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Abstract
Flux-cored arc welding (FCAW) joints with 9% Ni steel were prepared using Ni-based superalloy filler metals. The correla-
tion between the microstructure and mechanical properties of the weld joint based on the type of filler materials was inves-
tigated. Owing to the heat transferred during the welding process, the heat-affected zone (HAZ) of the base metal primarily 
comprised martensite and exhibited higher hardness than the weld metal and existing base metal. To evaluate the toughness 
of FCAW joints against low-temperature fractures, Charpy impact tests at −196 °C were conducted; an absorbed impact 
energy of at least 55 J was observed in the weld metal, HAZ, and base metal regions, which was significantly higher than 
the standard specification. Comparing Alloys 709 and 609 as filler metals, a higher absorbed impact energy was observed 
when using Alloy 709 in both the weld metal and HAZ regions. This is because the quantity of precipitates, which can act as 
a point of crack initiation and propagation in weld beads, was smaller when Alloy 709 was used, and the γ phase was stably 
maintained even at low temperatures owing to the high content of elements that decrease the martensite start temperature 
(γ stabilizers) in the bead and transition areas. Furthermore, Alloy 709 obtained a low volume fraction and small grain size 
in the coarse-grained HAZ, which is known as the toughness degradation zone. This can contribute to the higher impact 
toughness compared with Alloy 609.
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1 Introduction

Because 9% Ni steel exhibits excellent fracture toughness 
even at extremely low temperatures, it is used for liquefied 
natural gas (LNG) storage tanks [1–4]. To meet the strict sul-
fur oxide emission regulations, LNG-propulsion ships that 
use eco-friendly natural gas as the main fuel have been gain-
ing attention recently [5, 6]. As a result, research regarding 
9% Ni steel used in LNG storage tanks and the correspond-
ing welding technology is ongoing.

According to the data reported by Berejnoi and Ipiña, the 
stability of materials at various temperatures varies with the 
crystalline structure [7]. The body-centered cubic (BCC) 
structure undergoes rapid changes in ductility and brittleness 
with temperature, whereas the face-centered cubic (FCC) 
structure has constant absorbed impact energy even at low 
temperatures, and appears to be more suitable for extremely 
low-temperature environments. Because LNG has a very low 
liquefaction temperature (−162 °C), it is essential that stor-
age tanks function stably without damage even at extremely 
low temperatures [3, 4]. Therefore, 9% Ni steel used for 
LNG tanks is formed by adding Ni to induce the formation 
of austenite (γ, FCC), thereby forming a duplex structure of 
martensite and austenite [8, 9].

For 9% Ni steel, Ni-based alloys with an austenitic struc-
ture are used as filler metals to impart low-temperature sta-
bility. In the welding process of 9% Ni steel (Fe-based alloy) 
with a Ni-based filler metal, changes occur in the composi-
tion and microstructure of the joint area. First, in the case 
of the dilution (transition) area in which the two alloys are 
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mixed, the elemental distribution and microstructure of the 
area affects low-temperature impact toughness; this was con-
firmed through a preliminary study on the microstructural 
differences in the dilution area based on the type of filler 
metals [10]. In a study by Kim et al. the transition zone was 
observed near the fusion line, and the compositional changes 
and microstructural evolution in the area were reported [11]. 
Mu et al. discussed the formation of martensite in the dilu-
tion zone, which results in the acceleration of crack propa-
gation and degradation of impact toughness [12]. Thus, it 
was determined that the microstructure of the dilution zone 
is directly related to the mechanical properties of the weld 
metals. In contrast, the heat-affected zone (HAZ) represents 
the base metal region affected by the heat transferred dur-
ing welding, and is located directly under the weld metal. 
Because of the transferred heat, the HAZ experiences micro-
structural changes, and a weak region can develop [13–17]. 
Because the initiation and propagation of cracks in the HAZ 
can result in fractures, the corresponding microstructural 
characteristics and mechanical behavior must be studied [2, 
9, 13].

The shielded metal arc welding (SMAW) method is 
commonly applied for the welding of 9% Ni steel, except in 
some cases of horizontal welding [1, 4]. However, SMAW 
is a manual process; hence, the quality of the weld signifi-
cantly depends on the skill level of the operator. The welding 
efficiency, which reflects how quickly the welding process 
can deposit the filler metal, is as low as about 60% in the 
case of SMAW because it cannot continuously supply the 
filler metal. The deposition efficiency, which measures the 
actually deposited filler metal compared to the molten filler 
metal, is also low at 55–75%, and the process cost increases 
with the stub loss of the filler metal [18, 19]. In contrast, 
flux-cored arc welding (FCAW) is a semiautomatic or auto-
matic process with a continuous supply of the filler metal. 
It has the advantages of high welding efficiency (80–85%), 
deposition efficiency (80–90%), and improved productivity. 
Therefore, FCAW achieves more consistent welding qual-
ity compared to SMAW, and has been investigated as an 
alternative technology with promising results [19]. However, 

despite the knowledge that the microstructure and compo-
sitional distribution are important factors for determining 
mechanical properties, few studies on FCAW joints and dif-
ferent types of filler metals have been conducted.

