centred = 90° from the longitudinal weld
2. Transverse tensile specimens, centred ~ 180° from the longitudinal weld
3. Transverse weld impact and tensile specimens, centred on the weld
4. Transverse impact and DWTT specimens, centred = 90° from the longitudinal weld
(a) (b)
CVN sample
DWTT sample
> Hammer
10mm 55 mm :
10mm |/ S S o 305£19 mm

220,03 i @ 7623 mm

— //h\\\ |
22008 mm/l S I — ] j !, Gap angle, 45+2°

[ ) : 5.1+0.51 mm ik = B

R0.25+0.03 min\ /" 4o, : e (
\\ 45 / Thickness ( [
S “‘ 25416 mm ————— " ‘
(c) (d)

Figure 1. Schematic diagram of specimen positions (a) for performance tests and the engineering
drawings of tensile (b), impact tests (¢) and DWTT (d).

The investigated specimens were ground, mechanically polished and etched in a 4%
nital, and then analyzed using scanning electron microscope (SEM; JEOL 6700F, Utah, UT,
USA). The more detailed metallographic examination of the pipe was carried out using
transmission electron microscopy (TEM; JEM—2100; JEM, JEOL, Tokyo, Japan). For TEM
observation, the thin foils were electropolished by a twinjet electro-polisher in a solution of
10% perchloric acid and 90% acetic acid.
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Figure 2. Macro morphology (a) and schematic diagram (b) of the welded joint and location marked
by red line of hardness tests. The abbreviations in the figure are explained as follows: the heat-
affected zone (HAZ), the outside welding (WMgoyr), the inside welding (WMjy), the coarse grain
heat-affected zone (CGHAZ), the fine grain HAZ (FGHAZ), the intercritical HAZ (ICHAZ) and the
subcritical HAZ (SCHAZ).

3. Results
3.1. Mechanical Properties

Figure 3a shows the stress-strain curve of the BM. Tensile properties of the pipe are
shown in Table 2. According to the specification of API 5L [19], all the specimens tested in
present work met the strength and ductility properties requirements of X70 grade pipeline.
As can be seen from Figure 3a and Table 2, BM with a dual-phase microstructure exhibited
continuous yielding behavior with an average longitudinal yield strength of 486 MPa, aver-
age tensile strength of 642 MPa, average yield ratio of 0.76 and average uniform elongation
of 9.4%, indicating high strength and deformability. The yield strength in the transverse
direction was higher than that in the longitudinal direction, resulting in the increasing of
yield ratio from 0.76 in the longitudinal direction to 0.82 in the transverse direction.

330,

700 —=—Hardness at 1.5 mm from the outside surface
300
600 - : |
- 270 WM : HAZ . BM
— | !
500 > 240 : |
: I~l‘.-.-.’l\. .,l"\./l'l--l\ L aomg™
400 o 210 . i
7] | e e
7} ! N FR ¥ I
300 g 180 ' L !
1
= . :
3] : :
200 o150 . |
! 1
[ 1
120 : !
100 '
90
0 1 1 1 1 1 n 1 " 1 1 1 " 1 1 1 L L 1
000 005 010 015 020 025 030 035 040 045 0 3 6 9 12 15" 90° from weld
Strain, € Distance from weld centerline, mm
(a) (b)

Figure 3. Stress—strain curve (a) of the BM, and variation of hardness (b) from weld centerline to BM.

According to the requirements of specification, WM transverse tensile strength higher
than 570 MPa and over matching the BM transverse tensile strength are required, and the
position of specimen fracture should be in the BM. As shown in Table 2, WM transverse
tensile strength was 645 MPa, higher than 630 MPa of BM, meeting the over matching
requirement, and the specimens for WM tensile test fractured in the BM, indicating that
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strength over matching of the welded joint was obtained. The results of guided-bend tests
showed that no cracks occurred in welded joint, showing a good deformation capacity of
the welded joint.

Table 2. Tensile properties of the pipe.
Specimen P t Single Value Average Standard Requirements of
P arameter 1 2 3 Values Deviation API Specification
Yield strength (MPa) 488 485 485 486 1.4 450-550
Tensile strength (MPa) 640 640 645 642 24 570-715
BM (L) Yield ratio 0.76 0.76 0.75 0.76 0.005 <0.85
Elongation (%) 45 45 44 45 0.5
Uniform elongation (%) 9.3 9.4 9.4 9.4 0.047
Yield strength (MPa) 530 515 500 515 12.2 485-635
BM (T) Tensile strength (MPa) 630 630 630 630 0.0 570-760
Yield ratio 0.84 0.82 0.79 0.82 0.021
Elongation (%) 44 46 43 44 1.2
WM (T) Tensile strength (MPa) 645 645 645 645 0.0 >570
Position of fracture fractured in the BM Yes -
Note: L is the longitudinal; T is the transverse.

