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The joining of 14.8 mm thick pipeline steels was achieved with developments in high-power fiber laser by
laser welding or hybrid laser arc welding. However, there were few studies on the effects of single-pass
welding heat input on the M-A component and impact toughness of the heat-affected zone. In this study,
single-pass welding thermal cycle was performed on Gleeble 3800 thermal simulation tester; the effect of
heat input on microstructure, M-A constituent, hardness, toughness and corrosion resistance of coarse-
grained heat-affected zone of X100 pipeline steel was studied. The results showed: The microstructure was
lath martensite with a heat input of less than 8 kJ/cm. When the heat input was 26-36 kJ/cm, the
microstructure was granular bainite. The heat input had not obvious effect on hardness (only 16%
hardness reduction in this heat input arrange). However, the impact toughness was strongly influenced by
heat input, with an 88% hardness reduction compared to base metal, due to M-A constituent and prior
austenite grain size. Few finer M-A constituent dispersing in austenite was obtained instead of necklace-like
M-A constituent at the prior austenite grain boundary when the welding heat input was less than 15 kJ/cm,
which was beneficial to improve the impact toughness and corrosion resistance of welded joints of X100
pipeline steels.

Keywords impact toughness, M-A constituent, microstructure,
pipeline steel, welding thermal cycle

1. Introduction

With the consumption of energy source such as petroleum
and natural gas increasing, the extraction has been extended
from inland to offshore, deep sea and frigid Arctic (Ref 1).
Under long-distance and high-pressure conditions, pipeline
transmission was one of the most important ways to deal with
the above issues, and it developed toward high strength and
large diameter in order to save the operation costs and
improved transmission efficiency (Ref 2). Relevant studies
showed that natural gas transmission capacity was increased
from 100 to 300 million to 30 billion cube/year and reduced the
operation costs by 30% using ultra-high strength X100 instead

of X70 pipeline steels. Thus, X100 pipeline steel was possible
to be the primary materials for the transmission of petroleum
and natural gas in the future (Ref 3).

X100 pipeline had a 174 J of impact energy at 20 �C
temperatures, and its yield and tensile strength were 690-
840 MPa and 760-990 MPa, respectively (Ref 4). Welding was
the essential process to the production and assembly of
pipelines such as multi-pass submerged arc welding, gas
shielded welding. The fine microstructure of base metal was
coarsened during welding thermal cycle, which leads to the
deterioration of mechanical properties of welded joints. (Ref 5-
7). Thus, many researchers have made many valuable results on
the evolution of microstructure and properties during double-
pass welding thermal cycle process through thermal simulation
test using multi-pass submerged arc welding (Ref 8-12). The
results showed that the inter-critically coarse-grained heat-
affected zone (IC-CGHAZ) was the primary issue in the
welding of pipeline steels, which toughness cannot meet
requirements because of the presence of necklace M-A
constituents forming near the prior austenite grain boundaries
(PAGB).

Using single-pass welding, IC-CGHAZ of X100 pipeline
steel was absent, and it was possible to solve the problem that
the toughness of X100 welded joints cannot meet the require-
ments. With the rapid development of high-power laser, laser
welding or hybrid fiber laser arc welding provided a new
method to realize the single-pass welding of X100 pipeline
steel with a thickness of 14.8 mm (Ref 13, 14). However, the
CGHAZ was the vulnerable region for the properties of welded
joints in single-pass welding. Thus, this present paper studied
the evolution of microstructure and properties of CGHAZ of
X100 pipeline steel with different heat inputs using thermal
simulation test, including grain size, hardness, impact fracture
morphology and secondary crack. The study on the relationship
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between microstructure and properties will provide a theoretical
basis for the formulation of welding parameters in laser welding
or hybrid laser arc welding of X100 pipeline steels.