In this study, the filler metals Alloys 709 and 609 were 
subjected to bead-on-plate welding of 9% Ni steel using the 
FCAW method. Alloy 709, for which insufficient research 
results exist, was used as the main filler metal for FCAW 
welding of 9% Ni steel, and the microstructure and mechani-
cal properties of the joint were compared to those of Alloy 
609. To this end, the microstructure differences in the bead, 
transition area, and HAZ based on the filler metal were ana-
lyzed, and the correlation between the microstructure and 
mechanical properties was investigated.

2  Experimental methods

The chemical compositions of 9% Ni steel (Nippon Steel & 
Sumitomo Metal Corporation) and filler metals (Alloy 709 
and Alloy 609) are listed in Tables 1 and 2.

The filler metals used were flux-cored wire (FCW) with 
a 1.2 mm diameter, and the corresponding cross-sectional 
images and elemental mapping results are shown in Fig. 1. 

Single beads of each filler metal were prepared using the 
FCAW method. The shapes of the bead and HAZ region, 
penetration depth, and hot cracking were investigated based 
on the current and scan speed of the FCAW welding. The 
welding conditions are listed in Table 3.

The microstructure was analyzed for the weld bead, tran-
sition region, and HAZ based on the filler metal type. The 
microstructure observation was performed through optical 
microscopy (OM, HiROX, MXB-5000REZ, Japan) and field 
emission-scanning electron microscopy (FE-SEM, Hitachi, 
SU8230, Japan). Composition analysis was performed for 
each region of the weld joint through point and line analysis 
using energy-dispersive spectrometry (EDS, Oxford, Ultim 
Max100, UK). The hardness was measured with a Vickers 
hardness tester (EMCO-TEST, Durajet, Austria) under a 
load of 2.942 N. Hardness measurements were performed 

Table 1  Chemical composition 
of 9% Ni steel (wt. %)

Fe Ni C Si Mn P S

9% Ni steel Bal 8.860 0.060 0.250 0.600 0.007 0.001

Table 2  Chemical compositions of filler metals (wt. %)

Filler metal Ni Cr Mo Fe W Si Mn C Cu P S

DW-N709SP
(ENiMo13T1-1/4)

Alloy 709 Bal 6.700 17.200 6.800 2.600 0.120 2.400 0.010 0.010 0.012 0.003

DW-N609SV
(-)

Alloy 609 Bal 15.700 16.200 6.600 3.300 0.270 0.270 0.010 0.012 0.002
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at regular intervals in the diagonal direction from the weld 
to the base metal across the fusion line. To evaluate the low-
temperature toughness, multi-layer welded samples were pre-
pared to conduct Charpy V-notch impact tests in a cryogenic 
environment at −196 °C. A V-notch with a 2-mm depth was 
formed on the multi-layer welded sample, and the impact 
absorption energy was measured for each weld metal and 
HAZ region. A schematic diagram is shown in Fig. 2.

3  Results and discussion

A single bead was formed using Alloys 609 and 709, 
which are Ni-based filler metals, on 9% Ni steel. Figure 3 
shows cross-sectional OM images of the weld beads with 
the dimensions of the HAZ regions. The observation was 

performed closely from the weld metal to the HAZ region, 
including the joint interface.

3.1  Microstructure of weld metal

Figure 4 shows SEM images for each weld metal region 
using Alloy 709. In the case of the weld metal with Alloy 
709, five regions can be observed in the direction from the 
top of the bead (Fig. 4a) toward the fusion line (Fig. 4e), and 
a microstructural transition is exhibited depending on loca-
tion within the welding bead. The top region of the Alloy 
709 bead in Fig. 4a shows the formed equiaxed dendrites, 
whereas the lower region (Fig. 4b) exhibits columnar den-
drites. Subsequently, the directional columnar–dendrite 
(Fig. 4c) and dendrite–cellular transition forms (Fig. 4d) 
can be observed closer to the bottom, and planar morphol-
ogy (Fig. 4e) can be seen immediately above the fusion line. 
The formation of precipitates is observed in the boundary 
region between the grains. At the boundary of the equiaxed 
dendrite, several precipitates with a relatively large size 
of ~ 8 μm are observed, and the number and size of the pre-
cipitates tend to decrease according to the microstructure 
transition from the equiaxed dendrite to the cellular mor-
phology. No precipitates are observed in the planar growth 
region.