Figure 3b shows the variation of hardness from weld centerline to HAZ. As shown in
Figure 3b, HV10 hardness in WM was higher than that in HAZ, and decreased rapidly in
the CGHAZ, FGHAZ, and ICHAZ, because of microstructural change. In SCHAZ, hardness
increased gradually in the direction far from WM.

CVN impact tests of the BM, WM and HAZ were conducted, and the results are
showed in Table 3. The results given in Table 3 showed that the CVN absorbed energy
and shear fracture area (SA, three specimens for each test) were found to be different for
the BM, WM and HAZ. The SA of CVN at —10 °C was >97% in the BM, WM, and HAZ.
The CVN absorbed energy was >285 J in BM, >315 ] in HAZ and >205 J in WM. According
to the requirements of specification, the minimum average (of a set of three test pieces)
absorbed energy for each pipe weld and HAZ test is 80 J. Meanwhile, individual test values
for any test piece shall be >75% of the required minimum average (of a set of three test
pieces) absorbed energy values, namely 60 J. The WM had the lowest impact energy and
SA among the BM, WM, and HAZ, but was still much higher than API X70 requirements,
providing sufficient fracture-initiation resistance and sufficient ductile fracture.

Table 3. CVN impact properties of the pipe.
CVN Absorbed Energy (—10 °C) (J) Shear Fracture Area (—10 °C) (%)
Specimen Standard Average
1 2 3 Average Values Deviation 1 2 3 Values
BM 320 285 320 308/286 * 20.2/52.1* 100 100 100 100
HAZ 315 405 315 345/239* 52.0/36.7 * 100 100 100 100
WM 240 210 205 218/206 * 18.9/11.1* 100 97 98 98

Note: * shows data from the literature [3].

The average CVN absorbed energy of BM, HAZ and WM of the investigated steel
produced by TMCP is 22 J, 106 J, and 12 ] higher than those produced by intercritical
annealing in reference [3]. DWTT SA of BM is also higher in the former than that in the
latter. It may be concluded that the cryogenic toughness of the welded joint studied in the
experimental steel are significantly better than those produced by intercritical annealing in
reference [3].

Figure 4 shows the series CVN and DWTT curves of BM, WM, and HAZ. The fracture-
appearance transition temperature of 50% SA by CVN (FATT50CVN) of all specimens was



Metals 2022, 12, 1616

6 of 14

lower than —60 °C. WM already entered the transition range at —40 °C, whereas BM and
HAZ still stayed on the upper shelf from 20 °C down to —60 °C. The scatter of the data
was small in BM and WM, while large for HAZ. The large scatter of the data for the HAZ
was due to microstructural heterogeneity. The fracture-appearance transition temperature
of 85% SA by DWTT (FATT85DWTT) of BM was —38 °C, and DWTT SA was 100% at
the test temperature higher than —20 °C (Figure 4c). As can be seen from above results,
the investigated pipe had adequate resistance to fracture with low transition temperature.
Adequate CVN toughness and adequate DWTT SA ensured the avoidance of brittle fracture
propagation and the control of ductile fracture propagation.

500
100 n n JAY
= BM A 2 2
5L 4 WM R ﬁ 2 2 a
[ ] A ~ 90
h: 400 A HAZ A n Z A
& . . N > 80l T —
&350 | N O
= - A w70 | A WM
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= a a = 2 S e}
L 20| 3 &
= 1 8 4 A 50 -
8 u A [} a
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2 ;i g o
150 |- a <
Z . £ st
B wl 5 a0l
N 151
50 E;:) 10 |
0 1 1 1 1 1 1 1 1 1
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 0 = : ' . ' ' ' ’ y
7 =70 =60 =50 =40 =30 =20 =10 0 10 20 30
Temperature, C Temperature, °C
(a) (b)

=

=]

=
T

= DWTT

80
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(c)

Figure 4. Series CVN and DWTT curves of BM, WM and HAZ. (a) CVN absorbed energy and
(b) shear fracture area of CVN and (c) shear fracture area of DWTT.

