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Abstract

Dissimilar 9% Cr heat-resistant steels (G115 and CB2) with good creep properties for ultra-supercritical steam turbines
were butt-joined by tungsten inert gas welding. The microstructure of welded metal (WM) was quenched martensite without
carbide precipitates and lath packets existed inside prior austenite grains (PAGs), which leaded to higher hardness of WM.
Partially melted zone at G115 side was composed of untempered martensite within equiaxed PAGs. The lowest hardness
occurred in both G115 and CB2 steels which was attributed to tempered martensite with many M,;Cg precipitates. The
heat-affected zone consisted of three sub-grains and their microstructure was detailly analyzed in current work. As current
increased from 130 to 150 A, both the tensile strength at room temperature and 650 °C increased while strength had no obvi-
ous change with further increasing current. The values of 673 MPa and 309 MPa corresponded to the tensile stress with 150
A at room temperature and 650 ‘C, respectively. The fracture mode of joints at room temperature was cleavage and ductile
failure at 130 and 150 A, respectively. The high-temperature fracture surface at 150 A was composed of deep and fine dimples.
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1 Introduction and pressure [1-3]. This challenge closely depends on the

heat-resistant steels used in ultra-supercritical (USC) steam

To achieve the goal of conserving resources and protecting
the environment, it is essential to improve thermal efficiency
of coal-fired power plants by enhancing steam temperature
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turbines. Hence more attention should be put on the heat-
resistant metals applied in USC power plants [4].

The 9% Cr heat-resistant steels are extensively used in
elevated temperature components for USC power plants,
which is based on their martensitic microstructure, excel-
lent mechanical properties at high temperatures and welding
characteristics [5, 6]. Traditional martensitic heat-resistant
steels such as T/P91 and T/P92 are usually used in USC
power plants at 600 “C, but the martensitic microstructure
is not stable for steam temperatures higher than 600 °C [5,
7]. Tabuchi et al. [8] reported that the modified 9Cr-1Mo
steel was widely fabricated in power plants at around 625
°C. The 9Cr1Mo1CoNiVNbNB (CB2) steel was designed
by adding Co and B to modify 9Cr-1Mo martensitic steel,
which had excellent creep properties and oxidation resist-
ance at elevated temperatures [9]. Because the addition of
B element could improve the stability of M,;C precipitates
and retard their coarsening. Yan et al. [10] introduced that a
novel 9Cr3W3CoCuVNDbBN (G115) steel was a creep-duc-
tile material and could be candidate material for use in USC
power plants with temperatures up to 650 °C. Compared
traditional martensitic steels, Mo has been replaced by W
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element and the addition of B and Cu could further improve
precipitation strengthening [11].

Welding of 9% Cr heat-resistance steels plays an impor-
tant role in power plant construction. Manugula et al. [12]
obtained good welded joints of 9Cr-1.5W steel by electron
beam welding. Submerged arc welding was utilized to join
dissimilar 9Cr-2Co-1Mo and 2Cr-1Mo steels with 2Cr-1Mo
steel as filler metal [13, 14]. Zhang et al. [15] studied the
effect of microstructure on mechanical characteristics of
welds and stir zones of 9Cr-1.5W steel friction stir welded
joints. The M,,;Cg precipitates in stir zone almost or even
completely dissolved during friction stir welding, while
MX carbonitrides and M;C particles were main dispersed
strengthening phases. Considering high cost and fast wear
of the stir-welding head, tungsten inert gas (TIG) or gas
tungsten arc welding is more suitable for joining 9% Cr heat-
resistant steels [16]. Pandey et al. [12] discussed the micro-
structure and mechanical characteristics of the 9Cr-2W steel
welded joints by TIG welding. Previous literature [17] also
reported that 9Cr-1Mo steel was successfully butt-joined
by activating flux TIG (A-TIG) welding with multicompo-
nent flux. Compared with the conventional TIG weldments,
joint penetration had an increase of 200% and 300% with
CeO, and MoOj; based flux, respectively. Tensile properties
of weldments were almost same, while the impact tough-
ness was much less than that of the base metal. Arivazhagan
et al. [18] studied the differences on the microstructure and
toughness of 9Cr-1Mo steel welded joints by traditional gas
tungsten arc welding and A-TIG welding. Laser-TIG hybrid
welding joined two 9Cr-1.5W steel plates with thickness of
3mm [19].