2. Experimental Procedures

2.1 Materials

Table 1 lists the chemical composition of X100 pipeline
steel. It was smelted ingot in 150 kg vacuum smelting furnace
and then forged. Hot rolling was implemented on / 450 mm
using hot rolling experimental mill. The heating temperature of
experimental steel was 1250 �C. The rolling process consisted
of rough rolling and finish rolling; the steel plate was rolled
from 120 to 50 mm experienced three passes during rough
rolling. The start temperature and finish temperature were 1200
and 1050 �C, respectively. With the temperature cooled to
870 �C, the finish rolling was performed and the thickness was
reduced from 50 to 12 mm experiencing five passes. During
finish rolling process, the finish temperature was 820-840 �C,
and then, the surfaces of steel plates were injection water
cooled to 400-440 �C with a cooling rate of 25 �C/s. Figure 1
presents the microstructure of experimental steel. It consisted of
bainite and a few fine M-A constituent dispersing on the
bainitic ferrite matrix (B). The yield and tensile strength of
experimental steel was 730 MPa and 835 MPa, respectively.
The elongation was � 20%.

2.2 Methods

The welding thermal simulation test of samples with a size
of 80 9 11 9 11 mm was carried out using Gleeble 3800
thermal simulation test machine. The samples were heated to
1350 �C with a heating rate of 100 �C/s and hold for 1 s; the
different welding heat inputs were obtained by adjusting the
values of t8/5 (3, 5, 10, 15, 30 and 60 s). The relationship
between heat input and t8/5 is given in formula (1) (Ref 15):

E ¼ d
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where E is welding heat input (J/cm), d is actual thickness of
welded plates (cm), here is 1.48, k is thermal conductivity (W/
(cmÆ�C)), the value is 0.42, c is specific heat capacity (J/
(cmÆ�C)), the value is 0.5, q is density of experimental steel (g/
cm3), the value is 7.8, T0 is initial temperature or initial ambient
temperature (�C), its value is 25 �C. According to Eq 1, the
calculated heat input was 8, 10, 15, 18, 26 and 36 kJ/cm,
respectively. Figure 2 presents the thermal cycle curves under
different heat input conditions according to the formula (1).

After thermal simulation, the samples were prepared by
mechanical processing into 55 9 10 9 10 mm with a ‘‘V’’-
notch in the center. The impact toughness at � 40 �C

temperature was tested using ZBC-300 pendulum impact
testing machine, and the average value was obtained by three
repeated experiments. SU5000 scanning electron microscope
(SEM) was used to observe the impact fracture surface.
Samples were polished and etched with 4% nital and then, the
microstructure and crack on the side of fracture were observed
by Zeiss Axio Vert.A1 optic microscope (OM) and SEM. M-A
constituent was etched with Lepera reagents (4% picral and
1%Na2S2O5) and observed by OM. The prior austenite grain
boundary was etched with 15% picric aqueous solution and
then to be observed by OM. The area fraction of M-A
constituent and prior austenite grain size were counted by
software of Image Pro-Plus 6.0 (IPP software) with ten images
in each condition.

The corrosion resistance of experimental steel was estimated
using VersaSTAT 4 electrochemical workstation with different
heat inputs at room temperature. Three-electrode method was
selected in this study: Platinum electrode was as auxiliary
electrode, a saturated calomel electrode was as reference
electrode and the simulated steels under different heat inputs
were as working electrode. The size of sample was
10 9 10 mm. Mixed solution of NaHCO3 (0.5 mol/L) and
NaCl (0.02 mol/L) was used in electrochemical test, with an
electrode area of 1 cm2. Pre-polarization was performed to

Table 1 Chemical composition of X100 pipeline steel
(mass fraction, %)

C Si Mn Al Ti Cr Mo Nb Fe

0.06 0.25 1.93 0.025 0.02 0.20 0.25 0.05 Bal.

M-A constituent
B

Fig. 1 Microstructure of experimental steel
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Fig. 2 Welding thermal cycle curve with different heat inputs
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remove the oxidation film on the sample surface before testing
potentiodynamic polarization curve. The working electrode was
stationary in solution for 0.5 h and then, potentiodynamic
polarization was carried out at the scanning speed of 0.5 mV/s;
scanning potential range was � 0.95-1.0 V.

3. Results and Discussion

3.1 Effect of Heat Input on Microstructure and Prior
Austenite Grain Size of CGHAZ

Figure 3 presents the microstructure of CGHAZ with
different heat inputs. When the heat input was 8-18 kJ/cm,

the microstructure consisted of lath bainite (LB) and granular
bainite (GB) (Fig. 3a-d), and the content of LB was decreasing
with the heat input increased (Ref 13). When the heat input was
26-36 kJ/cm, the microstructure was only GB (Fig. 3e-f).
Based on the phase transformation mechanism, it can be
inferred that the microstructure was LB when the heat input
was less than 8 kJ/cm, but it was GB in the case of a heat input
of 36 kJ/cm and more.