Figure 5 shows SEM images of the weld metal region 
with Alloy 609. A microstructural transition can be observed 
from the top of the bead to the bottom, which is similar to the 
case of Alloy 709 (Fig. 5a–e). Therefore, the microstructural 

Fig. 1  SEM images and EDS 
mapping results of flux-cored 
wires of a Alloy 709 and 
b Alloy 609

Table 3  Welding conditions for 9% Ni Steel and Ni-based filler met-
als

Welding parameters

Welding machine CMT/KUKA
Base metal 9% Ni steel
Filler metal (wire) Ni-based alloy 

(Alloy 709, 
Alloy 609)

Shield gas Ar-18%  CO2

Welding current 200 A
Welding speed 20 cm/min
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change showed the same trend, regardless of the weld metal 
type. Thus, it can be assumed that in this study, the composi-
tion of the filler metal does not have a significant effect on 
the microstructure of the weld bead.

The microstructural transition appears to depend on the 
correlation between the temperature gradient (G) of the melt 
pool and the crystal growth rate (R) during solidification, 
and the same trend has been reported in our previous study 
[10]. G is the tangent of the melt pool temperature profile 
as a function of distance, and R is defined as the moving 
speed of the solid–liquid interface. The preferred solidifi-
cation morphology depends on the G/R ratio. At low G/R, 
which is a high crystal growth rate and a low temperature 
gradient, equiaxed dendrites are formed. As R decreases 
and G increases (higher G/R), the microstructure changes 
from equiaxed dendrite, through columnar dendrite, cellular 
dendrite, and cellular, to planar growth [20, 21]. The bead 
bottom, which is rapidly cooled because it is in contact with 
the cold base material, has a high G and a low R. As a result, 
the bottom part near the joint interface shows the planar/cel-
lular morphology. Nearer the top of the bead, there is less 
heat extraction. Thus, the cooling rate is reduced, resulting 
in a low G and a high R. This can explain why the micro-
structure toward the bead top exhibits a transition from cel-
lular, through columnar, to equiaxed dendrites. Farias et al. 
reported dendrite to planar growth in an AWS ER NiCrMo-3 

sample cladded by the gas tungsten arc welding (GTAW) 
method [22]. Additionally, a similar microstructural transi-
tion was observed during the solidification of other alloys, 
such as the GH909 superalloy [23], Al–Mg-Si [24], and 
Al-Zn [25].

Based on the findings of previous studies and the 
Ni–Cr-Mo ternary phase diagram [26–28], the solidifi-
cation behavior of the two weld metals can be explained 
as follows: the primary γ phase (dendrite) is formed, and 
the residual liquid (interdendritic area) is solidified in the 
surrounding area, causing precipitates to develop. The 
equilibrium composition of the primary γ phase changes 
with decreasing temperature due to solidification. Accord-
ing to the Ni–Cr-Mo phase diagram calculated by Turchi 
et al. [29], the Mo content for stable γ decreases signifi-
cantly compared to Ni and Cr content as the temperature 
decreases. From this, it can be seen that when the tem-
perature decreases during the solidification process, the 
equilibrium composition of γ indicates a low Mo content. 
Therefore, depending on the equilibrium composition of 
γ with temperature, the excess elements diffuse into the 
surrounding liquid phase. The compositional analysis of 
each structure (Table 4) shows that the interdendritic region 
was richer in Mo than the dendrite region, indicating Mo 
rejection in the residual liquid during the primary phase 
solidification. The Mo segregation results in the secondary 
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Fig. 2  Schematic diagram of a sampling location for Charpy impact test, b size of impact test specimen, and c weld metal, d HAZ, and e base 
metal notch location

Fig. 3  Cross-sectional OM 
images of weld bead of a Alloy 
709 and b Alloy 609
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phase formation, and a high Mo content was measured in 
the corresponding precipitates.