MARBN (9Cr3W3Co00.2V0.05Nb) steels [20] were
developed for USC power plants by Japan and they were
much similar to G115 in terms of chemical composition.
Main welding method for these steels was gas tungsten arc
welding with Inconel-type filler as welded metal [8, 20]. The
application of Ni-base wire was restricted by high cost and
different physical properties between Ni-base wire and steel
[21, 22]. In contrast, iron-base wire has been widely used to
join heat resistant steels in coal-fired power plants. But few
literatures studied TIG-welding of dissimilar G115 and CB2
steels with iron-base filler metal. The filler weir used in cur-
rent work was designed for G115 and its chemical composi-
tion was much similar to G115 steel. This work investigated
the effect of welding current on microstructure and tensile
properties of G115/CB2 welded joints at room temperature

and at an operating temperature of 650 °C. The fracture mor-
phology and location were analyzed by scanning electron
microscopy (SEM) and optical microscope (OM). Mean-
while the microstructure of joints was detailly observed by
SEM, electron back-scattered diffraction (EBSD), and trans-
mission electron microscope (TEM).

1.1 Materials and Experiment

In current experiment, G115 and CB2 steels were used
as base metals. TIG welding was applied to butt-join
G115 and CB2 steels with filler wire, and its diameter
was 2.4 mm. Their chemical composition was listed
in Table 1.

Prior welding, G115 and CB2 steels were processed
into specimens with the size of 80 mm X 70 mm X 2
mm (based on Enterprise standard), and the oxides on
the welded regions were ground via abrasive paper.
A TIG welding machine (YC-300WP5HGN, PWST,
China) was used to weld G115 and CB2 plates, and its
schematic diagram was shown in Fig. 1a. During weld-
ing, argon (Ar) was utilized to protect the weld pool
from oxidation. The main purpose of 2 mm wide gap
between two plates was to guarantee high penetration
of welded metal (WM), which could realize single-side
welding with double-sided forming. The TIG welding
parameters were exhibited in Table 2, and the value
of welding current was 110, 130, 150, 170 and 190 A,
respectively. The lower welding current of 90 A was
not included in parameter range because there was no
effective connection between G115 and CB2 at this
current. Without significant change in performance of
welded joints, from the perspective of energy conser-
vation and electrode loss, the welding of higher current
has not been carried out.

After welding, cross-sectional samples were cut from
welded joints by wire cutting and the size of samples
was 35 mm X 5 mm. Then samples were ground with
water abrasive paper and polished with 2.5 pm dia-
mond paste. Cross-sections were chemically etched (5
g FeCl; +15 ml HCI + 80 ml H,O) for 10 s to achieve
OM and SEM observation. The EBSD was used to
investigate microstructure of welded joints, and the
morphology and composition of precipitates were
analyzed by TEM. The size and preparation of EBSD
sample were similar to metallographic samples, but it

Table 1 Chemical composition

X Elements C Cr W Mo Cu Mn Si Ni \'% Nb N B Fe
of base metals and filler wire
(wt.%) CB2 011 918 - 098 147 - 069 03 033 02 0.06 0.02 0.009 Bal
G115 0.08 8.8 2.84 3.0 - 10 05 03 - 02 0.06 0.008 0014 Bal
Filler wire 0.088 895 2.8 3.01 - 094 035 007 - 022 0.008 0.0096 0.009 Bal
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Fig. 1 Schematic illustrations of
a TIG welding process, b tensile (a)
sample at room temperature, ¢
tensile sample at 650 C
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was ground by grinding machine, thereby getting
reliable tensile strength. The dimensions of the room

