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Abstract: Low-temperature embrittlement in the heat-affected zone (HAZ) of heavy-wall X80 weld
joints is a primary challenge for arctic oil & gas exploitation. In this paper, the influence of inter-
critically reheated coarse-grained HAZ (ICCGHAZ) on the low-temperature toughness of the weld
joint in a 22 mm thick X80 spiral submerged arc welded pipe was studied through instrumented
Charpy V-notch impact test at −80~20 ◦C and corresponding fracture surface characterization. The
results indicated that the influence of ICCGHAZ on the overall toughness of the weld joint is related
to temperature. At temperatures below −45 ◦C, individual and tiny martensite-austenite (MA) con-
stituent debonding can trigger cleavage fracture–which was proved to be nucleation-controlled–and
the probability of embrittlement of the ICCGHAZ increases. At temperatures higher than −45 ◦C,
only relatively large or closely distributed MA constituent in ICCGHAZ satisfies the conditions to
trigger propagation-controlled cleavage fractures, and the influence of ICCGHAZ on the overall
toughness is not remarkable.

Keywords: pipeline steel; low-temperature toughness; ICCGHAZ; LBZ; Arctic regions

1. Introduction

Approximately 13% of undiscovered oil and 30% of undiscovered natural gas resources
are stored in Arctic regions [1]. Pipelines are the most convenient form of transportation to
exploit Arctic gas and oil [2]. Extremely low service temperatures as low as −60 ◦C will
result in the embrittlement of the pipeline steel, which is one of the primary challenges
to building an Arctic pipeline [3]. Previous studies have indicated that heavy-wall X80
steel rolled by a series of particular production technologies has excellent low-temperature
toughness, which is the preferred material for Arctic pipelines [4–7]. However, after the
steel is manufactured into pipes by dual-pass submerged arc welding, the toughness in
the heat-affected zone (HAZ) of the weld joint will deteriorate, especially in intercritically
reheated coarse grain HAZ (ICCGHAZ); this is a small region where the coarse grain HAZ
(CGHAZ) of the first welding pass is reheated to the intercritical temperature (AC1~AC3)
by the second welding pass. Previously, the toughness of ICCGHAZ via thermal simulation
test was extensively studied, and was proved to be a local brittle zone (LBZ) [8,9]. For
example, Moeinifar and Andia reported that the Charpy impact energy of ICCGHAZ
simulated by different thermal cycles are all below 20 J at −60 ◦C, respectively [10,11].
Meanwhile, the local brittle mechanism has been clarified, which is associated with the
hard and brittle MA constituent distributed along the coarsened prior austenite grains
boundary (PAGB) [12–14].

However, few studies have focused on how ICCGHAZ affects the overall toughness
of the weld joint, especially at temperatures below −60 ◦C. Low-temperature pipelines
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are generally designed with large pipe diameters and heavy wall thicknesses, such as the
Bovanenkovo–Ukhta (B-U) pipeline that uses 23 mm K65 (API grade X80) steel, requiring a
Charpy impact toughness in HAZ not less than 56 J at −40 ◦C [15]. For heavy-wall X80
pipeline steel, ICCGHAZ is only a very small subzone located in the middle of the wall
thickness. According to most current standards, such as the standard API SPEC 5L, ISO
3183, and the technical specification of B-U pipeline, the impact test specimens are taken as
close as practicable to the outer surface of the pipe. However, the tested specimen most
likely does not contain ICCGHAZ, which means the influence of ICCGHAZ is ignored.
For the safety of heavy-wall arctic pipelines, it is essential to evaluate the influence of
ICCGHAZ on the toughness of the whole weld joint.

The present study fabricated a 22 mm thick X80M weld joint by spiral submerged arc
welding (SSAW). The microstructure of different subzones in the HAZ was studied. The
instrumented Charpy V-notch impact test was applied at a series of temperatures with the
notch across the ICCGHAZ. The macroscopic fracture surface and the microscopic cleavage
crack nucleation and propagation were investigated in detail to clarify how and why the
ICCGHAZ affects the low-temperature toughness of overall HAZ.

2. Materials and Methods
2.1. Materials and Welding Processes

The 22 mm thick X80M steel in this paper is rolled for the China-Russia East natural
gas pipeline stations using thermo-mechanical controlled process (TMCP). The chemical
composition was determined by optical emission spectrometer, as listed in Table 1. The
steel was manufactured to 1422 mm outer diameter pipes by two tandem SSAW wires
from the inside and outside. The groove of the weld joint is shown in Figure 1a. Detailed
welding parameters are listed in Table 2.

