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Abstract

ERNiCrFe-7A filler metal is widely used for welding Inconel 690 alloy, which is often
considered for fabricating key components such as reactor pressure vessel and steam generator
of nuclear island main equipment. In this work, ERNiCrFe-7A deposited metal was prepared
by cold wire and hot wire GTAW process separately. The microstructure and mechanism of
precipitation of deposited metal were studied by OM, XRD, SEM, and TEM. Results show
that both cold wire and hot wire GTAW can get good quality of ERNiCrFe-7A deposited
metal. The matrix of deposited metal is vy-austenite. The microstructure of deposited metal
has a cellular dendritic characteristic. The intragranular precipitates are MX phases (M = Nb
and Ti, X = C and/or N), and the intergranular precipitates are Cr-rich M23Cg phases. The
heat input of cold wire GTAW is higher than that of hot wire GTAW, the columnar grains by
cold wire GTAW are wider than those of hot wire GTAW, and the number of MX and M23Cg
phases by cold wire GTAW is more than that by hot wire GTAW.
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1. Introduction

Inconel 690 nickel-base alloy has high resistance to
primary water stress corrosion cracking (PWSCC), in-
tergranular stress corrosion cracking (ISCC), and good
comprehensive performance, which is widely used in
the manufacture of key components such as reactor
pressure vessel and steam generator of the third gen-
eration nuclear island main equipment [1].

ERNiCrFe-TA, also known as filler metal 52M, is
commonly used for welding Inconel 690, dissimilar
metals, and overlays [2-5]. The Gas Tungsten Arc
Welding (GTAW) process is a versatile fusion welding
process that can weld most materials, including man-
ual GTAW, automatic GTAW, and hot wire GTAW
[6]. Conventional automatic GTAW is also called cold
wire GTAW (CW-GTAW). Hot wire GTAW (HW-
-GTAW) is a modified GTAW process in which the
filler metal is preheated by resistance heating using
a separate power source. HW-GTAW has the advan-
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tages of high deposition rate, low heat input, and small
distortion [7, 8].

At present, manual GTAW and CW-GTAW pro-
cesses have been widely used in welding ERNiCrFe-TA
filler metal, and a large number of studies have been
carried out on the microstructure and properties [9—
13]. Because of higher production efficiency, the HW-
-GTAW process is gradually replacing CW-GTAW in
manufacturing nuclear equipment [14]. However, the
differences in microstructure of the two different pro-
cesses are not fully clear, especially the microstructure
characteristic of HW-GTAW. This work studied the
microstructure differences of ERNiCrFe-7TA deposited
metal by HW-GTAW compared with CW-GTAW.

2. Materials and experimental procedure

The filler metal was ERNiCrFe-7A of 1.2 mm in di-
ameter, with the nominal chemical composition given
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Table 1. Nominal chemical composition of the filler metal (wt.%)

Material C Si Mn Cr

Fe Mo Nb+Ta Al Ti Ni

ERNiCrFe-7A 0.04 0.5 1.0 28.0-31.5

7.0-11.0 0.5

0.5-1.0 1.1 1.0 Bal

Table 2. Welding parameters

Sample U (V) I(A) Iw (A) S (mm min™!) WFR (mm min~!) Heat input (J mm™?)

CW-GTAW 12 260 - 1500 1702
HW-GTAW 12 240 20 2000 1578

The cross-sectional samples of deposited metal

were obtained by wire electrical discharge machine.

deposited [ carbon steel | o After grinding and polishing, the surface was etched

I metal \h o e a8 using a solution of 10 g CuSOy, 50 ml HCI, and 50 ml

werer H50. The microstructure of deposited metal was ob-

ackplate

Fig. 1. Schematic of a welded joint.

in Table 1. Deposited metal was fabricated using butt
weld by CW-GTAW and HW-GTAW. The dimension
of the single plate was 350 x 100 x 20mm?3. Plates
were prepared as single V grooved joint with a 10°
bevel angle and supported with a backplate (Fig. 1).
The groove surface and backplate were buttered with
ERNiCrFe-TA filler metal in order to keep the de-
posited metal undiluted. The deposited metal by CW-
-GTAW involved 10 layers and 24 weld passes, while
9 layers and 20 weld passes by HW-GTAW.

The welding parameters are listed in Table 2. Heat
input of CW-GTAW and HW-GTAW was calculated
separately using the following Eqs. (1) and (2). Heat
input of CW-GTAW consisted of arc heat (U x I),
while HW-GTAW consisted of arc heat (U x I) and
resistance heat (I x R):

Ul
CW-GTAW: Heat input = 5 (1)
Ul + 4R

HW-GTAW: Heat input = 5 , (2)
where U (V) is arc voltage, I (A) is arc current, S
(mms~!) is travel speed, Iy (A) is hot wire current,
L

and R() is wire resistance. R = p—, p ( m) is
wire resistivity, (p = 1.148E-6), L (msec™!) is wire
feed length (L = WFR/60 000), WFR (mm min~—1!) is
Wire Feed Rate, and A(m?) is the cross-sectional area
of the wire.