3.2. Microstructure

TEM micrographs illustrating the microstructure of BM are presented in Figure 5.
The microstructure consisted of polygonal ferrite (PF) plus lath bainite. PF microstructure
with mobile dislocations induced by the shear process and volume expansion caused
by the transformation from austenite to bainite (Figure 5a), guaranteeing the excellent
deformability. Lath bainite contained high density tangled dislocations and substructures
(Figure 5b), leading to the high strength.
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(b)

Figure 5. Bright field TEM micrographs illustrating the microstructure of the BM at location “1” in
Figure 1a. (a) Polygonal ferrite (PF) containing high density of motile dislocations and (b) bainite
plates containing high density of tangled dislocations.

SEM micrographs of HAZ are showed in Figure 6. Figure 6a shows the fusion line
between the WM in the left and the CGHAZ in the right. The microstructure of the WM was
mainly intragranular acicular ferrite (IAF) and a small amount of PF, pearlite and granular
bainite (GB), showing the interlocked microstructures. IAF was a desirable microstructure
in WM, whose laths divided the prior austenite grains into small regions before the forming
of lower temperatures transforming microstructure [20-22], and hence leading to the grain
refinement, guaranteeing the high strength, toughness and over matching requirements of
the welded joint.

The microstructure of the CGHAZ was predominantly GB with distinct PAGBs and
MA constituents of the blocky or stringer morphologies inside or along the PAGBs. GB
contained a high carbon amount and large amount of lattice deficiencies resulting in high
hardness and potential low CVN impact toughness [23]. Although impact toughness of the
CGHAZ cannot be singly measured because of the limit of the little size, it can be deduced
that the toughness behaviors of CGHAZ were worse than other regions of HAZ, due to the
coarse microstructure [24].

The average grain size of FGHAZ was 7.14 um, which was much smaller than that of
CGHAZ (20.87 um). At the same time, many QF and PF were observed in FGHAZ, with
the volume fraction up to 71.1%, accompanied by the obvious dropping in number of MA
constituents (Figure 6b). While the microstructure of the CGHAZ was predominantly GB
with high hardness, resulted in the obvious hardness increase by approximately 20 HV10
points, compared to that of FGHAZ, and potential low CVN impact toughness [12]. The
ICHAZ microstructure with ferrite plus martensite/bainite was observed. During welding
process, when the peak temperature decreased to A.1-Acs, supersaturated solute carbons
in the bainite in the BM microstructure precipitated, and then the austenite nucleated
at these carbides, and grew in ferric matrix [25]. In successive cooling, austenite was
transformed into martensite /bainite [26,27]. Due to the rapid heating and cooling during
welding heat cycle, the equilibrium amount of the austenite can be not obtained, especially
in the ICHAZ near SCHAZ, resulting in the distribution of martensite/bainite in a disperse
state. In ICHAZ, from one boundary near FGHAZ to another boundary near SCHAZ, the
volume fraction of martensite/bainite and the size of the ferrite grain decreased gradually
from 28.94% and 9.97 um to 24.54% and 7.79 um, respectively, with the decrease in the
peak temperature of the welding thermal cycles from A3 to A (Figure 6¢,d), resulting
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in the further decrease of the hardness from 228 HV10 to 182 HV10. In ICHAZ, the
martensite/bainite distributed on the grain boundaries is usually regarded as the site of
the crack initiation, which probably results the decrease of impact toughness.

Figure 6. SEM micrographs of HAZ. (a) FL between CGHAZ and WM, (b) FGHAZ, (c) ICHAZ near
FGHAZ and (d) ICHAZ near SCHAZ.

For V-notch of impact specimens through HAZ, potential low toughness of CGHAZ
and ICHAZ may be suppressed by the FGHAZ with higher toughness. The impact tough-
ness potentially increased in FGHAZ and decreased in CGHAZ and ICHAZ, which com-
bined to cause the increase of the toughness in HAZ in this study [24,28].

Figure 7 shows the SEM micrographs of SCHAZ and BM. The SCHAZ with PF
plus tempered bainite is similar to the BM with PF plus bainite. In SCHAZ, because of
being exposed to the welding thermal cycles below A, bainite occurred recovery and
recrystallization [29], carbides precipitated from bainite and sphered, and the dislocation
density reduced, resulting in the decrease of the hardness of SCHAZ, compared to that of
BM. Closer distance from the weld in SCHAZ, the higher the peak temperatures and the
shorter the cooling times were. The combination of peak temperature and time produced
different tempered effects, leading to the hardness in the range of 182 HV10 to 204 HV10.
With increasing distance from the weld, the hardness of SCHAZ increased gradually until
226 HV10 in BM.
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(b)

(d)

Figure 7. SEM micrographs of (a,c) SCHAZ and (b,d) BM of location “1” in Figure la.

