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Abstract: In this study, a post-weld heat treatment (PWHT) was proposed at high temperatures of
600 °C, 750 °C, and 900 °C for 30 min to significantly improve the impact absorbed energy of high
manganese steel weld metal. Electron backscatter diffraction (EBSD), electron probe microanalysis
(EPMA), and high-angle annular dark field scanning transmission electron microscopy (HAADEF-
STEM) were employed to characterize the production and study the deformation mechanisms in
the high manganese steel weld metal. The impact absorbed energy is divided into crack initiation
energy and crack propagation energy, which are divided by the value of Pmax. The cryogenic impact
absorbed energy was 81 J. After PWHT at 600 °C, 750 °C, and 900 °C, it was 75 ], 69 ], and 88 J,
respectively. The impact absorbed energies did not follow a proportional relationship with the PWHT
temperatures. The increase in impact absorbed energy can be attributed to the narrowing of the
dendritic region, which blocks the crack propagation path and efficiently prevents crack propagation.
Conversely, the decrease in impact absorbed energy can be attributed to the presence of 100-nm-sized
(Cr, Mn)»3Cg-type carbides at the grain boundaries, which facilitate crack propagation.

Keywords: high manganese steel; weld metal; stacking fault energy; post-welding heat treatment;
cryogenic impact absorbed energy

1. Introduction

Recently the demand for cryogenic materials has increased due to the increasing
demand for Liquefied Natural Gas (LNG) and liquefied hydrogen, and this has attracted
considerable research interest. In particular, studies on austenitic high manganese steel,
which are economical and have excellent strength compared to existing cryogenic materials,
are being actively conducted [1,2]. However, high manganese steel has the disadvantage
of lower cryogenic toughness than other cryogenic materials such as 9% nickel steel and
stainless steel.

Austenitic high manganese steel has been extensively studied for its excellent mechani-
cal properties based on the transformation-induced plasticity (TRIP) and twinning-induced
plasticity (TWIP) effects [3-5]. The TRIP and TWIP effect are closely related to the stacking
fault occurring in the material, which is the main deformation mechanism of high man-
ganese steel. When the SFE of a high manganese steel is above 20 mj/m?, the deformation
twin becomes the main deformation mechanism during deformation, resulting in improved
material properties through the twinning-induced plasticity (TWIP) effect. When the SFE is
below 20 mj/m?, the transformation-induced plasticity (TRIP) effect becomes dominant
during deformation and the e-martensite and «’-martensite phase transformations act as
the main deformation mechanisms [6]. Therefore, it is important to understand the main
deformation behavior of high manganese steel through SFE calculation. Moreover, it is
important to fully understand the properties of each element in high manganese steel and
to know their effects on the mechanical properties of high manganese steel. In binary
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Fe-Mn alloys, low concentrations (10-16 at.%) of manganese reduce the SFE, but in the
concentration range 16~33 at.%, manganese increases the SFE by 18 mj/m? per 1 at%. In
a previous paper Kang performed short-range ordering (SRO) to investigate the Mn-C
interaction. The stress required for SRO failure was calculated by ab initio calculation, a
free energy reduction of 0.0528 eV (or 5.09 kJ /mol) per manganese atom was reported, and
the Mn-C interaction was found to be important [7]. The effect of chromium is similar to
that of manganese and chromium located in stacking faults reduces the SFE by 1.7 mj/m?.
In addition, chromium interactions between chromium atoms favor Cr-Fe bond formation
rather than Cr-Cr bond formation. Furthermore, when carbon and manganese are present,
C-C bonds must be considered [8]. Interstitial carbon has the greatest influence in high
manganese steel. Carbon increases lattice parameters and improves the stability of austen-
ite rather than martensite. Carbon is an interstitial atom in crystals, so its diffusion rate
is higher than that of other atoms. In other words, carbon can easily occupy interstitial
sites within the crystal structure and due to this property, it has a higher diffusion rate
compared to other atoms. Experimental evidence for the short-range diffusion of carbon
was reported by Hickel et al., who observed an increase in the width of stacking faults by
40-60% through transmission electron microscopy, as the stacking fault energy decreased
by 9 mj/m? [9]. Recently, when investigating the deformation behavior of high manganese
steel, most of the existing literature has focused on its tensile strength and its correlation
with work hardening [10-12]. However, research on impact absorbed energy is still insuffi-
cient considering its importance. Impact absorbed energy represents the amount of energy
absorbed by the material immediately after impact and during crack propagation, indicat-
ing its resistance to fracture [13]. Impact absorbed energy is divided into crack initiation
energy for crack initiation and crack initiation energy, which is the energy absorbed during
cracking. Therefore, it is important to distinguish between crack initiation energy and crack
propagation energy to identify the main deformation mechanisms.