Figure 4 presents the prior austenite grain morphology with
different heat inputs, and their effect relation is presented in
Fig. 5. Fine prior austenite grain was observed when the heat
input was 8 kJ/cm, but it was coarsened significantly with the
increasing heat input. Statistical analysis was done using linear
intercept method and ten photographs were selected for each
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Fig. 3 Microstructure of CGHAZ with different heat inputs. (a) 8 kJ/cm; (b) 10 kJ/cm; (c) 15 kJ/cm; (d) 18 kJ/cm; (e) 26 kJ/cm; (f) 36 kJ/cm
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heat input. The results showed that the austenite grain size was
only � 17 lm when the heat input was 8 kJ/cm, and it was
� 100 lm as the heat input increased to 36 kJ/cm. In previous
studies, it was confirmed that austenite coarsening temperature
was 1200 �C for X100 pipeline steel with Nb (Ref 16). Thus,
the prior austenite size was strongly influenced by the hold time
at high temperature during welding thermal cycle process in
this study. From Fig. 2, when the heat input was 8, 10, 15, 18,
26 and 36 kJ/cm, the hold time of more than 1200 �C was 2.68,
3.03, 3.89, 4.75, 7.35 and 12.61 s, respectively. With the heat
input increased, the austenite grain boundary had enough time
to occur migrate. As a result, the grain size was coarsened.

Exponential relationship was taken and fitted by origin
software as listed in formula (2):

D ¼ 0:76 � eðE=7:65Þ þ 15:7 ðEq 2Þ

where D is prior austenite grain size (lm), E is welding heat
input (kJ/cm). For the samples with large size
(55 9 10 9 10 mm), it was difficult to simulate laser/laser
arc hybrid welding with low heat input (< 8 kJ/cm) using
current thermal simulation test machine, since the welding
speed cannot achieve 103 �C/s. Thus, it was difficult to obtain
the simulated microstructure with a lower heat input due to
limit cooling rate on this thermal simulation machine, but the
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Fig. 4 Prior austenite grain of CGHAZ with different heat inputs. (a) 8 kJ/cm; (b) 10 kJ/cm; (c) 15 kJ/cm; (d) 18 kJ/cm; (e) 26 kJ/cm; (f)
36 kJ/cm
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prior austenite grain size of CGHAZ can be estimated by
formula (2).

In order to verify the accuracy of this established mathe-
matical model and welding-simulated microstructure, X100
pipeline steel with a 7 mm thick was welded using IPG YLR-
6000 fiber laser. The laser power was 6000 W with a focus of
� 10 mm. Different heat inputs (1.0, 1.2 and 1.5 kJ/cm) were
obtained when the welding speed was 60, 50 and 40 mm/s. The
microstructure of CGHAZ during laser welding was similar to
the simulated results, consisted of lath bainite (Fig. 6). The
measured prior austenite grain size was 17.2, 17.8 and 19.9 lm,
respectively. In the same heat inputs, the calculated values in
Eq 2 were 16.5, 16.5 and 16.6 lm, respectively. Thus, Eq 2 was
effective to predict the prior austenite grain size of CGHAZ
based on thermal simulation test. Moreover, the thermal
simulation microstructure can provide an important basis for
predicting the microstructure of laser/laser arc hybrid welding.

3.2 Effect of Heat Input on Size and Fraction of M-A
Constituent

Figure 7 presents the distribution of M-A constituent (light
microstructure, etched by Lepera reagent) in CGHAZ with
different heat inputs.

When the heat input was 8 and 10 kJ/cm, M-A constituent
dispersed in the prior austenite grain and between the bainite
ferrite laths (Fig. 7a and b), only a few was on the prior
austenite grain boundaries (PAGB). With the heat input
increased to 15-36 kJ/cm, the M-A constituent on PAGB was
increased (as indicated by yellow arrows in Fig. 7c-f), and its
spacing was gradually decreased to form a necklace shape.

Similar results were reported in previous relevant studies (Ref
16-18).