The heat input of CW-GTAW was 1702 Jmm™!,
higher than 1578 Jmm~! of HW-GTAW.

served by optical microscope (OM). The matrix phase
was analyzed by X-ray diffractometer (XRD). The
precipitated phase of deposited metal was analyzed
by scanning electron microscopy (SEM), energy dis-
persive spectroscopy (EDS), and transmission electron
microscopy (TEM). The thin foils of TEM samples
were polished using an electrolyte of 7% HCIOy, 4 %
CchOOH, and 89 % CQH5OH.

3. Results
3.1. Grain analysis

The macroscopic metallographic morphologies of
deposited metal by CW-GTAW and HW-GTAW are
shown in Figs. 2a,c. There are no cracks, incomplete
penetrations, pores, and other defects. The columnar
crystal orientation is obvious, growing in the tempera-
ture gradient direction, perpendicular to the welding
layer interface. The columnar crystal trend of CW-
-GTAW is more apparent than that of HW-GTAW,
especially in the central region. Because of higher heat
input by CW-GTAW, the cooling solidification rate of
the molten pool becomes smaller. The undercooling
degree decreases, resulting in reduced nucleus growth
and nucleation rate. Due to the nucleation rate be-
ing lower than the nucleus growth rate, the number of
nuclei per area reduces, and grains coarsen [15].

Figures 2b,d show the center zone microstructures
of deposited metal by CW-GTAW and HW-GTAW.
The microstructures present typical cellular dendritic
characteristics. The grains length is about several mil-
limeters, and the width of the grains by CW-GTAW is
roughly 50-200 wm, while 20-150 um by HW-GTAW.
There are some subgrains in the deposited metal of
HW-GTAW. Three different types of grain bound-
ary (GB) are found: solidification grain boundary
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Fig. 2. Macrostructure and microstructure of deposited metal: (a) macrostructure by CW-GTAW, (b) center zone mi-
crostructure, (c) macrostructure by HW-GTAW, and (d) center zone microstructure.

(SGB), solidification subgrain boundary (SSGB), and
migrated grain boundary (MGB). SSGBs separate
these cellular grains or dendrites due to the micro-
segregation during the solidification process. MGBs
are the grain boundaries that migrate due to solute
atoms diffusing across and along the SGBs [16, 17].

3.2. Matrixz phase analysis

The XRD patterns of deposited metal by CW-
GTAW and HW-GTAW are shown in Fig. 3. The ma-
trix of deposited metal by CW-GTAW is vy-austenite,
similar to HW-GTAW. The diffraction peaks of precip-
itates are not presented; possibly, the X-ray diffraction
characteristic peaks of these precipitations are covered
by base peak owing to the less content.

3.3. Precipitates analysis

Figure 4 is a SEM microstructure image of de-
posited metal by CW-GTAW and HW-GTAW. Single
round or chain particles precipitate in the interden-
dritic segregation region. The size of large round par-
ticles is about 0.5—1 um. The number of these round

(200)
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(11 m-y-austenite
L}
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[ ]
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Intensity

(200)
-

(2200
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Fig. 3. XRD patterns of deposited metal by CW-GTAW
and HW-GTAW.

precipitates by CW-GTAW is about 30, significantly
more than 20 by HW-GTAW. The results of EDS sur-
face scanning analysis show that these large precip-
itates are rich in Nb and Ti elements (Fig. 5), and
the content of Nb is more than that of Ti, while the
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Table 3. Results of EDS composition analysis in Fig. 6 (wt.%)

Deposited metal Points in Fig. 6 Suggested phase Nb  Ti C N Cr Ni Fe Others
CW-GTAW 1 (Nb,Ti)(C,N) 258 588 5.64 23.14 20.00 35.31 6.69 Mn 0.76

2 (Nb,Ti)C 230 7.24 6.86 - 26.17 46.14 8.84 Al 2.45

3 Ma23Cs 0.87 0.21 14.14 - 30.22 45.77 8.44 Si 0.35

4 Ma23Cs 091 - 1468 — 29.73 45.00 8.59 Si 0.34, Mn 0.75

5 Matrix 095 - 3.99 - 28.83 55.22 9.96 Mn 1.05
HW-GTAW 6 (Nb,Ti)(C,N) 3.13 547 8.01 21.22 19.55 33.77 6.04 Al 1.87, Mg 0.94

7 (Nb,Ti)C 2.05 224 539 - 30.51 50.34 9.46 -

8 Ma23Cs 120 - 1047 - 29.67 49.74 8.93 -

9 Matrix 092 - 11.59 - 26.80 50.80 9.12 Mn 0.77

_precipitates

:

Fig. 4. SEM microstructure image of deposited metal: (a)
CW-GTAW, (b) HW-GTAW.

dispersively distributed particles around these large
particles are mainly rich in Nb.

The high-fold images of intragranular and inter-
granular precipitates are shown in Fig. 6. Different
sizes of particle phases disperse in grains. Lamellar or
blocky phases precipitate along grain boundaries, and
some precipitates agglomerate, forming a continuous

thin film on grain boundaries. The film width of grain
boundary by CW-GTAW is about 230 nm, larger than
190 nm by HW-GTAW (Figs. 6¢,d).