From the reported compositional analysis results and their 
comparison, the precipitates were found to be the ρ phase [27, 
30]. Perricone et al. reported a Ni–Cr-Mo ternary liquidus pro-
jection through a computational thermodynamic algorithm-
based calculation for solidification [26]. Figure 6 shows the 
liquidus projection according to the alloying element used. The 
ρ and σ phase regions tend to increase with the addition of Fe 
and W. Particularly, it can be seen that W expands and stabi-
lizes in the ρ phase region. This is consistent with the high W 
content in the precipitates of Alloys 709 and 609 weld metals 
obtained in this study, and supports the ρ phase formation. In 
summary, the composition of Ni, Cr, and Mo, which are the 
main elements of Alloys 709 and 609, induces the formation of 
the primary γ phase. Depending on the equilibrium composi-
tion of γ, excess Mo and W diffuse into the surrounding liquid 
phase, and segregation of Mo and W leads to the formation 
of ρ. A schematic diagram of the solidification behavior was 
presented in our previous study [10].

These precipitates occur owing to the segregation of Mo 
and W through rejection around the dendrite arm during den-
dritic growth. Therefore, more precipitates were observed 
in the equiaxed dendrite and columnar dendrite formation 
regions, in which sufficient time and heat were available 
for rejection. The quantity of precipitates was decreased in 
structures similar to cellular growth, and no precipitates were 
observed in the planar growth region. However, the overall 

quantity of precipitates was smaller compared to Alloy 609 
when Alloy 709 was used as the filler metal, which can be 
observed in Figs. 4 and 5. In relation to this, Mu et al. reported 
that interdendritic precipitates resulted in brittleness and 
facilitated crack propagation [1, 2]. The difference in shrink-
age rate between the γ phase and the precipitates at low tem-
peratures can weaken the bond between the dendrites and the 
precipitates, resulting in a decrease in low-temperature fracture 
toughness. It was also noted that the precipitates mostly caused 
intergranular cracks, and reduced the crack propagation resist-
ance at grain boundaries. They also reported simulation results 
showing that as the quantity of precipitates increased, concen-
trated stress, and nearby local plastic deformation increased, 
resulting in lower toughness [31]. Therefore, the extent of 
precipitation may affect the low-temperature toughness of the 
weld metal region. The relatively large quantity of precipitates 
of Alloy 609 is likely to have a negative effect on toughness. 
Because Alloys 609 and 709 exhibit no significant microstruc-
tural differences other than the precipitates, it is believed that 
the difference in the absorbed impact energy, which is dis-
cussed in Sect. 3.4, results from the formed precipitates. The 
effect of precipitates on low-temperature toughness requires 
further investigation in the future.

3.2  Microstructure of transition area of weld joint

Figure 7 shows the composition and phase distribution at 
the joint interface between the bead and base metal. For 

Fig. 4  SEM images with the position within Alloy 709 weld bead. The microstructure in the direction toward the joint interface from bead top is 
shown in the order of a to e: weld bead a top, b, c middle, d bottom, and e joint interface

Fig. 5  SEM images with the position within Alloy 609 weld bead. The microstructure in the direction toward the joint interface from bead top is 
shown in the order of a to e: weld bead a top, b, c middle, d bottom, and e joint interface
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composition distribution, an EDS line analysis was per-
formed along the yellow straight line. In the case of the 
Alloy 709 weld joint (Fig. 7a), a transition area with lin-
ear changes of elements was identified near the fusion line. 
These compositional changes include decreasing Fe and 
increasing Ni, Mo, Cr, Mn, and W contents in the direction 
of the weld metal from the transition area. The phase map 
indicated that the transition area consisted of two layers, the 
martensite layer and the γ layer, which was correlated to the 
γ stabilizer (martensite start temperature (Ms)–decreasing 
elements). The γ stabilizer includes Cr, Mo, Ni, and Mn. 
The region containing 10–80 wt% of γ stabilizer forms the 
γ phase, even with Fe dilution. In contrast, γ cannot become 
a stable phase in the region with a higher Fe content and 
transforms into martensite. Furthermore, this region is 
in contact with the cold base metal and is cooled rapidly, 
which encourages the transformation to martensite. Simi-
larly, Fig. 7b illustrates the transition area of the Alloy 609 
weld joint through dilution. Chen and Lu [32] also reported 
the formation of the martensite layer at the weld joint inter-
face of low-alloy steel and Inconel 82. In studies by Kim 
et al. [11], Mu et al. [12], and Dupont and Kusko [33], the 
martensite layer was observed at the weld joint interface of 
Fe- and Ni-based alloys. Moreover, the formation of mar-
tensite was observed with decreased Cr and Ni contents in an 
austenitic-ferritic dissimilar welded joint between Fe alloys, 
indicating the γ stabilizing effect of the elements [34, 35].