The size and fraction of M-A constituent were counted by
IPP software with different heat inputs; the results is listed in
Table 2. The effect of heat inputs on the size and fraction of M-
A constituent is presented in Fig. 8. From Table 2, when the
heat input was increased from 8 to 36 kJ/cm, the volume
fraction of M-A constituent (ƒM-A) increased from 10.07 to
16.85%, and the length size (L) of less than 1 lm in which
reduced from 70.79% (8 kJ/cm) to 58.69% (36 kJ/cm). It was
indicated that the size of M-A constituent was increased with
increasing heat input. Generally, the M-A constituent was
considered to be massive shape with a 1-3 value of length (L)/
width (W), and it was considered to be strip shape when the
ratio was more than 3 (Ref 19). Statistical analysis showed that
the shape of M-A constituent had no obvious changes, mostly
was massive and the ƒM-A was about 75-90%.

During the cooling process in thermal simulation, austenite
transformed into lath bainite or bainite ferrite, in which carbon
diffused into the austenite without phase transformation at the
same time, resulting in an improvement in the austenite
stability. When the temperature was less than the initial
transformation temperature of martensite, low carbon content
transformed into martensite, and carbon-rich austenite was
retained at low temperature to form M-A constituent (Ref 18).
With the heat input increased, the M-A constituent had three
changes such as volume fraction, size and shape. In granular
bainite, M-A constituent dispersed in the ferrite matrix. From
Fig. 3, the content of granular bainite increased with increasing
heat input, such that the volume fraction of M-A constituent
increased, which was in accordance with the results of Table 2.
Previous studies confirmed that the prior austenite grain size is
proportional to the size of M-A constituent (Ref 19, 20). In this
study, the heat increased from 8 to 36 kJ/cm, the prior austenite
grain size was increased from 17 to 100 lm. Thus, the content
of M-A constituent was improved, with a size of more than
1 lm. With the heat input increased, the welding cooling rate
was reduced such that phase transformation driving force of
austenite reduced. Thus, the carbon was rich in the austenite
grain boundaries where the necklace M-A constituent formed
as a result when the heat input was more than 15 kJ/cm.

3.3 Effect of Heat Input on Hardness and Impact Toughness
of CGHAZ

Figure 9 presents the hardness and impact energy of
CGHAZ with different heat inputs. With the heat input
increased, the hardness and impact energy was reduced, and
it was more serious for impact energy (approach to 80%) which
was reduced from 233 J of 8 kJ/cm to 2 J of 36 kJ/cm.
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Fig. 5 Effect of heat input on the prior austenite grain size
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Fig. 6 Microstructure of CGHAZ with different actually welding heat inputs. (a) 1.0 kJ/cm; (b) 1.2 kJ/cm; (c) 1.5 kJ/cm

1814—Volume 28(3) March 2019 Journal of Materials Engineering and Performance



Compared to the hardness of base metal (BM) (287 HV0.2),
the highest hardness was 308 HVof 8 kJ/cm and the lowest one
was 260 HV of 36 kJ/cm. When the heat input was 15-21 kJ/
cm, the hardness was similar to BM. Compared to the impact
energy of BM (290 J), it was 233 J with a heat input of 8 kJ/cm
that was 80% of BM. With the heat input increased to 36 kJ/
cm, the impact energy was only 9% of BM.

Generally, hardness was depended on the microstructure
type such as martensite, bainite, ferrite and pearlite (Ref 21). In
this study, the M-A constituent and prior austenite grain size
changed significantly with the heat input increased, but the
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Fig. 7 Distribution of M-A constituents with different heat inputs. (a) 8 kJ/cm; (b) 10 kJ/cm; (c) 15 kJ/cm; (d) 18 kJ/cm; (e) 26 kJ/cm; (f)
36 kJ/cm

Table 2 Statistical analysis results of M-A constituent
with different heat inputs

E, kJ/cm 8 10 15 18 26 36

ƒM-A, % 10.07 10.11 10.51 11.62 13.74 16.85
fL ‡ 1 lm, % 29.21 33.39 33.34 28.10 37.15 41.31
fL<1 lm, % 70.79 66.61 66.66 71.90 62.85 58.69
f1 £ L/W £ 3, % 87.25 89.70 89.97 87.92 80.35 74.26
fL/W ‡ 3, % 12.75 10.3 10.03 12.08 19.65 25.74
L: Size length; W: Size width
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microstructure of CGHAZ was still lath bainite or granular
bainite. Thus, the hardness did not fluctuate evidently with heat
input increased. However, the reduction in impact energy was
very severe due to the M-A constituent and prior austenite grain
size, which had been shown in previous studies (Ref 18, 22).