When conducting research on welded metals, it is important to consider the composi-
tion, weldability, and welding method [14]. Furthermore, it is crucial to understand the
relationship between the welding methods and mechanical properties [15]. Since welding
is necessary to make cryogenic structures using high manganese steel, research on high
manganese steel weld metal is essential. Generally, weld metal has lower toughness due to
its different characteristics from casting structure and rapid cooling compared to the base
metal [16]. Previous studies have shown high manganese steel has a higher coefficient of
thermal expansion and a lower thermal conductivity [17]. During welding, manganese
loss occurs due to the vapor pressure of manganese; so, the microstructure of cast high
manganese steel consists of well-developed dendrite and equiaxed grain. Well-developed
dendrites can have a negative effect on mechanical properties, so to prevent this issue and
improve corrosion resistance, tensile strength, and toughness of the weld metal, PWHT
is a representative process [18]. In previous research, the influence of PWHT on high
manganese steel was investigated, and it was found that by activating the TRIP and TWIP
mechanisms, the ductility strength was improved. Furthermore, toughness was increased
through a reduction in the partial dislocation density, and the properties were enhanced
through microstructure control [19,20]. In the case of PWHT of high manganese steel, pre-
cipitation occurs and the microstructure is homogenized as the temperature increases [21].
Therefore, it is important to analyze and predict the effects of microstructure, precipitation,
and recrystallization in order to increase the toughness of high manganese steel.

In this study, PWHT was performed to improve the cryogenic toughness of high
manganese steel weld metal. Furthermore, the correlation between the microstructure, SFE,
and cryogenic impact absorbed energy before and after PWHT was investigated.

2. Materials and Methods

Table 1 shows the chemical compositions of the austenitic high manganese steel base
metal and filler metal used in this study. A 13 mm thick hot-rolled high manganese steel
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plate was obtained and UOE (U-ing, O-ing, Expansion) formed. Double-side welded by
submerged arc weld (SAW) was used.

Table 1. Chemical compositions of the high manganese steel used in this study.

wt. % C Mn P S Si Cr Mo Ni Fe
Base 0.47 249 0.01 0.0008 0.28 3.15 0.008 0.024 Bal.
Filler 0.4 22 0.009 0.001 0.15 2.41 1.33 1.92 Bal.

The welding current, voltage, welding speed, and preheating temperature for the
process are shown in Table 2. PWHT involved heating in air at 600, 750, or 900 °C for 30 min
and cooling in water. The PWHT temperature and time were set considering partial
recrystallization and precipitates [22,23].

Table 2. Welding parameters.

Welding Heat Input Welding Welding Welding Speed
Process (KJ/cm) Current (A) Voltage (V) (cm/min)
SAW 21-24 640-750 28 40

Figure 1 shows the location of the specimen fabrication on the pipe used in this study.
To analyze the characteristics of high manganese steel weld metal, specimens for Charpy
impact testing and tensile testing were fabricated from the weld metal. The Charpy impact
test specimens for the high manganese steel weld metal were fabricated according to ASTM
E23 (10 mm x 10 mm x 55 mm, V-notch). The cryogenic impact absorbed energy was
calculated automatically. Specifications and impact tests were performed in the temperature
from —196 °C to 25 °C with an automatic ZWICK impact test machine (Ulm, Germany)
with a 750 ] capacity. Measurements were taken three times for each PWHT temperature
condition and the V-notch was machined to be centered in the weld metal. The cryogenic
impact absorbed energy is represented in the area obtained by multiplying the displacement
value and the load. Crack initiation and crack propagation are segmented based on the
Pmax values of instrumented the Charpy impact test data [18]. The tensile specimens of
the high manganese weld metal were prepared as sub-size specimens of ASTM E8M and
the strain rate was set at 1 mm/min. Tensile tests were conducted at —190 °C by spraying
liquid nitrogen inside the cryogenic chamber. Yield strength, ultimate tensile strength, and
elongation were measured in the cryogenic environment, and each condition of PWHT was
tested three times.