The difference depending on the filler metal was man-
ifested in the thicknesses of the martensite and γ layers, 
which were 13 and 20 μm in Alloy 709, respectively, and 11 
and 9 μm in Alloy 609, respectively. The difference in thick-
ness of the transition region can be attributed to the specific 
heat capacity of the filler metal. The heat required to melt 
the filler metal differs with the alloy composition. At the 
same amount of heat input, an Alloy 609 weld joint shows 
a larger HAZ and deeper penetration depth than those of 
Alloy 709, in microstructure observation of the weld joint 
(Fig. 3). From this, it is concluded that more energy is used 
in the base metal-filler metal mixing in the case of Alloy 
609, and less heat is required to melt Alloy 609. In other 
words, because there is relatively sufficient energy to melt 
and mix the filler metal and the base metal in the Alloy 
609 weld joint, diffusion is facilitated and compositional 
change can occur at a shorter distance (thin transition layer). 
Therefore, Alloy 609 exhibits a thin transition region of 
20 μm thickness. Furthermore, it is notable that Alloy 709 
contains an almost two times thicker γ layer than Alloy 
609. This also depends on the contents of the γ stabilizer 
(Ms-decreasing elements); the martensite finish tempera-
ture (Mf) is maintained, while Ms is decreased in regions 
with a high content of Ms-decreasing elements [12, 33, 36]. 
Therefore, the temperature range for the martensite trans-
formation decreases, whereas the temperature range for the 
stable γ phase relatively increases. Therefore, martensite 

Table 4  Results of EDS point 
analysis (wt. %)

Analysis region Phase Ni Cr Fe Mo Mn W

Alloy 709 Interdendrite (Mo-rich) γ-phase 55.74 6.68 12.43 19.74 2.93 2.48
Dendrite γ-phase 61.01 6.30 14.14 13.87 2.05 2.63
Precipitate ρ-phase 34.75 6.60 8.56 44.10 1.62 4.36

Alloy 609 Interdendrite (Mo-rich) γ-phase 48.28 15.21 18.52 15.64 2.36
Dendrite γ-phase 53.35 13.97 20.41 10.08 2.19
Precipitate ρ-phase 26.45 13.49 11.72 43.01 5.33

Fig. 6  a Ni–Cr-Mo ternary liquidus projection and b Ni–Cr-Mo ter-
nary liquidus projection according to the addition of Fe and W (black 
arrows of Alloy 709 are indicated in consideration of the change in Cr 

and Mo contents in the interdendritic region from the compositional 
analysis results) [26]

2766 The International Journal of Advanced Manufacturing Technology (2022) 122:2761–2773
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formation is suppressed while the γ volume fraction 
increases in regions with a high content of Ms-decreasing 
elements. As a result, a thick γ layer and a thin martensite 
layer are formed in the transition area. The comparison of 
the γ stabilizer content (Ni + Cr + Mo + Mn) in the γ layer 
indicated a higher γ stabilizer content over a wider interval 
when Alloy 709 was used, which supported the formation 
of the thick γ layer and demonstrated the effects of the cor-
responding elements.

The microstructure and compositional distribution of 
this transition area of the weld joint can dictate the low-
temperature toughness. Two dissimilar alloys are combined 
at the joint interface, and it may be vulnerable because the 
weld and base metals vary in microstructure, hardness, and 
thermal expansion coefficient. In practice, the weld joint can 
be cooled from room temperature to −196 °C, and the two 
alloys would shrink rapidly. During this process, mechani-
cal stress develops at the interface owing to the difference 

Fig. 7  EDS line analysis and 
EBSD results of weld joints 
made with a Alloy 709 and 
b Alloy 609
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in the thermal expansion coefficients. In the joint transition 
area, this stress can cause a phase transformation from γ 
to martensite. Because martensite has a different lattice 
constant and crystal structure than γ, the martensite trans-
formation may cause the nearby HAZ to deform, and the 
residual deformation can result in crack propagation. There-
fore, maintaining γ with excellent toughness and without 
martensite transformation at extremely low temperatures 
is imperative for low-temperature applications [12]. The γ 
stabilizer inhibits the martensite transformation, indicat-
ing that an interface with a high distribution of γ stabilizer 
can maintain the γ phase stably at low temperatures while 
achieving superior low-temperature toughness. Similarly, 
the structure of the initial transition area with a thin mar-
tensite layer and relatively thick γ layer can be advantageous 
for enhancing low-temperature toughness owing to a small 
residual deformation. In conclusion, compared to Alloy 609, 
the microstructure and elemental distribution of the Alloy 
709 weld joint resulted in an improved fracture toughness. 
The superior low-temperature fracture toughness of Alloy 
709 is discussed in Sect. 3.4.