Figure 10 presents the appearance of impact fracture of BM
and CGHAZ with different heat inputs. The fracture appearance
of BM was uneven with obvious plastic deformation, implying
as ductile fracture (Fig. 8a). When the heat input was 26 kJ/cm
and 36 kJ/cm, even fracture appearance was observed without
deformation, implying as brittle fracture (Fig. 10f and g). For
other heat inputs, the fracture mode was between brittle and
ductile fracture only with partial plastic deformation.

Figure 11 presents SEM images of impact fracture of BM
and CGHAZ with different heat inputs. A large number of
dimples were observed in the fracture surface of BM (Fig. 11a).

When the heat input was 8 and 10 kJ/cm, the fracture surface
consisted of ductile and brittle fracture zone. One feature of the
fracture was the dimples with vary sizes (Fig. 11b and d) in
ductile fracture zone, and others was tearing edges and quasi-
cleavage facet in brittle fracture zone (Fig. 11c and d). Thus, its
fracture mode was ductile and quasi-cleavage fracture. When
the heat input was 15 and 18 kJ/cm, the fracture surface
consisted of tearing edges and quasi-cleavage facet, which was
quasi-cleavage fracture (Fig. 11e and f). When the heat input
was 26 and 36 kJ/cm, the fracture with typical fan-shaped river
pattern can be observed (as indicated by yellow arrows in
Fig. 11g and h), implying as cleavage fracture.

Consequently, the effect of heat input on the impact fracture
mode of CGHAZ was: when the heat input was 8 kJ/cm, it was
ductile fracture as well as quasi-cleavage fracture; when the
heat put was 11-18 kJ/cm, it was quasi-cleavage fracture; when
the heat input was 26-36 kJ/cm, it was brittle fracture.

The impact toughness of BM and actual welded joints was
test at � 40 �C temperature using pendulum impact testing
machine (Fig. 12). The laser welding heat input was 1.5 kJ/cm,
and the size of impact sample was 55 9 10 9 5 mm, ‘‘V’’-
notch located in the HAZ near to fusion line (Fig. 12a). The
impact fracture surface of this welded joint was showed in
Fig. 12(b). Both of the BM and HAZ samples were typical
ductile fracture with a great deal of dimples (Fig. 12c and d),
but the dimples in HAZ were relatively shallow compared to
BM. The impact energy of HAZ was 67 J, 66% of BM (101 J).

For welding thermal simulation, it can be inferred from
Fig. 9 that the impact toughness was increased with the
reduction in heat input. Thus, the estimated impact toughness of
1.5 kJ/cm was more than 80% (8 kJ/cm) of BM, but it was only
66% in actual welded joints. The reason was that ‘‘V’’-notch
may be between in fusion line and HAZ and the impact
toughness of fusion line was the worst region of welded joints,
so the impact toughness of HAZ of actual welded joints was
lower than the results of welding thermal simulation.

3.4 Effect of Heat Input on Secondary Crack of CGHAZ

The crack propagation in impact fracture determined the
impact toughness. Primary and secondary crack in impact
fracture side surface of BM and CGHAZ with different heat
inputs are presented in Fig. 13 (dark region indicated by yellow
arrow). For BM, it had good plastic deformation ability due to
the bainite microstructure with obvious plastic deformation and
the absence of secondary crack (Fig. 13a). When the heat input
was 8 and 10 kJ/cm, secondary crack was almost never
observed near the primary crack. It showed a relatively good
plasticity of its microstructure (Fig. 13b). When the heat input
was 26 and 36 kJ/cm, a great deal of secondary crack was
observed. The number and width were more than that of other

8 12 16 20 24 36 40
10

20

30

40

50

60

70

80

90

100
Size length<1µm
 Size length>1µm

Si
ze

 d
ist

rib
ut

io
n 

of
 M

/A
 co

ns
tit

ue
nt

/ %

Heat input/kJ/cm

Fig. 8 Effect of heat input on the size of M-A constituents

5 10 15 20 25 30 35 40
0

50

100

150

200

250

300

350

0

50

100

150

200

250

300

350

Microhardness

Impact energy

16%

88%

Im
pa

ct
 en

er
gy

/J

M
icr

oh
ar

dn
es

s/H
V0

.2

Heat input/kJ/cm

Fig. 9 Hardness and impact energy of CGHAZ with different heat
inputs

 