Table 2 TIG welding process parameters

Welding parameters Value

temperature tensile test sample matched with the GB/
Welding current (A) 110-190 T228-2002 standard, as presented in Fig. 1b. Ten-
Welding speed v (m/min) 0.15 sile tests at room temperature were carried out by an
Welding arc length L (mm) 1 electronic tensile test machine (AG-X, SHIMADZU,
Wire feed speed v, (m/min) 0.5 Japan), where the loading rate was 1 mm/min. Tensile
Flowrate of shielding gas (Ar) R (I/min) 10 tests at 650 °C were performed in an elevated tempera-

ture chamber with a loading speed of 1 mm/min, and
its schematic figure was illustrated in Fig. 1c. Fracture
location and morphology were analyzed by OM and
SEM, respectively.

was corroded by electrolytic polishing (6%HC1O, +
94%C,H;OH) with voltage of 20 V and holding time
of 10 s. EBSD images were obtained under the condi-
tions of 12 A current, 15 V voltage, 0.5 pm step size
and 400X magnification, and the raw indexing percent-
age was about 75-90%. The TEM sample was obtained
by twin-jet electropolish (5%HCIO, + 95%C,Hs;OH),
and the voltage and temperature were 45 V and -35
°C, respectively. Mechanical characteristics involved
Vickers microhardness, tensile strength at room tem-

2 Results and Discussion

2.1 Macro Characteristics of Welded Joints

perature and 650 ‘C. Microhardness measurement was
implemented with a Vickers load (MH3N) of 4.9 N
and a dwelling time of 5 s. The tensile samples were
cut from weldments, then superfluous welded metal

Figure 2 illustrates the effect of welding current on
macro-morphology of TIG-welded joints. Figure 2a—d
depict the appearance of the top surface of joints, and
their welding current was 110, 130 150 and 170 A,
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(a) i |(b)

unmelted filler

respectively. Figure 2e-h correspond to the root surface
of their joints, respectively. Owing to fixed welding
speed, the heat input at 110 and 130 A was insufficient
to melt all filler wire, leading to un-melted filler left in
WM, as shown in Fig. 2a and b, meanwhile the higher
and narrower WM was observed at lower current. In
Fig. 2e and f, pores were found on the root surface and
the welded area was very small at 110 A, indicating
that full penetration was not realized at 110 and 130
A. The main reason was that the spreading of liquid
welded metal was partially limited by un-melted filler.
When current increased to 150 and 170 A, more heat
input promoted the formation of WM and the WM was

~unmelted filler

Fig. 2 Macro-morphology of welded joints: a—d were top surfaces at 110, 130, 150 and 170 A, respectively, e-h were their root surfaces, respec-
tively

continuous on the top and root surfaces, achieving full
penetration throughout the weld length, as exhibited in
Fig. 2¢, d, g, f.

Figure 3a and b are cross-sectional macrostructure
images with welding current of 130 and 150 A, respec-
tively. There were soft ferrite patches in WM near
CB2, as arrows marked in Fig. 3a. Figure 4a and b
are magnified OM images of ferrite marked in Fig. 3a,
which was consistent with this literature [12]. It could
be obviously noticed that the martensite of WM seems
to be coarser at 150 A, which was attributed to heat
input. In Fig. 3b, the profile of WM on top and root
sides was more symmetrical than that of Fig. 3a, and

Fig.3 Cross-sectional mac-
rostructure images of welded
joints: a 130 A, b 150 A

@ Springer KE ;]E
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Fig.4 a OM image of WS near
CB2 at 130 A, b magnified
image of area A

the WM of Fig. 3a on the top side was higher. The
width of HAZ was approximately 3 mm in both sides
of G115 and CB2, and large HAZ was associated with
high heat input and thin plates.

2.2 Microstructure of Welded Joints

Figures 5 and show the microstructure of WM with differ-
ent welding current of 130 and 150 A, respectively. In both
WM, quenched lath martensite was noticed inside the prior
austenite grains (PAGs) (marked by white dotted line) and
a large number of laths formed lath packets (presented by
orange dotted line). There were some cavities in WM formed
during the solidification process of weld pool, as shown in
Fig. 5b, which might influence the mechanical properties
of joints. Figure 6b is the magnified SEM image of WM,
and the width of lath martensite varied from 0.5 pm to 1.5
pm. The EBSD of Fig. 6c¢ illustrates the lath characteristic
of martensite and the orientation of martensite in packets
was basically consistent. Figure 7 gives TEM result of WM,
Fig. 7a and b illustrate that the microstructure of WM was
lath martensite, and some dislocations distributed on the

Fig.5 SEM images of WM at
130 A

laths at 150 A. No precipitate was found in WM owing to
high cooling rate. The martensite was body-centered cubic
structure, which was confirmed by Fig. 7c.