3.3  Microstructure of HAZ region

Figure 8 shows SEM images corresponding to each region of 
the HAZ, where the HAZ is the base metal region affected by 
heat during the welding process, which manifests below the 
fusion line. Based on the grain size and phase, the HAZ can 
be divided into four regions: coarse-grained HAZ (CGHAZ), 
fine-grained HAZ (FGHAZ), inter-critical HAZ (ICHAZ), 

and sub-critical HAZ (SCHAZ) [9, 13]. As shown in Fig. 8a, 
d, because the CGHAZ is close to the fusion line, it reaches 
the highest temperature (above A3 temperature) among the 
four regions and exhibits coarse grains in the grain growth 
[9, 13]. Because the temperature increases to A3 or higher, 
the CGHAZ transforms entirely to γ. After the subsequent 
cooling process, it transforms to coarse martensite lath and 
coalesced bainite with high strength. In contrast, the tough-
ness of the CGHAZ decreases as the base metal loses its fine 
grain structure. The CGHAZ is also known to be a major 
factor in the toughness degradation of the HAZ [13, 37]. The 
difference in the HAZ region depending on the filler metal 
was noticeable in this CGHAZ, while similar microstruc-
tures were observed in other regions.

Figure  9 shows the cross-section OM images of the 
CGHAZ directly below the bead (indicated by the red 
squares in Fig. 3). Coarser grains were observed in the 
CGHAZ of the Alloy 609 weld joints (Figs. 8a, d and 9), 
along with a wider CGHAZ region (Fig. 3) compared to 
Alloy 709, which indicates a higher volume fraction in the 
region.

Increases in the grain size and volume fraction of the 
CGHAZ region have a direct effect on the toughness degra-
dation [4]. Therefore, higher toughness was expected in the 
HAZ when Alloy 709 was used, which was confirmed by 
the higher absorbed impact energy in the HAZ compared to 
when Alloy 609 was used. The difference in the microstruc-
ture of the CGHAZ with Alloys 709 and 609 is attributed 
to the specific heat capacity of the filler metal. In this study, 
the same amount of heat input was provided by the welding 

Fig. 8  SEM images of HAZ 
subzone depending on type 
of weld metal: a CGHAZ, 
b FGHAZ and ICHAZ, and 
c SCHAZ of Alloy 709, and 
d CGHAZ, e FGHAZ and 
ICHAZ, and f SCHAZ of Alloy 
609
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condition; however, the heat capacity required to melt the 
filler metal depends on the alloy composition. Therefore, the 
thermal energy transferred to the surrounding base metal 
differs. If more heat energy is transferred to the base metal, 
the size of the HAZ can be increased and the grains can be 
coarsened [38]. Thus, the higher CGHAZ volume fraction 
and coarser grains in the CGHAZ of the Alloy 609 weld 
joint indicate that more heat energy is transferred to the base 
metal under the Alloy 609 bead.

The microstructure in the region below the CGHAZ pri-
marily consists of martensite, and shows fine grains owing to 
recrystallization (Fig. 8b, e) [9, 13]. The microstructures of 
the FGHAZ and ICHAZ are determined according to the dif-
ference in the reached temperature and the cooling rate with 
the welding conditions. The FGHAZ is heated to a higher 
temperature than Ac3, and exhibits a different microstructure 
depending on the cooling rate after austenitization. Rapid 
cooling transforms γ into a martensite (majority), some 
bainite, and carbide/retained γ, whereas relatively slow cool-
ing forms martensite (minority), ferrite, and carbide/retained 
γ. The ICHAZ is heated to a temperature between Ac1 and 
Ac3, which partially austenitizes, and then transforms into 
ferrite and carbide/retained γ with martensite of a different 

volume fraction based on the cooling rate. Therefore, the 
microstructure of martensite, ferrite, and carbide/retained γ 
can be obtained in the FGHAZ and ICHAZ as in this study, 
showing a difference in the phase volume fraction. How-
ever, such a difference in phase volume fraction could not 
be clearly distinguished in the microstructure observation, 
so representative microstructures of the ICHAZ and FGHAZ 
are shown in Fig. 8b for Alloy 709 and Fig. 8e for Alloy 
609, respectively. Deeper in the base metal, no austenitiza-
tion occurs with a decrease in the heat transfer. Therefore, 
the volume fraction of ferrite increases, and carbide and 
the retained austenite appear at the ferrite grain boundary 
(Fig. 8c, f) [9, 13]. In the study of Passos et al. the ferrite 
volume fraction in the SCHAZ was about 97.3%, which was 
reported to be the same as that of the base metal [13]. Simi-
larly, in this study, the ferrite volume fraction of the SCHAZ 
can be inferred by examining the ferrite fraction of the base 
metal through XRD and EBSD. Figure 10 shows the results 
of EBSD and XRD analysis of the base metal. In Fig. 10a 
and b, the area fraction of ferrite was confirmed to be 98.2%, 
and the volume fraction measurement using the XRD pattern 
of Fig. 10c was 97.6%. This indicates the reliability of the 
analysis results by showing a deviation within 1%.