Thi
/e/r/less S
nm

Figure 1. Locations of tensile and Charpy impact test specimens in the welded region of a submerged
arc-welded high manganese steel pipe.
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Specimens for electron probe microanalyzer analysis (EPMA) and electron backscatter
diffraction (EBSD) were mechanically polished to 0.25 um and then polished with colloidal
silica. To observe the EBSD of the fracture surfaces, the fracture surfaces were heated
in (90 vol.%) distilled water containing (10 vol.%) nickel plating solution at 85-90 °C for
2 h and then polished with colloidal silica. The EBSD data were analyzed using the OIM
analysis program. Inverse pole figure (IPF), phase map, } 3 coincidence site lattice (CSL)
map, and Schmid factor map were also analyzed. The precipitates were observed by a
high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
operating at 200 kV. Thin foils for TEM observations were prepared by jet polishing at 0 °C
at 25 V and 60 mA in a solution of 90% acetic acid and 10% perchloric acid.

3. Results and Discussion
3.1. Cryogenic Mechanical Properties

Figure 2a shows the engineering strain-stress curves of high manganese steel weld
metal by different PWHT temperatures is plotted in Figure 2a. Tensile testing at cryogenic
temperatures showed that the as-welded weld metal had a strength of 1079 MPa and an
elongation of 24.6%. After PWHT at 600 °C or 750 °C, the tensile strength increased to
1134 and 1121 MPa, respectively, and elongation decreased by 21.5% and 21%. However,
after PWHT at 900 °C, the tensile strength was 1089 MPa and the elongation was 29.4%,
an increase of 4.8%. However, when PWHT was performed at 900 °C, the steel exhibited
a strength of 1089 MPa and maintained an equivalent level of strength comparable to
that before PWHT with 29.4% elongation, which was improved by 4.8% compared to
before PWHT.

Figure 2b shows the impact absorbed energy values of the high manganese steel
weld metal before and after PWHT. The standard deviation is plotted in the symbol area.
The cryogenic impact absorbed energy at 25 °C was 132 | for the as-welded weld metal,
130 J PWHT at 600 °C, 135 ] PWHT at 750 °C, and 132 ] PWHT at 900 °C, which were the
almost the same as the impact absorbed energies regardless of the PWHT temperatures.
However, this pattern changed from the temperature below —150 °C. At —150 °C, the
impact absorbed energy by PWHT temperature was 90 ] for the as-welded weld metal, 89 ]
PWHT at 600 °C, 82 ] PWHT at 750 °C, but 101 J after PWHT at 900 °C. At —196 °C, the
impact absorbed energies for different PWHT temperatures were 81 ] for as-welded metal,
and PWHT at 600 °C and PWHT at 750 °C, the impact absorbed energies decreased to 75 ]
and 69 J, but increased to 88 ] after PWHT at 900 °C.
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Figure 2. Mechanical properties of high manganese steel welded metal by different PWHT tempera-
tures. (a) Strain-stress curves by different PWHT temperatures at —190 °C (b) Charpy impact test
results at —196~25 °C.

Figure 3 shows instrumented Charpy impact test results by PWHT temperature after
Charpy impact testing at —196 °C. The crack initiation energy (E;) and the crack propagation
energy (Ep) are obtained by calculating the areas below the load-displacement curves
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divided by the maximum load (Pmax). Unstable growth of the fracture is initiated force at
the initiation of unstable crack propagation. This phase of the process is correlated with an
abrupt reduction of the applied force accompanied by minimal increase in the displacement
of force application point. After this moment, the effective fracture arrest begins and the
sample undergoes plastic fracture [24]. In Figure 3, the crack initiation energies were
(@) 19.6 ], (b), 21.0 ], (c) 18.7 ], and (d) 19.2 ], that is, crack initiation energy showed no
significant dependence on the PWHT temperature. The corresponding crack propagation
energies were (a) 61.4 ], (b) 54.0], (c) 48.3 ], and (d) 68.8 J. The crack propagation energies
were highly dependent on the PWHT temperature.
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Figure 3. Instrumented Charpy impact test results for high manganese steel at different PWHT
temperatures (a) As-welded, (b) PWHT at 600 °C, (c) PWHT at 750 °C, and (d) PWHT at 900 °C.