(a) (b) (c) 

(d) (e) (f) (g) 

Fig. 10 Appearance of impact fracture of BM and CGHAZ with different heat inputs. (a) BM; (b) 8 kJ/cm; (c) 10 kJ/cm; (d) 15 kJ/cm; (e)
18 kJ/cm; (f) 26 kJ/cm; (g) 36 kJ/cm
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heat inputs, with the bulk metal falling off (Fig. 13e and f).
Thus, the plastic of the microstructure was poor. When the heat
input was 15 kJ/cm and 18 kJ/cm, secondary crack was also
observed, but its number and size was reduced compared to 26
and 36 kJ/cm (Fig. 13c and d).

Based on the above analysis, with the heat input
increased, the number and width of secondary was increased
and presented a tendency of the bulk metal falling off,
which indicated that the toughness of CGHAZ was getting
worse.

(d)

dimples

(c)

dimples

(b)

BM HAZ FZ

500 μm

Machined notch

(a)
BM HAZ

Fig. 12 Impact fracture surface of BM and HAZ of actual welded joints. (a) Micromorphology of BM and HAZ; (b) OM images of HAZ with
‘‘V’’-notch; (c) Fracture SEM images of BM; (d) Fracture SEM images of HAZ
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Fig. 13 Primary and secondary crack in impact fracture side surface of BM and CGHAZ with different heat inputs. (a) BM; (b) 8 kJ/cm; (c)
15 kJ/cm; (d) 18 kJ/cm; (e) 26 kJ/cm; (f) 36 kJ/cm
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Further observation of crack in impact fracture side surface is
shown in Fig. 14. When the heat input was 8 kJ/cm, lath bainite
with a good plastic presented obvious plastic deformation around
the primary crack (Fig. 14a and b). Only a few of secondary
cracks with less length can be observed, and the propagation of
primary crack was deflected and terminated at the prior austenite
grain boundary (PAGB) (Fig. 14b). Itwas indicated that the crack
propagation energy was consumed by PAGB.

When the heat input was more than 15 kJ/cm, the number of
secondary crack was increased obviously and size was greater
(Fig. 14c, e and g). It was shown that the ability for
microstructure to hinder the crack propagation reduced signif-
icantly. The crack propagation was also deflected and termi-
nated at PAGB, but the around microstructure had no
deformation (Fig. 12d, f and h). Moreover, the interface
between M-A constituent and matrix, as well as the PAGB
with necklace-like M-A constituent had been the crack
initiation and rapid propagation channel (Ref 23).

According to the Griffith formula (Ref 24):

rc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pEc
ð1� m2Þd

� �

s

ðEq 3Þ

where rc is critical fracture stress, E is modulus of elasticity, m is
Poisson ratio, c is surface energy of materials, d is microcrack
size, here is maximum length of M-A constituent. In this study, a
statistical analysis of d values was carried out with different heat
inputs using IPP software. The results showed that the value of d
was 3.6 and 6.5 lm when the heat input was 8 and 36 kJ/cm,
respectively, and the calculated rc in the case of 36 kJ/cm was
70% of 8 kJ/cm. It means that the length size of M-A constituent
was greater, the critical fracture stress required for microcrack
propagation was less, and it was easy to be the crack source
during impact process. Previous studies showed that the M-A
constituent with the length size of more than 1 lm can become
the crack source (Ref 15). From Fig. 8, it can be seen that the
number of M-A constituent greater than 1 lm in unit area was
increased (29.21% fi 41.31%) with the heat input increasing
(8 fi 36 kJ/cm), leading to the impact toughness reduce.

M-A constituent was also presented in microstructure of BM,
but its impact energy was up to 290 J, due to that it dispersed on
the ferrite matrix with an average length size of 0.4 lm
(maximum was 0.823 lm). Studies in previous suggested that
the M-A constituent with a length size of less than 1 lm and
dispersion distribution can not only change the direction of crack
propagation but also restrain the crack propagation, such that the
toughness was improved (Ref 25, 26).