Fig. 9  Cross-sectional OM 
images of CGHAZ of a Alloy 
709 and b Alloy 609

Fig. 10  EBSD and XRD analy-
sis of the base metal: a image 
quality map, b phase map, and 
c XRD result of base metal
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3.4  Mechanical properties

Figure 11 shows the Vickers hardness results of the weld 
joint prepared with Alloy 609 and Alloy 709 filler metals. 
It was measured at regular intervals across the fusion line 
in the diagonal direction from the weld to the base metal. 
The trend in the hardness change was identical between the 
two weld metals. Compared to the weld and base metals, 
a higher hardness value was obtained in the HAZ region. 
As martensite with considerable hardness formed in the 
CGHAZ, FGHAZ, and ICHAZ, the hardness appeared to 
increase rapidly in the HAZ region. In contrast, because 
the microstructures of the SCHAZ and base metal were 
similar, no difference in hardness was observed between 
them [9, 13]. In the GTAW welding of Inconel 625 per-
formed by Passos et al. [13], the SCHAZ and base metal 
exhibited a similar hardness value of approximately 225 
HV, which is in alignment with the results of this study. 
Moreover, the maximum hardness value in the ICHAZ 
was 360 HV, which is similar to the maximum hardness 
value of the HAZ shown in Fig. 11a, b (Alloy 609, 355 
HV; Alloy 709, 375 HV). These high hardness values of 
the HAZ have also been reported by Kim and Kim in the 
FCAW welding of ENiMo13T0-1 [39]. However, Alloy 
709 achieved a hardness similar to that of base metal in 
the weld metal region, whereas Alloy 609 exhibited a 
lower hardness value and was considered to be relatively 
more vulnerable to damage. It has been reported that the 
transition region composed of martensite and γ exhibits a 
hardness value slightly higher than that of the HAZ [12]. 
As the stress due to martensite transformation in the tran-
sition region was transferred to the adjacent γ, high dis-
location density was confirmed in the adjacent γ region, 

which explained the increase in hardness. In addition, the 
increase in misorientation due to the stress and the result-
ing high residual strain contributed to the high hardness. 
Because the transition region in this study was also com-
posed of martensite and γ layers, an increase in dislocation 
density and residual strain can inevitably be induced in the 
surrounding region due to martensite formation. There-
fore, it is expected that the transition region can exhibit a 
hardness comparable to that of the HAZ.

To evaluate the impact toughness at the low temperature 
of −196 °C, notches were formed in the weld metal, HAZ, 
and base metal, and the absorbed impact energy was meas-
ured (Fig. 2). The results are shown in Fig. 12.

In the weld metal regions of Alloys 609 and 709, the 
absorbed impact energy was observed to be 55 and 82 J, 
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respectively, which sufficiently met the class specifica-
tion [19]. The HAZ exhibited an absorbed impact energy 
of > 100 J in both cases, whereas the base metal exhibited 
the highest value of approximately 240 J. The excellent 
impact toughness of 9% Ni steel is generally attributed to 
the refinement of grains and promotion of cross-slip owing 
to the addition of Ni, resulting in plastic deformation instead 
of a drastic fracture [40]. Ni also stabilizes the γ phase with 
high solubility for interstitial elements, including C [40, 41]. 
Thus, toughness can be improved by inhibiting the forma-
tion of precipitates that act as the initiation point for brittle 
fractures. However, the increased temperature during the 
welding process results in phase transformation in the HAZ. 
During this process, the γ volume fraction decreases, and 
the grains are coarsened, which lowers the absorbed impact 
energy relative to the base metal. Therefore, a decrease in 
the thickness of the HAZ region is beneficial for minimiz-
ing the initiation and propagation of cracks [42]. Addition-
ally, as mentioned in Sect. 3.3, the low volume fraction and 
small grain size in the CGHAZ of the Alloy 709 weld joint 
improve the impact toughness of the HAZ. The result of 
the impact test of the weld metal region revealed that high 
absorbed impact energy was obtained with Alloy 709. While 
the interdendritic precipitates observed in the weld metal 
result in brittleness and facilitate crack propagation, it is 
assumed that the impact toughness of Alloy 709 is excellent 
because it contains a smaller quantity of these interdendritic 
precipitates. Additionally, in the transition area of the Alloy 
709 weld joint, the content of the Ms-decreasing elements 
(γ stabilizer) is relatively high, and the γ phase can be more 
stably maintained even in cold shrinkage caused by the low-
temperature environment. This suppresses the martensite 
phase transformation and prevents the formation of residual 
stress and deformation, which in turn reduces crack initiation 
and improves toughness [12]. The thin martensite and thick 