Table 1. Chemical compositions in wt.% of X80M steel.

C Si Mn Cr Ni Mo Nb + V + Ti

0.03 0.19 1.63 0.23 0.14 0.23 0.11

Figure 1. (a) the groove of the weld joint; (b) the thermal cycle curves of simulated CGHAZ
and ICCGHAZ.
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Table 2. Welding parameters.

Welding Process Current/A Voltage/V Speed/
cm/S

Heat input/
kJ/cm

Inside welding 1# wire 1450 32
2.33 30

2#wire 700 37

Outside
welding

1# wire 1500 33
2.33 35

2#wire 750 38

The thermal simulated ICCGHAZ and CGHAZ were prepared to obtain a similar
microstructure to the corresponding subzone in actual HAZ, and hence to reveal the
individual toughness of the small subzones. Samples with dimensions of 11 × 11 × 55 mm3

were cut from the pipe body along the rolling direction and subjected to thermal cycles
(Figure 1b) to simulate CGHAZ and ICCGHAZ, via a Gleeble 3800 machine.

2.2. Impact Toughness Test and Fractography Analysis

The impact toughness was evaluated by the instrumented impact test according to
the API SPEC5L standard. The samples were taken from the pipe, then etched in 4%
nital solution to precisely locate the axis of the V-notch, and finally machined into the
standard dimension (10 × 10 × 55 mm3). The simulated samples were also machined
into the standard dimension. The notch for the standard HAZ (the yellow rectangle in
Figure 2a) passed through the intersection of the fusion line and the outer surface as close as
practicable, marked as Group HI. Samples of Group HII were taken from 4 mm below the
outer surface (the red rectangle in Figure 2a), and the detail of the notch location was shown
in Figure 2b. The notch in Group HII will encounter CGHAZ, fine grain HAZ (FGHAZ),
and ICCGHAZ, while CGHAZ, FGHAZ, and intercritical HAZ (ICHAZ) are encountered
in Group HI.

Figure 2. (a) the location of the V-notch of the two groups; (b) the detail of the V-notch in Group
HII. OW-outside weld; IW—inside weld; BM—base metal; FL—fusion line; the subscript in CGHAZ,
I—the inside weld, O—the outside weld.

The impact test was performed at 20, 0, −20, −30, −45, −60, and −80 ◦C, respectively.
The temperature of −45 ◦C is the test temperature of the China-Russia East natural gas
pipeline technical specification.

After the impact test, the fracture surfaces were characterized under stereomicroscope
and scanning electron microscopy (SEM).

2.3. Microstructural Characterization

The microstructure of different subzones in the weld joint was analyzed by optical
microscopy (OM) and SEM. LePera solution was used to reveal the characteristic of MA
constituent [16,17].
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3. Results and Discussion
3.1. Microstructure

The microstructure of different regions in the weld joint is presented in Figure 3. The
microstructure of base metal (Figure 3a) consists of granular bainite (GB) with tiny MA
constituent (about 1–2 µm) dispersed in it. This microstructure enables the excellent low-
temperature toughness of base metal [18]. The main microstructure of FGHAZ (Figure 3b)
is refined polygonal ferrite and quasi-polygon ferrite with granular MA constituent. The
mean grain size of FGHAZ is about 5 µm. In CGHAZ (Figure 3c), the average grain size
is about 60 µm. The prior austenite grain is divided into several packets by different
orientations of bainitic ferrite (BF) or GB. The lath of BF grows from the prior austenite
grain boundary (PAGB) into the internal, and between them is slender MA constituent film
(as long as about 10 to 15 µm). In contrast, the MA constituent in GB is granular or blocky.

Figure 3. SEM of the different positions of the X80 steel welded joint. (a) base metal; (b) FGHAZ;
(c) CGHAZ; (d) ICCGHAZ; (e) thermal simulated CGHAZ; (f) thermal simulated ICCGHAZ.
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The matrix microstructure and grain size of ICCGHAZ (Figure 3d) is similar to CG-
HAZ. The significant difference is the shape, size, and fraction of the MA constituent.
This is because part of the matrix in ICCGHAZ reverts to austenite during the reheating
stage, and PAGB is the preferred nucleation site for reverted structure. Then, the reverted
austenite transforms into MA constituent and bainite, etc. Therefore, the MA constituent in
ICCGHAZ has a preferred location on PAGB with a “necklace-type” [19–21]. Nevertheless,
only a small amount of MA constituent is distributed along PAGB in CGHAZ. As shown
in Figure 4, the white blocky and slender microstructure is MA constituent via LePera
solution etched. The MA constituent in ICCGHAZ is larger in size, higher in fraction, and
more preferential to form a necklace distribution on PAGB than in CGHAZ.