3.2. Microstructure

Figure 4a shows the second electron image of the high manganese steel weld metal be-
fore and after PWHT. As shown in Figure 4, the dendritic structure growing by the heat flow
during solidification can be observed and no significant grain growth or recrystallization
occurred after PWHT.

Figure 4b shows the EPMA analysis conducted to analyze the chemical composition
and distribution differences between the inter-dendritic and dendritic regions. The average
manganese content did not change drastically with the PWHT temperatures, which were
(a) 17.6~24.2 wt.%, (b) 17~22.6 wt.%, (c) 17.7~24.3 wt.%, and (d) 16.6~21.3 wt.%. However,
the deviation of manganese content in the inter-dendritic and dendritic regions decreased
with increasing PWHT temperature, and manganese did not fully diffuse even at high
PWHT temperatures due to its slow diffusion rate [25].

Notably, PWHT had a greater influence on crack propagation than crack initiation.
The reason for this is as follows. At first, a ductile crack is formed at the center of the notch
root after yielding and spreads laterally, acquiring full specimen width at the maximum
load. Then the crack propagates into the width direction in tensile tear fracture mode even
in the case of ductile fracture. The TWIP effect, which is the main deformation mechanism,
is not significant when high manganese steel starts cracking. However, when the crack
propagates, the TWIP effect spreads to the inside of the grain and has a great influence on
the crack propagation energy.
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Figure 4. Secondary electron images and electron probe microanalyzer analysis manganese distribu-
tion maps of high manganese steel at different PWHT temperatures (a) Secondary electron images
(b) electron probe microanalyzer analysis manganese distribution maps.

Figure 5 shows EBSD analysis of the high manganese steel before and after PWHT.
High manganese steel has a high coefficient of thermal expansion and a lower thermal
conductivity [18]. Therefore, high manganese steel is prone to internal thermal stresses
during heat treatment compared to other types of steel. EBSD analysis was conducted to
examine the effect of PWHT on the crystallographic orientation, as well as to determine
the occurrence of deformation twinning, slip, and diffusionless transformation caused by
thermal stress. Figure 5a shows the IPF map of the high manganese steel weld metal. The
orientation of the inside of the grain before and after PWHT was the same and no twins or
slips were observed. Previous studies have reported that partial recrystallization occurs in
high manganese steel when annealed at 900 °C [26]. However, in this experiment, recrystal-
lization did not occur despite PWHT up to 900 °C. The reason is that the driving force for
recrystallization is low due to the low dislocation density inside the weld metal. However,
the base metal exhibited a fully austenitic structure, and PWHT at 900, recrystallization
occurred, resulting in an increase in grain size [27].

Figure 5b shows the phase map of the high manganese steel weld metal. The analysis
results indicate that no phase transformation to e-martensite or o’-martensite occurred
before and after PWHT.

As-weld PWHT at 750°C PWHT at 900°C
< 1% 54 ' -

Austenite £ —martensite

o m
M

Figure 5. Inverse pole figure maps and phase maps of welded high manganese steel at different

101

PWHT temperatures (a) Inverse pole figure map (b) phase map.
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3.3. Stacking Fault Energy

The SFE according to the manganese, chromium, and carbon contents of the dendrite
region and the inter-dendritic region was calculated using Equation (2).

SFE = 2p(AGY 7€) +20Y/¢ (mj/mz) )

The thermodynamic SFE calculation formula was used and the Fe-Mn-Cr-C based
SFE calculation formula was used. The Olson-Cohen model was used and calculated
after excluding the AGex value to exclude the effect on the coarse grain size of the weld
metal [28-36].

Figure 6 shows a graph of the SFE values before and after PWHT. The SFE graph
was scanned vertically along the 20 pm line on the EPMA mapping data image. SFE was
(a) 15.8~24.8 mj/m?, (b) 16.5~24.6 mj/m?, (c) 15.2~22.8 mj/m?, and (d) 14.8~22 mj/m?.
As the PWHT temperature increases, the difference in SFE values between inter-dendritic
and dendrite regions decreases. The average width of the dendritic region is (a) 20.5 um,
(b) 20.5 um, (c) 17.3 pm, and (d) 8.6 um, and the width of the dendritic and inter-dendritic
regions decreases due to the increase in the PWHT temperature. Not only does the SFE
the deformation behavior but it also affects the critical resolved shear twinning stress. The
critical resolved shear twinning stress can be expressed as follow [37].