γ layers in the transition area of the Alloy 709 weld joint also 
positively affect toughness by maintaining the initial residual 
deformation at a minimal level. The elemental distribution 
and microstructure obtained when Alloy 709 was used for 
welding likely contributed to the improved temperature 
toughness. Thus, Alloy 709 demonstrated an overall impact 
toughness superior to that of Alloy 609.

The effects of the microstructure and elemental distri-
bution on low-temperature toughness are summarized as 
follows:

1. Weld metal: interdendritic precipitate → decrease in low-
temperature toughness

2. Weld joint: high content of γ stabilizer thin martensite 
and thick γ layers in the transition area → increase in 
low-temperature toughness

3. HAZ: low CGHAZ volume fraction and fine grain size 
in the CGHAZ → increase in low-temperature toughness

The absorbed impact energy values reported in other 
studies are listed in Table 5 for comparison; these confirm 
the applicability of the FCAW welding method. Compared 
to the SMAW method, which is mainly applied for welding 
of 9% Ni steel, the weld joint obtained through FCAW also 
showed comparable high fracture toughness. This shows 
the feasibility of manufacturing an LNG tank with consist-
ent welding quality by applying FCAW.

4  Conclusions

The microstructures of the weld bead, joint interface, and 
HAZ of the FCAW joint with 9% Ni steel were investigated 
for two different Ni-based filler metals, Alloys 709 and 609. 
The mechanical properties were evaluated accordingly. 

Table 5  Impact absorption 
energy at −196 °C according to 
filler metal and welding method

Filler metal Notch location Impact absorption 
energy (J)

Welding method Reference

Classification regulation on the standard of Charpy impact energy: 27 J in transverse direction

Average absorbed impact energy of 9% Ni steel used as the base metal: 241 J

Alloy 709 Weld metal
HAZ

82
151

FCAW Present study

Alloy 609 Weld metal
HAZ

55
104

FCAW Present study

ENiMo13-T Weld metal
HAZ

95
138

FCAW [43]

Inconel 625 Weld metal
HAZ

73
166

FCAW [19]

ENiCrMo-6 Weld metal
HAZ

84
139

SMAW [19]

Inconel 625 Weld metal 45 SMAW [44]
ENiCrFe-9 Weld metal 87 SMAW [45]

2771The International Journal of Advanced Manufacturing Technology (2022) 122:2761–2773



1 3

Based on the results of this study, the conclusions can be 
summarized as follows.

1. Based on the crystal growth rate and temperature gradi-
ent, the weld bead showed a microstructural transition 
from planar morphology to equiaxed dendrite. In inter-
dendritic regions, ρ phase precipitates were observed, 
and a smaller quantity of the precipitates compared to 
Alloy 609 was confirmed when Alloy 709 was used.

2. The transition region formed by the dilution process con-
sisted of martensite and γ layers, based on the distribu-
tion of the γ stabilizers (Ni, Cr, Mo, Mn). The region 
with a high content of γ stabilizer lowered the mar-
tensite transformation starting temperature, suppressed 
martensite formation, and stabilized the γ phase. This 
resulted in a transition area consisting of a thick γ layer 
and a thin martensite layer in the Alloy 709 weld joint.

3. In the microstructure of the HAZ, the CGHAZ directly 
below the bead clearly demonstrated the effect of using dif-
ferent filler metals. The weld joint with Alloy 709 showed 
a low CGHAZ volume fraction and fine grains in the cor-
responding region.

4. In the hardness analysis, the HAZ exhibited higher hard-
ness than the weld and base metals owing to martensite 
transformation. In the low-temperature Charpy V-notch 
impact test, the absorbed impact energy was observed to 
be twice as high as the class specification. When Alloy 
709 was used as the filler metal, a better impact tough-
ness was achieved than with Alloy 609. This is consid-
ered to happen owing to the following three reasons:

– Small quantity of precipitates.
– Stabilization of γ phase owing to high content of γ 

stabilizer.
– Low volume fraction and fine grain size in the 

CGHAZ.

In conclusion, because the weld joint demonstrated a 
higher absorbed impact energy and excellent low-temperature 
toughness without degradation of hardness when Alloy 709 
was used, this alloy is considered to be a more suitable filler 
metal for welding 9% Ni steel.
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