Figure 4. OM of CGHAZ and ICCGHAZ etched by LePera solution. (a) CGHAZ; (b) ICCGHAZ.

Additionally, Figure 3e,f indicate that the microstructures in thermal-simulated CGHAZ
and ICCGHAZ are basically the same as the actual CGHAZ and ICCGHAZ, respectively.

3.2. Impact Toughness and Fractography Characterization

The single and average impact absorbed energy (Akv) of different regions as a function
of test temperature is shown in Figure 5. The ductile–brittle transition curves were fitted by
the Boltzmann formula. The ductile–brittle transition temperature (DBTT) is defined as the
temperature corresponding to 50 percent of the upper and lower shelf energy, abbreviated
as ETT50 [22,23]. The primary curves information is given in Table 3. The green lines
(Akv = 40 J in Figure 5a and Akv = 50 J in Figure 5b) are the accepted minimum single
and mean value in the China-Russia East natural gas pipeline technical specification,
respectively. In this paper, if the single value is smaller than 40 J, this sample is defined as a
brittle sample. Meanwhile, if the mean value of samples at certain temperature is smaller
than 50 J, the tested region is defined as a brittle region at this temperature.

Table 3. The primary information of ductile–brittle transition curves.

Positions Upper Shelf Energy/J Lower Shelf Energy/J DBTT/◦C

Base Metal 390 50 −78.5
HI 350 12 −47.5
HII 300 9 −28
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Figure 5. The impact absorbed energy of different zones: (a) single value; (b) mean value.

The base metal has excellent low-temperature toughness. The lower shelf energy
is 50 J and the ductile–brittle transition temperature (DBTT) is −78.5 ◦C. For Group HI,
every single and mean Akv value is larger than 40 J and 50 J at temperatures higher than
−60 ◦C, respectively. Even at −80 ◦C, the mean Akv value is still larger than 50 J, and only
two samples are brittle. In short, the standard HAZ has good low-temperature toughness.
Conversely, the toughness of Group HII deteriorates. At temperatures higher than −45 ◦C,
the mean values are between 190 J to 270 J, and about 50 J smaller than Group HI. The
minimum single value is 146 J. Both the single and mean values are not the brittle value. At
−45 ◦C, although the mean value is higher than 100 J, a brittle value of 39 J is presented.
At −60 ◦C, the mean value 47 J is about 100 J smaller than for Group HI, and most of the
samples are brittle with a minimum value of 14 J. Of note, at −80 ◦C, only one sample is
larger than 40 J, and the mean value is only 29 J, while it is still higher than 50 J in Group
HI. The present results indicate that the influence of ICCGHAZ is temperature-dependent,
and the critical temperature is −45 ◦C. Additionally, the DBTT of Group HII is significantly
higher than Group HI. DBTT of HI is −47.5 ◦C, while HII is −28 ◦C.

Previous study reported that Charpy impact energy is the average of subzones across
the V-notch and is dominated by the most brittle region [19]. As shown in Figure 5b, the
toughness of simulated CGHAZ is better than the other zone. The simulated ICCGHAZ
with Akv values no larger than 25 J is the most brittle region. However, at temperatures
higher than −45 ◦C, ICCGHAZ does not result in the overall HAZ embrittlement. At
−45 ◦C, brittle samples begin to present for Group HI, while the embrittlement temperature
for Group HII is −60 ◦C. At temperatures below −45 ◦C, the existence of ICCGHAZ
will promote embrittlement remarkably. Therefore, the standard HAZ impact test cannot
comprehensively represent the toughness of the overall HAZ. The influence of ICCGHAZ
cannot be ignored for arctic pipelines running at temperatures below −45 ◦C.