1 = SFE/Kbs )

where T; = critical resolved shear twinning stress, SFE = stacking fault energy, K = fitting
parameter, and bs = Burgers vector. Critical resolved shear twinning stress means the
minimum critical resolved shear stress required for twinning to occur. The critical resolved
shear twinning stress can separate a leading partial from a trailing partial and then create
a twin embryo. As shown in the formula, SFE is proportional to 1;. The calculation of
SFE shows that the inter-dendritic region has a high T;, while the dendritic region has a
low 7. Therefore, as welded, the wide dendritic region with low critical resolved shear
twinning stress provides an easy path for crack propagation. PWHT, the average width
of the inter-dendritic region gradually decreases from 20.5 um to 8.6 um, resulting in a
narrower crack propagation path [38]. In addition, since the difference between the SFE
values of the dendritic region and the inter-dendritic region is reduced, the impact absorbed
energy is increased.
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Figure 6. Plots of SFE values line scanned 1/2 thickness positions of welded metal by EPMA mapping
data at different PWHT temperatures (a) As-welded, (b) PWHT at 600 °C, (¢) PWHT at 750 °C, and
(d) PWHT at 900 °C.



Metals 2023, 13, 1126

8of 13

3.4. Precipitates

Figure 7 shows STEM images and TEM-EDX maps of the high manganese steel weld
metal before and after PWHT. Alloy precipitates at grain boundaries tend to increase in
size with longer exposure to elevated temperatures and longer duration [39]. The size of
grain boundary precipitates is not uniform, and the deviation of the precipitate size differs
by location.

As-weld

PWHT at 750°C PWHT at 900°C

Figure 7. HAADF-STEM images and TEM-EDX maps of high manganese steel welded metal of at
different PWHT temperature. (a) HAADF-STEM images (b) TEM-EDX maps.

In Figure 7a, no precipitates were observed at the grain boundaries before PWHT.
whereas after PWHT, block-form carbides were formed at the grain boundaries. In
Figure 7b,c, the average size of the precipitates was 100 nm and was not greatly affected by
the PWHT temperature. Previous studies have reported that the carbides precipitated at the
grain boundaries in high manganese steel were identified as (Cr, Mn),3C¢ type carbides [23].
As can be seen in Figure 2, manganese has a slower diffusion rate compared to other ele-
ments, resulting in a slower diffusion rate from the matrix to the grain boundary. This is
why the diffusion of manganese from the matrix to the grain boundary is less than that of
chromium. The negative effects of the precipitate on the impact absorbed energy can be
summarized as follows. One reason is that the precipitation of the grain boundary can lead
to the depletion of manganese and chromium. The depletion of manganese and chromium
due to carbide precipitation reduces the SFE of the local area, which has a negative effect
on impact toughness [40]. The second reason is that carbides can easily nucleate cracks,
causing cracks to propagate along the grain boundary carbide particles during fracture.
This leads to brittle failure rather than the TWIP effect during crack propagation in high
manganese steel, which has a negative impact on the impact absorbed energy [41].

3.5. Analysis of Cryogenic Transformation Behavior

Figure 8 shows the fracture surfaces after the cryogenic Charpy impact test and
(b) SEM-EDS analysis results of high manganese steel weld metal before and after PWHT.
SEM-EDS analysis revealed non-metallic inclusions of Al;O3;. Gigacher et al. reported
that various types of endogenous inclusions play an important role in ductile fracture
processes [42]. Despite the presence of endogenous inclusions in high manganese steel
weld metal, the fracture surface shows simply the characteristics of a fully ductile rup-
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ture. Regardless of PWHT, all fracture surfaces were dimple fracture after the cryogenic
impact test.

Figure 8. Fractography images of high manganese steel welded metal. (a) As-welded weld metal
and after PWHT performed at (b) 600 °C, (c) 750 °C, and (d) 900 °C.