Moreover, the toughness was also deteriorated by the
necklace-like M-A constituents formed in the condition of high
heat inputs (> 15 kJ). In Fig. 13, most of secondary crack
initiated at the prior austenite grain boundary (PAGB) with
necklace-like M-A constituents or propagated along PAGB. The
similar results that the toughness of IC-CGHAZofX100 pipeline
steels was less than 50 J due to the presence of necklace-likeM-A
constituents were found in previous (Ref 27, 28).

Grain boundary was an important factor effected toughness,
not only changed the propagation direction of microcracks
(Fig. 14d) and even prevented its propagation (Fig. 14b). The
relationship between prior austenite grain size and cleavage
face was given in Eq 4 (Ref 12):

dc ¼ 2:2þ 0:57da ðEq 4Þ

where d
c
is average size of cleavage face, d

a
is average size of

austenite grain. From Eq 4, the size of cleavage face was
increased with the austenite grain size increased and toughness
was decreased gradually.

Consequently, the reason that the impact toughness of
CGHAZ was reduced with heat input increased was concluded
as following: first, as the heat input was more than 15 kJ, the
necklace-like M-A constituent dispersed on prior austenite
grain boundaries was increased gradually where the second
crack initiated and grew along it. Second, with the heat input
increased (8 fi 36 kJ/cm), the numbers of M-A constituent
with a length size of more than 1 lm raised from 29.21 to
41.31%, which resulted in a reduction in impact toughness.
Third, with the heat input increased, the prior austenite grain
size was improved from 15 to 100 lm such that the impact
toughness was deteriorated.

3.5 Effect of Heat Input on Corrosion Resistance of CGHAZ

Figure 15 presents the self-etching current density of BM
and CGHAZ with different heat inputs. It was showed that with
the heat input increased the self-etching current density was
increased. That is to say, the corrosion resistance of CGHAZ
was reduced with the increasing heat input.

Actually, corrosion is also an electrochemical reaction
process. Increasing the microstructure uniformity of steels can
reduce the potential difference of anode and cathode, and the
corrosion rate is reduced such that local corrosion is slowed
down. For the samples of welding thermal simulations, M-A
constituents were a carbon-rich phase (carbon content was ten
times of matrix) (Ref 13), which was considered as a cathode to
establish partial corrosion with readily soluble bainite ferrite
(considered as anode). Thus, the corrosion rate was improved.
When the heat input was more than 15 kJ/cm, the necklace-like
carbon-rich M-A constituent was present at prior austenite grain
boundary, which led the increase in grain boundary interfacial
energy and further accelerates the corrosion process such that
the corrosion resistance gradually decreasing.

4. Conclusions

1. When the heat input was 8-18 kJ/cm, the microstructure
consisted of lath bainite and granular bainite. With the
heat input increased to 26-36 kJ/cm, the microstructure
was full granular bainite. The relationship between prior
austenite grain size (D) and heat input (E) was expressed
by exponential function, D ¼ 0:76 � eðE=7:65Þ þ 15:7. This
mathematical model can be used to precise predict the
grain size at lower heat input conditions such as laser
welding.

2. With the heat input increased, three changes were ob-
tained for M-A constituent: First, the volume fraction in-
creased from 10.07% (8 kJ/cm) to 16.85% (36 kJ/cm);
second, the numbers of length less than 1 lm were de-
creased from 70.79% (8 kJ/cm) to 58.69% (36 kJ/cm).
Third, when the heat input was more than 15 kJ/cm, the
necklace-like M-A constituent formed on prior austenite
grain boundaries.

3. The heat input had a little effect on hardness (with a
reduction of 16%), but it was obvious on impact tough-
ness (with a reduction of 88%) due to the M-A con-
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stituent and prior austenite grain size. The corrosion resis-
tance of CGHAZ improved with heat input increased due
to electrochemical corrosion of cathode and anode formed
by M-A constituent and bainitic ferrite. Thus, the corrosion
rate was accelerated with M-A constituent changed.

4. The formation of necklace-like M-A constituent at the
prior austenite grain boundary can be controlled when
the welding heat input was less than 15 kJ/cm, finer M-A
constituent dispersing in austenite was obtained. It was
advantageous to improve the impact toughness and corro-
sion resistance of welded joints of X100 pipeline steels.
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Fig. 15 Self-etching current density of BM and CGHAZ with
different heat inputs
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