4. Discussion
4.1. Thermodynamic Analysis of TiN and NbC Formation
The formation process of TiN and NbC was preceded by thermodynamic analy-
sis. Ti preferentially combined with N to generate TiN [30]. The reaction formula
and theoretical concentration product (Krin) of the TiN in molten steel are shown in
Equations (2) and (3) [31-33].
Ti + N =TiN, )

log Krin = log([Ti] x [N]) = —15,218/T + 5.67 3)

Ti and N accumulated at the solidification front during the solidification process of molten
steel, and with an increase in the solid fraction (fs), the concentrations of the Ti and N at the
solidification front increased, as expressed by Equations (4) and (5) [33], respectively.

[Ti], = [Ti]y x (1— fo)*17", )

[N]; = [NJo/ (1 = (1 = kn) x fs) ®)

In the formulas, [Ti];, [N];, [Tilp, and [N]y represent the concentrations of Ti and N at
the solidification front and their initial concentrations, respectively; kt; and ky represent the
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equilibrium distribution coefficients of Ti and N, at 0.33 and 0.48, respectively. The actual
concentration of the product (Qrin) of Ti and N in molten steel is expressed by Equation (6).

log Qrin = log([Tily x [Ny x (1= £) "1 /(1— (1—ky) x f)) ©)
The temperature T of the solidification front can be expressed by Equation (7).
T =Tee = (Tre = 1) /(1 = fs X (T = T5) / (Tee — T5)) @)

In the formula, T, is the melting point temperature of molten steel at 1809 K; T} is
the liquidus temperature at 1736 K; and T is the solidus temperature at 1792 K. J]MatPro
software was used to obtain T} and Ts.

The thermodynamic curves according to Equations (3) and (6) are presented in Fig-
ure 8a. From the intersection of the curves, TiN began to precipitate at 0.96 of f;. Substi-
tuting fs into Equation (7), it is found that the TiN began to precipitate at 1747 K, which is
close to Ts, leading to a small-sized TiN with better grain refinement effect in the steel.

-26 L 0.07
—28f _— TN
. — Nb(C|
=30 | =
é ©. 005l
o -32f g
e = 0.04 |
— =34 [¥]
!
<2 -5 = 003}
g 0 QEJ
=
RE =38 | 5 002
sb . =
S 40l — lgQTin §
0.01 |
— 1gKTiN
-a2t
0.00 |-
-44 |- 1 1 1 1
- L L L L L 800 900 1000 1100 1200 1300
0.0 0.2 0.4 0.6 0.8 1.0 °
fo Temperature, C
(a) (b)

Figure 8. Thermodynamic analysis of TiN and NbC: (a) Relationship between ktin and Qrin of TiN
inclusion and f5, (b) variation of volume fraction (f) of NbC and TiN with temperature.

The reaction formula and theoretical concentration product ((Knpc)r, (KTin)r) of the
NbC and TiN in austenite are shown in Equations (8), (9) and (11), and the stochiometric
ratio of NbC and TiN is shown in Equations (10) and (12).

Nb + C = NbC, 8)
log (Knpe)r = log (INb] x [C]), =2.96 — 7510/T, 9)
(0.059 — [Nb])/(0.05 — [C]) = 7.735, (10)
log (Kin)r = log ([Ti] x [N]), = 0.32 — 8000/T, (11)
(0.014 — [Ti])/(0.0031 — [N]) = 3.419 (12)

In the formulas, [Nb], [C], [Ti], and [N] represent the concentrations of Nb, C, Ti, and
N in austenite, respectively.

f represents the volume fraction of NbC/TiN, which is shown in Equation (13).
dr,

As 3
f=(M-[M]) x Ay 100 % ds (13)
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Ag and Ay are atomic weight of NbC/TiN and Nb/Ti, respectively. dr, and dg are the
density of Fe and NbC/TiN, at 7.875 and 7.803/5.398, respectively.

The variation of f of NbC and TiN with temperature according to Equations (9)—(13)
is presented in Figure 8b. It is shown that NbC gradually dissolved in austenite with the
increase of temperature until 1141 °C, at which NbC completely dissolved in austenite. At
A3 of 846 °C calculated using the following empirical Equation (14), frin is 0.01971%, and
frin is 0.01085% at 1250 °C with 45% of TiN solution in austenite, compared with that at
846 °C. The A is 714 °C calculated using the Equation (15).