Figure 9 shows fracture surface ) 3 CSL maps after cryogenic Charpy impact testing
before and after PWHT. The green line is a 2~15° low angle boundary, the black line is a
high angle boundary of >15°, and the red line is a twin boundary. As shown in Figure 9,
slip and twinning were distributed inside the grains regardless of the PWHT, indicating
that the TWIP effect acted as the main deformation behavior. However, the distribution
and proportion of twinning and slip varied depending on the PWHT temperature. The
as-welded fracture surface showed that slip and twinning were formed near the fracture
surface after the cryogenic impact test, and stresses were not dispersed into the grains.
However, as the PWHT temperature increased, slip and twinning were formed inside the
grains, indicating that stress was dispersed inside the grains. In Figure 4 the SFE calculation
results showed that the dendritic region had a lower critical resolved shear twinning stress
value compared to the inter-dendritic region, and the relatively low critical resolved shear
twinning stress in the inter-dendritic region served as a facile crack propagation path,
leading to a decrease in impact absorbed energy. Before PWHT, the width of the dendritic
region was 20.5 um, which made crack propagation easier, and as a result, twinning and slip
were not dispersed into the grain during crack propagation. After PWHT, the reduction in
the average width of the dendritic region contributed to an increase in the impact absorbed
energy by blocking the crack propagation paths and as a result, twinning and slip were
dispersed into the grain during crack propagation.

Figure 10 shows a fracture surface Schmid factor maps after cryogenic Charpy impact

000
testing before and after PWHT. Sigma value = 000 and the {111}<110> slip system
000
has been identified as the easiest slip system to activate in FCC crystals. The Schmid factor
Sigma value (o) is an index that represents the orientation of a specific plane or direction
with respect to the applied stress. Accordingly setting all plane indices and stress values to
zero. After the Charpy impact test, the analysis of the fracture surface in terms of the Schmid
factor involved setting all plane indices and stress values to zero. In FCC crystals, as the
Schmid factor increases, twinning becomes the dominant deformation mechanism, while
as the Schmid factor decreases, slip becomes the dominant deformation mechanism [43].
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For the as-welded metal, since crystals with a high Schmid factor are mainly distributed,
there is a higher possibility for twinning to be the dominant deformation mechanism and
for stress to be dispersed within the crystals. However, as the PWHT temperature increases,
a larger number of low Schmid factor crystals are distributed, leading to a decrease in the
possibility of twinning as the major deformation mechanism.

Figure 9. Fracture surface grain boundaries and } 3 coincidence site lattice maps of welded high
manganese steel (a) as-welded weld metal and after PWHT performed at (b) 600 °C, (c) 750 °C, and
(d) 900 °C.

(a)

P ———

Figure 10. Fracture surface Schmid factor maps of welded high manganese steel (a) as-welded weld
metal and after PWHT performed at (b) 600 °C, (c) 750 °C, and (d) 900 °C.

4. Conclusions

In this study, PWHT was conducted with the goal of improving the cryogenic impact
absorbed energy of high manganese steel weld metal. The microstructure, precipitates, and
SFE calculation of high manganese steel weld metal were analyzed according to the PWHT
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temperature, and the correlation between the cryogenic mechanical properties was investi-
gated through the deformation mechanism. The following conclusions were obtained:

1.  As the PWHT temperature increased, the average width of the dendritic region
decreased from 20.5 pm to 8.6 um. Manganese did not fully diffuse even at high
PWHT temperatures due to the slow diffusion rate.

2. The mechanical properties showed cryogenic elongation and impact absorbed energy
increased by 8 ] after PWHT at 900 °C, and that the strength was maintained. However,
cryogenic elongation and impact absorbed energy decreased 5 ] and 11 J after PWHT
at 600 °C and 750 °C. All fracture surfaces were dimple fracture surfaces after the
cryogenic impact test.

3. The reason for the reduction of the cryogenic impact absorbed energy was identified
through the HAADF-STEM analysis, which showed the precipitation with a size of
100 nm after PWHT. The (Cr, Mn)3Cg type carbides occurred from the interior to the
grain boundaries, reducing the SFE of local areas in the depletion zone of manganese
and chromium. Precipitates can easily nucleate cracks, causing cracks to propagate
along the carbide particles during a fracture.

4. The reason for the increase in the cryogenic impact absorbed energy was identified
through the deformation behavior of the as-welded metal, even though twinning
was easily formed by a high Schmid factor, stress propagation inside the grain was
not efficient, but as the PWHT temperature increased, stress propagation inside the
grain became more effective. This is because the PWHT narrows the width of the
dendritic region, which is the crack propagation path, and thus efficiently prevents
crack propagation.
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