The load-displacement curves of the instrument impact test at different temperatures
are presented in Figure 6b, and the corresponding macroscopic fracture morphology is
presented in Figure 7. The impact absorbed energy is comprised of the energy of four
different stages, which correspond to the different regions on the fracture surface: the
stretch zone, the ductile zone, the brittle zone, and the shear lip. The stretch zone is related
to the stage of elastic deformation, plastic deformation, and deformation strengthening
before the maximum load is reached [24]. The corresponding energy is the crack initiation
energy, Wi, which is similar at −60 to 0 ◦C. The stable crack propagation corresponds to
the ductile zone with the Wp1 energy. Once the brittle crack is initiated, the unstable crack
rapidly propagates, forming the brittle zone that is correlated with the Wp2 energy. The
shear lip occupies a small region of the fracture, and the area decreases as the temperature
decreases. The existence of the shear lip contributes to the Wp3 energy. The absorbed
energy is equal to Wi + Wp1 + Wp2 + Wp3.
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Figure 6. (a) The standard load-displacement curve of the instrument impact test; (b) The load-
displacement curve of HII at different temperatures. Fm—the maximum force; Wi—crack initiation
energy; Fiu—brittle crack initiating force; Wp1—stable crack propagation energy; Wp2—unstable
crack propagation energy; Wp3—shear lip energy.

Figure 7. The macroscopic morphology of fracture surface in Group HII: (a) HII: 0 ◦C-249 J;
(b) HII: −45 ◦C-202 J; (c) HII: −60 ◦C-114 J; (d) HII: −80 ◦C-25 J.

At 0 ◦C, the fracture surface is about 70 pct. ductile and 30 pct. brittle, and accordingly,
there is a long displacement of stable crack propagation with a very large energy Wp1. At
−45 ◦C, the ductile zone remains about 40 pct., Wp1 decreases remarkably, while Wi, Wp2,
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and Wp3 remain basically unchanged. When the temperature decreases to −60 ◦C, the
ductile zone is only about 15 pct., Wi remains unchanged, the energy Wp1 and Wp2 are
both very small, and Wp3 is 0. At −80 ◦C, the fracture surface is 97 pct. brittle with the
energy Wp1 almost 0. Once the maximum load is reached, the brittle cracks initiate and
rapidly propagate to the entire fracture.

The above results indicate that the stable crack propagation energy Wp1 decreased
remarkably, while the others (Wi, Wp2, and Wp3) were less influenced by the decreasing
temperatures. The Wp1 energy is controlled by the brittle crack initiation. In other words,
the later the brittle crack initiates, the larger the Wp1 and the impact energy is. Therefore, it
is essential to identify the brittle crack initiation.

3.3. The Brittle Crack Initiation Analysis

The typical brittle crack initiation sites of Group HII at different temperatures are
identified by SEM, presented in Figure 8. The typical river line patterns indicate the
initiation sites marked by arrows 1 to 6.

The brittle crack initiation sites are significantly different at temperatures above or
below −45 ◦C. At −80 ◦C, the initiations site is an irregular particle as small as 1 µm
(marked by arrows 1 in Figure 8a) and forms a hole (marked by arrow 2 in Figure 8b)
in the corresponding position of the matching fracture surface. EDS measurement did
not reveal any differences between the particle and the matrix. Based on the blocky type
appearance of the particle, it is considered to be MA constituent. Therefore, the brittle crack
initiation mechanism is debonding of MA constituents from the surrounding bainite matrix,
as previous research reported [25]. At −60 ◦C, the initiation sites of two different samples
are marked by arrows 3 and 4 in Figure 8c,d, respectively. They are also related to the
individual MA constituent debonding. The size of the MA constituent that can promote the
brittle crack initiation is as small as 1 to 3 µm. At −45 ◦C and higher temperatures, the crack
sites are preferentially located around large sizes or closely distributed MA constituent,
as shown in Figure 8e,f. Previous studies have indicated that closely distributed MA
constituent can result in local constrained high stress fields and trigger microcracks [26–28].
As presented in Figure 3d, the necklace-type MA constituent distributing on PAGB and
high fractions in ICCGHAZ satisfy this condition. Thus, the brittle crack initiations are
located in ICCGHAZ at temperature higher than −45 ◦C. Conversely, at temperature below
−45 ◦C, a single, small MA constituent, whether in ICCGHAZ or CGHAZ, can initiate a
brittle cleavage crack.