Figure 8a shows the OM of joint transition zone at G115
side at 150 A, and it consists of WM, partially melting zone
(PMZ), HAZ and base metal (BM). During TIG welding
process, the peak temperature of welding thermal cycle
decreased from WM to BM, thus the HAZ was divided into
three sub-zones: coarse grain heat affected zone (CGHAZ),
fine grain heat affected zone (FGHAZ) and inter critical
heat affected zone (ICHAZ). Figure 8b-e show the EBSD
of CGHAZ, FGHAZ, ICHAZ and BM, respectively, cor-
responding to region A, B, C and D in Fig. 8a.

The microstructure of CGHAZ and FGHAZ was untem-
pered martensite in PAGs [6]. Average grain size of CGHAZ
was 50 pm, estimated from Fig. 7b. During TIG welding, the
temperature of CGHAZ could far exceed Ac;, promoting
prior austenite grain growth, as illustrated by Pandey et al.
[23]. The temperature of FGHAZ was just above Ac;, and
the dwelling time was short due to faster cooling rate. Finer
grains (average grain size of 10 pm) are observed in Fig. 8c.
Figure 8d presents the microstructure of ICHAZ, which
was composed of untempered and tempered martensite
[24]. The temperature of ICHAZ was between Ac; and Ac;,

o :'\
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S
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5.00 1/nm

Fig.7 TEM analysis of WM: a and b morphologies of martensite, ¢ diffraction pattern of matrix

and partial tempered martensite transformed into austenite,
subsequently forming quenched martensite by air cooling
process. Fig. 8(e) presents that the microstructure of BM
was tempered martensite blocks. Figure 9 gives the TEM
result of G115 steel, and Fig. 9a and b prove that tempered
martensite inside PAGs was main structure of G115 steel
and some dislocations and dislocation tangles distributed
on laths. From Fig. 9¢c, some precipitates with width of 200
nm exist along prior austenite grain boundaries (PAGBs).
Figure 9d presents the chemical composition of precipitates
marked in Fig. 9c, and their composition seems to be similar,
namely W-enriched M,;C4 (M: Fe or Cr) phase.

Figure 10a is EBSD image of WM and PMZ, reveal-
ing that PMZ lied along WM boundary in welded joint
at 150 A. Combined with Fig. 10b of SEM image, PMZ
was composed of equiaxed PAGs with average diameter
of 15 pum and its microstructure was quenched martensite.
During welding, the temperature of WM exceeded the lig-
uidus temperature of the alloy, the temperature of HAZ
was higher than a critical value Ac, but lower than the
solidus temperature of the alloy, and PMZ was a region in
which the experienced temperature was between solidus
and liquidus of the BM. Therefore, the PMZ consisted of

@ Springer KE;E

molten metal and solids, and this region was closed to
HAZ, which would promote heterogeneous nucleation and
increased the rate of nucleation. In addition, fast cooling
rate also restricted the grain growth.

Figure 11a reveals that the transition joint at CB2 side
consisted of WM, HAZ with three sub-regions and BM at
150 A. Figure 11b-e correspond to region A, B, C and D
of Fig. 11a, respectively. According to Fig. 11b, CGHAZ
was composed of coarse martensite blocks, while FGHAZ
was comprised of untempered martensite within equiaxed
PAGs. Compared with HAZ of G115 steel, the grain size
of CGHAZ and FGHAZ at CB2 steel seems to be larger.
The microstructure of ICHAZ at CB2 side was untempered
and tempered martensite, which was similar to ICHAZ
at G115 side. Coarse tempered-martensite blocks are
presented in Fig. 11e. Figurel2 is TEM images of CB2
steel, and Fig. 12a and b illustrate that the microstructure
of CB2 steel was martensite-dominated structure. Some
precipitates distributed along martensite-lath border and
inside laths. Figure 12c is diffraction pattern of precipi-
tate marked in Fig. 12b, demonstrating that the precipitate
was M,;C¢(M: Fe or Cr) particle with face-centered cubic
structure.
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Fig.8 a OM of joint transi-
tion zone at G115 side, EBSD
images of a) CGHAZ, b
FGHAZ, ¢ ICHAZ and d BM