Intragranular and intergranular precipitates are
analyzed by EDS (Table 3). Intragranular precipitates
are speculated to be MX-type carbides (M = Nb and
Ti, X = C and/or N), which are (Nb,Ti)(C,N) or
(NDb,Ti)C [4, 18-20]. TiN is generally considered nucle-
ation of (Nb,Ti)(C,N). Figure 7 is a TEM bright-field
image and selected area electron diffraction (SAED)
pattern of TiN in deposited metal. TiN precipitates
firstly during solidification, which could not be the
core of austenite heterogeneous nucleation due to its
large mismatch with the austenite matrix. These pre-
cipitates are enriched in the interdendritic region and
transformed into Ti(C,N). Ti(C,N) would be trans-
formed into (Nb,Ti)(C,N) at the final stage of solidi-
fication, with Nb also segregated in the interdendritic
region [21]. Figure 8 is the TEM image of (Nb,Ti)C in
deposited metal; the formation of MX carbides may
take TiC as a nucleation particle except for TiN. NbC
grows up wrapping TiC, the lattice type and lattice
constant of TiC and NbC are uniform, and these two
phases may dissolve each other and become (Nb,Ti)C
[22, 23].

The intergranular precipitates are Cr-rich carbides
(Table 3), which are Ma3Cg by TEM (Fig. 9). M23Cg
precipitates maintain a one-sided coherent and one-
sided non-coherent relationship with the austenite ma-
trix, causing a high interfacial energy and stress con-
centration between the semi-coherent interface [1, 24].
Because the heat input of CW-GTAW is higher, the
cooling rate of the molten pool is relatively slower, and
the precipitation time of My3Cg is relatively longer,
resulting in more Mo3Cg precipitation by CW-GTAW
than HW-GTAW.

4. Discussion

The precipitates of ERNiCrFe-7A deposited metal
by CW-GTAW and HW-GTAW are two main types:
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Fig. 5. Map analysis of precipitates by EDS: (al) SEM image of precipitates, (a2—a6) results of element distribution.

one is Nb-rich and Ti-rich MX phase (M = Nb and
Ti, X = C and/or N) precipitated in grain; the
other is Cr-rich My3Cg carbides precipitated on grain
boundary. In the period of weld solidification, the lig-
uid phase primarily solidifies, forming the dendrite
~ phase. Ti and Nb segregate in the interdendritic
region, causing the content of Ti and Nb to be higher
than that of the dendrite trunk. When Nb and Ti
accumulate to a certain extent, a eutectic reaction
would occur and form v and MX. Because the content

of Nb and Ti is low in ERNiCrFe-7A filler metal, a
small amount of MX phases precipitate. Due to the
lower precipitation temperature, M23C6 would subse-
quently precipitate from v [21]. MX phases first pre-
cipitate, consuming carbon, causing the reduction of
the amount of C diffused to grain boundary and the
number of Ms3Cg precipitates. The solidification se-
quence can be described as follows: L - L+~ — L +
The precipitation of MX and Ms3Cg needs incubation
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Fig. 7. TEM image of TiN: (a) Bright-field image and (b) SAED pattern.

time, while the heat input of CW-GTAW is higher
than that of HW-GTAW, resulting in a slower cool-
ing rate and more MX and My3Cg precipitation than
HW-GTAW, especially Mo3Cyg.

Many nickel-base alloys undergo a severe ductil-
ity drop at temperatures between 0.5 and 0.7 of
their melting temperature. When these materials are

subjected to processing within this critical tempera-
ture range, a solid-state intergranular cracking phe-
nomenon known as ductility-dip cracking (DDC) may
become a serious and difficult production problem to
overcome [19]. Intergranular Ma3Cg carbides are re-
ported to influence DDC sensitivity. A large mismatch
between My3Cg and matrix leads to stress concentra-
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Fig. 8. TEM image of (Nb,Ti)C: (a) Bright-field image and
(b) SAED pattern.

tion, which increases DDC sensitivity by cavity for-
mation around carbides during hot deformation, es-
pecially the large and continuous My3Cg [14, 27-30].
So it is considered that the ERNiCrFe-7A deposited
metal by CW-GTAW has higher sensitivity to DDC
than that by HW-GTAW.

5. Conclusions

(1) Both CW-GTAW and HW-GTAW processes
can get good quality of ERNiCrFe-7A deposited
metal. The matrix of deposited metal is y-austenite.

(2) Due to higher heat input, the columnar trend
of CW-GTAW grains is more apparent than that of
HW-GTAW, and the width of CW-GTAW grains is
larger than that of HW-GTAW.

(3) The intragranular precipitates of deposited
metal are MX phases (M = Nb and Ti, X = C and/or
N), distributing in a single round shape or chain. The
intergranular precipitates are Cr-rich My3Cg carbides
distributed in flake or block. The quantities of MX

L ]
(000f @ .

L ] . a
M C {173 10 1/nm

Fig. 9. TEM image of M23Cg: (a) Bright-field image and
(b) SAED pattern.

and Ms3Cs by CW-GTAW are more than those by
HW-GTAW.
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