Along with the identification of the brittle crack initiation sites, the distance between
the crack initiation sites and the V-notch tip was also measured. Taking the brittle crack
initiation site in Figure 7d as an example, the distance (denoted as XB) was measured at
low magnification (Figure 9a). The relationship between Akv and corresponding XB values
at different temperatures are presented in Figure 9b. The fitting curves of the Akv and XB
values correlate with each other well. At temperatures higher than −45 ◦C, all the XB values
are larger than 2300 µm, while all the Akv values are larger than 150 J. At −45 ◦C, there is
one Akv value smaller than 40 J, and the corresponding XB value is 642 µm. At temperatures
below −45 ◦C, four Akv values are smaller than 40 J, while the corresponding XB values are
smaller than 680 µm. The lower shelf platform energy is about 15 J, and meanwhile, the
distance XB is about 250 µm. The XB values tend to be smaller than 680 µm at temperatures
below −45 ◦C, and conversely larger than 680 µm at temperatures higher than −45 ◦C.
Griffiths and Owen have indicated that the maximum stress occurs from about 1~3 times
the root radius of the V-notch [29]. In the present case, the root radius is 0.25 mm and the
distance of maximum stress (DMS) from the notch tip is expected to be 250~750 µm. Thus,
680 µm is in this interval and assumed as the DMS, which corresponds to the Akv value
40 J. Previous research has reported that when the XB is smaller than DMS, brittle cracks
are nucleation control, or propagation control [30]. Therefore, the critical temperature for
nucleation and propagation control transformation for Group HII is −45 ◦C.
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Figure 8. The typical cleavage crack initiation sites of HII samples at different test tempera-
tures. (a) and (b) the two matching fracture surfaces of HII: −80 ◦C-28 J; (c) HII: −60 ◦C-14 J;
(d) HII: −60 ◦C-44 J; (e) HII: −45 ◦C-202 J; (f) HII: −30 ◦C-208 J.
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Figure 9. (a) the low magnification of the initiation site; (b) the Akv and the corresponding XB values
of three samples at each temperature.

3.4. The Influence Mechanism of ICCGHAZ on HAZ at Low Temperature

The above results are concluded in Table 4. Obviously, −45 ◦C is the critical tempera-
ture for the influence of ICCGHAZ on the overall HAZ. To interpret the above phenomenon,
the three stages of cleavage fracture formation were analyzed as shown in Figure 10. In
stage one, the brittle crack nucleated due to the debonding of blocky MA constituent.
In stage two, this microcrack propagated into the bainite matrix across the MA/matrix
interface. Then, the crack continued propagating inside the grain, passing through different
orientations of BF, GB, or MA constituent. It can be hindered or deflected by the second
phase/matrix (P/M) boundary, especially the high-angle bainite Bain packet or the different
orientations of BF and GB [31–33]. In stage three, the brittle crack propagated through the
PAGB into the surrounding grains, eventually generating a macroscopic brittle fracture. If
any one of the three stages is hindered, the cleavage fracture will not occur.

Figure 10. (a) The schematic diagram of the three stages of the cleavage fracture; (b) The normal
stress as a function of the distance from the notch tip at different temperatures. σyy–the normal stress;
σmax–the maximum normal stress; σpm–the stress at the Particle/Matrix interface; σmm–the stress at
PAGB; DMS–the distance of maximum stress.

Table 4. The concluded results of the influence of ICCGHAZ on the overall HAZ.

Higher than −45 ◦C −45 ◦C Below −45 ◦C

The influence on Akv values No brittle sample Beginning of embrittlement Most brittle samples

Crack initiation sites Closely distributed or large size MA
constituent Both Single and small MA constituent

Location of initiation sites ICCGHAZ ICCGHAZ, sometimes in CGHAZ ICCGHAZ or CGHAZ
Cleavage fracture modes Propagation control Nucleation or propagation control Nucleation control
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The stress states ahead of the notch tip during loading were analyzed combined with
the cleavage stages, and the normal stress (σyy) as a function of the distance from the
notch tip at different temperatures is schematically presented in Figure 10b. The maximum
normal stress (σmax) can be intensified by 2.3~5 times compared to the yield stress (σy). The
σy of the material increases with a decrease in temperature. The stress at the Particle/Matrix
(P/M) interface (σpm) and the PAGB (σmm) is in accordance with Equations (1) and (2) [34].

σpm =

(
πEγpm

a(1 − ν2)

) 1
2

, (1)

σmm =

(
πEγmm

D(1 − ν2)

) 1
2
, (2)

E represents elastic modulus; ν represents Poisson’s ratio; a and D represent the
second phase diameter and the grain size; γpm and γmm represent fracture surface energy.
Obviously, the smaller the second phase diameter and the grain size, the higher the σpm
and σmm. The influence of temperature on the above stress affecting brittle crack nucleation
and propagation is illustrated in Figure 10b.