2.3 Microhardness

Figure 13 gives microhardness profiles along the transverse
direction of a half thickness of base metals from G115 across
WM to CB2 steel, and hardness point was measured at an
interval of 0.25 mm. Average hardness of G115 and CB2
steel was about 249 HV and 254 HV, respectively. The
specific value of 396 HV and 449 HV corresponded to the
average hardness of WM at 130 and 150 A, respectively.
Compared with BMs, higher hardness was occurred in WM,
which could be attributed to quenched martensite with high
carbon content in WM.

The width of PMZ at G115 side was approximately 300
pm, hence it was unnecessary to detailly analyze its hardness.

For the HAZ, the variation of hardness was basically identi-
cal at G115 and CB2 side, as shown in Fig. 13. The highest
hardness was occurred in CGHAZ closed to WM, and with
increased distance from WM, the microhardness of HAZ
gradually decreased. Liu et al. [13] reported that the peak
temperature become higher, resulting in decreasing carbide
particles and the increasing carbon content of martensite. The
peak temperature of CGHAZ was higher than that of FGHAZ,
and more precipitates dissolved into the matrix, which resulted
in higher hardness occurred in CGHAZ [25, 26]. The micro-
hardness of ICHAZ was lower than other HAZ because the
microstructure of this region was mixture of tempered and
quenched martensite.

@ Springer KE _:E
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ot C Cr Fe

Co Cu W

total (wt.%)
spotl  6.08 32.92 50.79 1.74 0.08 8.40 100.00
spot2  8.46 49.07 27.51 0.75 0.09 14.12 100.00
spot3  6.33 51.41 26.07 0.64 0.13 15.42 100.00

Fig.9 TEM results of G115 steel: a and b microstructural morphology of martensite and PAGBs, ¢ and d the distribution and chemical compo-

sition of precipitates

Fig. 10 a EBSD image of WM
and PMZ, b SEM of PMZ

2.4 Tensile Test
2.4.1 Mechanical Properties

The effect of welding current on tensile strength at room
temperature is depicted in Fig. 14. The joint at 110 A had
the lowest tensile strength due to very small welded zone, as
proved by Fig. 3a and e. With increasing current from 110 to
150 A, the tensile strength gradually increased. The tensile
stress at 130 A was lower than that of 150 A because lower
heat input made filler incompletely melt and some unwelded
pores existed on the root surface of WM, partly deteriorating
mechanical properties of joints. Sound joints were obtained
with larger current of 150 A, as shown in Figs. 3c and g
and its tensile strength was 673 MPa. As welding current
exceeded 150 A, the tensile strength basically kept stable

@ Springer KE _:E

and had no obvious change. It could be explained that the
failure of these tensile samples occurred in the base metals,
not influenced by WM and HAZ.

Figure 15 is macroscopic photo of specimens after the ten-
sile test at 130 A and 150 A, respectively. Figure 16a and b
present the longitudinal cross-sectional images of facture at
130 and 150 A, respectively. Figure 17a and b are their SEM
images of the fracture morphology, respectively. As shown in
Figs. 15 and 164, the tensile specimen at 130 A failed in WM
and there was no tensile deformation at the fracture site. There-
fore, brittle fracture was fracture mode of welded joint at 130
A, which was also proved by quasi-cleavage areas in Fig. 17a.
As current increased to 150 A, obvious plastic deformation and
necking were observed at the fracture location because failure
appeared in G115 steel, as shown in Figs. 15 and 16b. Fracto-
graph of Fig. 17b presents a large number of fine dimples on
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Fig. 11 a OM of joint transition
zone at CB2 side, EBSD images
of b CGHAZ, ¢ FGHAZ, d
ICHAZ and e CB2 steel