A (°C) =881 — 206C — 15Mn — 26.5Cu — 20.1Ni + 53.1Si — 0.7Cr + 41.7V (14)
A (°C) =751 — 16.3C — 27.5Mn — 5.5Cu — 5.9Ni + 34.9Si + 12.7Cr + 3.4Mo (15)

4.2. Influence of TiN and NbC on Microstructure of HAZ

As mentioned in Section 3.2, because of being exposed to successive heat inputs,
the microstructure of the HAZ changed from one boundary to other boundary during
welding. Due to different microstructures in the HAZ, the mechanical properties, including
hardness, tensile properties and impact toughness can differ significantly in different
regions, resulting in the significant property difference among HAZ specimens.

Most of NbC had been dissolved in the CGHAZ, due to the high peak temperature
of 1100 °C-Ts in welding thermal cycle. When the temperature rises to 1141 °C, NbC
completely dissolved in steel (Figure 8b), which decreased the pinning to austenite grain
boundary. However, the TiN precipitates did not dissolve completely in CGHAZ dur-
ing the welding thermal cycles even at 1250 °C with 55% of TiN kept precipitating in
steel, compared with that at 846 °C (Figure 8b), which can effectively refine the austenite
grain [34].

Figure 9 shows the TEM micrograph of CGHAZ. TiN precipitates can still be found in
CGHAZ subjected to the high peak temperature of 1100 °C-Ts in welding thermal cy-cle,
which is consistent with the precipitation behavior of TiN, shown in Figure 8b.

Figure 9. TEM micrograph of CGHAZ.

The CGHAZ microstructure was followed by FGHAZ microstructure with peak tem-
perature between A (846 °C) and 1100 °C, which has 0.06292-0.01663% of fnuc (Figure 8b).
The grain size of FGHAZ (7.14 pm) became much smaller than that of CGHAZ (20.87 um),
because of most of TiN and NbC without solution in this temperature range, which obvi-
ously refine the austenite grain.

During welding, the BM experiences different peak temperature produced by the
welding thermal cycles. The ferrite plus martensite/bainite microstructure of BM was
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heated between A ; (714 °C) and T forming the HAZ containing CGHAZ, FGHAZ, ICHAZ,
and SCHAZ. However, high CVN impact toughness of 345 ] at —10 °C and hardness in HAZ
are obtained, which indicates that the excellent mechanical properties of BM would not be

seriously deteriorated during the welding thermal cycles with the reasonable addition of Ti
and Nb.

5. Conclusions

In the present study, the mechanical properties and microstructure of X70 pipeline steel
with strain-based design were evaluated, and the following conclusions could be reached.

(1) All the specimens tested in present work met the strength and ductility properties
requirements of X70 grade pipeline steel with strain-based design. BM with a dual-phase
microstructure exhibited continuous yielding behavior with an average longitudinal yield
strength of 486 MPa, average tensile strength of 642 MPa, average yield ratio of 0.76 and
average uniform elongation of 9.4%, indicating high strength and deformability. WM
transverse tensile strength is 645 MPa, higher than 630 MPa of BM, meeting the over
matching requirement, and the position of specimen fracture was in the BM.

(2) The SA of CVN at —10 °C was >97% in the BM, WM, and HAZ. The CVN absorbed
energy was >285 ] in BM, >315 ] in HAZ and >205 ] in WM. Adequate CVN toughness and
adequate DWTT SA ensured the avoidance of brittle fracture propagation and the control
of ductile fracture propagation.

(3) The microstructure of X70 pipeline steel with strain-based design consisted of fer-
rite plus bainite. Polygonal ferrite microstructure with mobile dislocations guaranteed the
excellent deformability. Lath bainite with high density tangled dislocations and substruc-
tures led to the high strength. This kind of microstructure still keeps the high toughness
during welding processes.

(4) The microstructure of the WM was mainly IAF, guaranteeing high strength,
toughness and over matching requirements of the welded joint. The ferrite plus marten-
site/bainite microstructure of BM was heated between A.; and T forming the HAZ con-
taining CGHAZ, FGHAZ, ICHAZ, and SCHAZ. However, the high CVN impact toughness
of 345 ] at —10 °C and hardness in HAZ are obtained, which indicates that the excellent
mechanical properties of BM would not be seriously deteriorated during the welding
thermal cycles with the reasonable addition of Ti and Nb.
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