At low temperatures (below −45 ◦C), the normal stress σf is larger than the stress
σpm at tiny MA constituent/matrix interfaces at a distance smaller than DMS. Therefore,
either small or large MA constituent debonding in the front of the notch tip can trigger
brittle cracks. Once a brittle crack has nucleated, it could result in a whole brittle frac-
ture; the fracture is nucleation-controlled. Furthermore, large or closely distributed MA
constituent in ICCGHAZ more easily promotes brittle crack nucleation. Meanwhile, the
large MA/matrix interface and the PAGB with necklace-type MA constituent can promote
crack propagating into other grains more easily. The crack initiation energy Wi as well as
the crack propagation energy Wp1 + Wp2 are low. Consequently, ICCGHAZ can decrease
the overall toughness by providing more potential sources of brittle crack initiation and
promoting crack propagation.

At moderately low temperatures (0~−45 ◦C), the intensified σyy will decrease with
increasing temperatures, which results in σmm < σyy < σpm. The evidence is that a cracked
inclusion (~3µm, Figure 11b) was observed at the surface, but the crack was hindered by
the interface marked by the yellow broken line, which denotes that σpm is larger than σmax.
Therefore, the single and small brittle second phase makes it hard to trigger cleavage cracks.
In contrast, it could be easier to achieve larger σyy at some large-sized MA constituent
interfaces, and when σyy > σpm, the debonding of MA constituent or the cracking of
inclusion can trigger brittle crack nucleation and propagation. On the other hand, due
to local stress concentration, the stress σyy at closely distributed MA constituents is more
likely to be larger than σpm and σmm. Therefore, a stable crack propagation stage exists
before the cleavage crack nucleates, and the fracture is propagation-controlled. The MA
constituent in ICCGHAZ is either large in size or closely distributed, and hence the brittle
crack initiation sites are more preferentially located in ICCGHAZ. However, due to the
large energy Wp1, the ICCGHAZ will not significantly decrease the overall toughness.
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Figure 11. (a) the crack of a particle was arrested at the P/M interface at −45 ◦C; (b) the cleavage
crack was arrested at the high-angle grain boundary at 0 ◦C.

At higher temperatures (0~20 ◦C), the σyy are not sufficient to promote cracks across
the P/M interface, the bainite packet, and the grain boundaries. As shown in Figure 11b,
there is a brittle crack initiation marked in the red circle, however, the propagation is arrest
at PAGB by the ductile ridge. Therefore, the fracture shows more ductile features, and the
overall HAZ has excellent toughness.

4. Conclusions

The influence of ICCGHAZ on the low-temperature toughness in the HAZ of 22 mm
thick X80M weld joint was studied in this paper. The major conclusions are summarized
as follows:

(1) The influence of ICCGHAZ on the overall toughness is temperature-dependent. At
temperatures higher than −45 ◦C, the toughness of ICCGHAZ decreases to a limited
extent and will not result in embrittlement. Only at temperatures below −45 ◦C does
ICCGHAZ play an obvious role in decreasing the overall toughness. For pipelines
serving below −45 ◦C, influence of ICCGHAZ on low temperature toughness of the
whole weld joint should be considered.

(2) The influence of ICCGHAZ is particularly associated with its microstructure. The
MA constituent in ICCGHAZ is larger in size, higher in fraction, and more likely to
form necklace-like distribution on PAGB. These characteristics contributes to MA as a
potential site of brittle initiation.

(3) The embrittlement mechanism of ICCGHAZ is associated with the three stages of
cleavage fracture formation, which are related to the characteristic of MA constituent
and temperature. At extremely low temperatures (below −45 ◦C), the fracture is
nucleation-controlled. Single and small MA constituents can initiate a brittle crack.
Once it nucleates, the second particle/matrix interface and the PAGB cannot hinder
the propagation. The brittle crack initiation sites can be located in either ICCG-
HAZ or CGHAZ; at moderately low temperatures (−45~0 ◦C), the MA constituent
with large size or close distribution meets the cleavage crack initiation and propa-
gation conditions. The initiation sites are preferentially located in ICCGHAZ and
are propagation-controlled. Due to the large stable crack propagation energy, the
sample will not present embrittlement. At higher temperatures (0~20 ◦C), the fracture
is ductile, and the overall HAZ has excellent toughness.
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