Fig. 12 TEM images of CB2 steel: a martensite morphology, b precipitate distribution, ¢ diffraction pattern of precipitate marked in (b)
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Fig. 14 Tensile strength with different welding current at room tem-
perature

Fig. 15 Macro photo of specimens after the tensile test at 130 A and
150 A

Fig. 16 Longitudinal cross-
sectional images of fracture at
room temperature: a 130 A, b
150 A

@ Springer KE;E

the fracture surface, which indicates that ductile fracture was
the fail mode of welded joints at 150 A.

2.4.2 Elevated-Temperature Behavior

The 9% Cr heat-resistant steels were widely applied in
high-temperature conditions, so it was essential to explore
the mechanical characteristics of welded joints at an oper-
ating temperature of 650 °C. Figure 18a is the engineering
stress—strain curves at 650 ‘C with various welding current.
According to Fig. 18a, lower tensile strength and elongation
of joint were observed at 130 A, while elevated-temperature
strength at 150, 170 and 190 A was almost same and higher
than that of 130 A. Based on energy conservation and emis-
sion reduction, 150 A was suggested as the optimal weld-
ing current in this work and its tensile stress at 650 ‘C was
309 MPa. The tensile stress at 650 “C was slightly less than
half of tensile strength at room temperature. Wang et al. [27]
reported that at 650 °C, fast diffusion could assist dislocation in
bypassing nano-sized precipitates by means of climbing. With
the decreasing interaction between precipitates and matrix,
precipitate strengthening gradually weakened and the tensile
strength subsequently decreased. Xiao et al. [28] also reported
that this phenomenon might be related to subgrain coarsening
and decreasing dislocation density. Figure 18b exhibits SEM
picture of fracture morphology at 150 A. Dense inhomogene-
ous dimples were noticed in Fig. 18b. These deep dimples
were formed by microcavities coalescence, but there were fine
dimples existed between deep dimples, which could ascribe to
precipitates located in these regions [29].

3 Conclusion

G115 and CB2 steels for ultra-supercritical power plants
were successfully joined by TIG welding. Major conclu-
sions were listed as follows:

1. The microstructure of WM at 130 and 150 A was
quenched lath martensite inside PAGs, but the
microstructure at 130 A was smaller and some
cavities were found in its WM, which could influ-
ence tensile properties. The microstructure of CB2
and G115 was composed of tempered martensite
with M,;C, precipitates.

2. For HAZ at both sides, the peak temperature
decreased with increasing distance from WM,
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Fig. 17 SEM images of the
fracture surface at room tem-
perature: a 130 A, b 150 A

200

100

0 " 1 " 1 " 1 " 1 " 1 1 " 1 L )
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 ©
Engineering strain

Fig. 18 (a) Engineering stress—strain curves at 650 “C with various welding current, (b) fracture morphology at 150A

thus the size of PAGs at CGHAZ was larger than stress at 150 A was 673 MPa. As current exceeded
that of FGHAZ. The microstructure of CGHAZ 150 A, the tensile stress basically kept unchanged.
and FGHAZ was untempered martensite, while This phenomenon also occurred at 650 °C, and the
the ICHAZ was composed of quenched and tem- tensile strength at 150 A was 309 MPa.

pered martensite.
3. The microhardness of WM was higher than that of

HAZ and BM, and the hardness of two base met- Acknowledgements This research was supported by the Sichuan

L Deyang Open University-City Cooperative Technology Research and
als was about 250 HV. The variation of hardness at Development Project (Project No.: 2018CKJ004) and the Sichuan Dey-
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value of HAZ gradually decreased with increasing and Development Project (Project No.: 2019CK094). The authors
distance from WM. also acknowledge the fund of Sate Key Laboratory of Long-life High

4. The tensile strength at room temperature eraduall Temperature Materials (Project No.: DTCC28EE190934) and the Fun-
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increased with increasing welding current, and the 2019CDXYCLO031).
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