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The present work aims to evaluate the metallurgical and mechanical behavior of dissimilar weld
formed by 309L-Si and ERNiCrMo-3 (Inconel 625) electrodes combination on the ASTM A182 F22
steel with GMAW process. The welded joints were characterized by SEM, OM, tensile test and Vickers
microhardness technique. The dissimilar interface formed in buttery of 309L and INC625 showed
partially mixed zone (PMZ) formation and solidification microcracks that affected the mechanical
properties in welded joint, presenting a fragile behavior. The F22 and INC625 interface presented
high hardness regions with peaks greater than 400 HV. These regions were enriched by carbon due
to the diffusion from F22 steel into the weld metal caused by tension relief heat treatment (TRHT).
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1. Introduction

Alternative welding techniques and procedures have been
explored recently by different chemical segments and power
generation and petrochemical industries for dissimilar welding
deposition. The great advantage of dissimilar weld techniques
are in a more favorable mechanical and corrosion resistance
on noble alloys used as a filler metal, to increase the service
life and resulting in a low cost production'. In this context
stands out the high strength low alloy steel (HSLA) welding
with stainless steel and nickel-based electrodes. The oil and
gas industry uses dissimilar welds for structural components
coating, bevel buttery or member joining.

For underwater environment applications like valves
and manifolds subjected to high mechanical demands is
common to use ASTM A182 F22 steel and Cr-Mo HSLA
steel*”. These materials must offer a good relationship
between mechanical strength and toughness, as specified
by NACE MRO175%.

Due to a high temperability of Cr-Mo steels, their
welding joint with an API X80 steel pipe, for example, could
form fragile zones. To minimize this problem, the standard
procedure use two steps associated with a stress relieving heat
treatment*®° (SRHT). In the first welding step, an F22 steel
member is buttered with a nickel-based alloy, ERNiCrMo-3
(Inconel 625) for example. Subsequently, this member is
subjected to a SRHT for tempering the martensite and/or
bainite formed in the interface to control the hardness in the
heat affected zone (HAZ) to a maximum allowable value
of 22 HRC (248 HV) set by the NACE MRO0175 standard.
After SRHT, the buttery member is machined and then the
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union to the lower tempered pipe (X80, for example) can
be performed. It should be noted that HAZ is fully seated
in the bevel as shown in Figure 1.

Among nickel alloys used as filler metals, Inconel
625 stands out as one of the most commonly used in the
F22 steel components buttery, as well as in these union with
X80 steel piping in underwater applications. However, the
scientific literature needs more information about the best
joint configuration, although the excellent mechanical and
corrosion resistance, and the lowest thermal expansion
coefficient'™"s. For low temperature application (OFFSHORE),
these characteristics could be also provided by an austenitic
stainless steel, considering the high cost of nickel-based alloys
thus burdening all pipeline assembly operation.

Nickel alloys are usually used as a filler metals because
they have a thermal expansion coefficient between HSLA
steel and austenitic stainless steel. These alloys also help
to delay the carbon diffusion from the ferritic base metal
to the weld metal when compare with stainless steel>!'®,

Due to this thermal expansion behavior, Ni-based wires
are preferred in dissimilar joint weld. It is common to use
this sort of wires in stainless steel welding, to minimize the
solidification crack possibility. However, different authors!*-?
has reported hot cracks in stainless steel weld with Ni-based
wires. For Lin??, hot cracking is related to changes in stainless
steel constituents, as well as to environmental factors (high
temperature, high pressure and high voltage) and operational
parameters in the welding procedure (current, voltage, travel
speed and wire feed speed).

As all dissimilar weld, there are interfaces with chemical
composition gradients between the weld metal and base
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Figure 1. Cross-section macrograph of 8630 - Inconel 625 dissimilar
joint’.

metal. The melted zone edge is known as partially mixed
zone (PMZ)*.

These components are usually manufactured by traditional
welding processes, such as shielding metal arc welding
(SMAW), gas tungsten arc welding (GTAW) and gas metal
arc welding (GMAW).

Therefore, this study aims to evaluate the effectiveness
of 309L-Si depositing on ASTM A182 F22 steel with Inconel
625 buttering layer, based in the metallurgical and mechanical
behavior, allowing cost reduction on the welded joint.

2. Materials and Methods

Experimental welding was automated and performed
in the flat position by GMAW spray transfer mode with
ER309L-Si and ERNiCrMo-3 wires, in ASTM A182 F22
steels joints, measuring 200 x 100 x 25 mm, and API X80
measuring 200 x 100 x 20 mm. Figure 2 is a schematic of
45°1/2V joint beveled in 45° in X80 steel, and with 10 mm
buttery in the non-beveled F22 steel.

The Inconel 625 wire was used because it is the standard
filler metal in offshore applications. The 309L-Si wire
connected to Cr-Ni, with low carbon content, being indicated
for dissimilar weld, presenting excellent weldability and
resistance to corrosion, similar to Inconel 625.

The F22 steel was normalized first at 900 °C for 1h and
the buttering deposition was subjected to SRHT at 675 °C
for 1h. Table 1 shows the chemical composition of base
and filler metals.

Buttery welding was performed with preheating between
250-300 °C as recommended by ASTM A182%. A preheating
was applied by an electric resistance, held by a thermal blanket
and monitored by an infrared digital thermometer to control
the F22 steel carbon equivalent (Ceq = 0.8).

Two welded joints were made designated for J625 and
J309. In J625 joint a nickel wire (Inconel 625) was used for
five buttery layers deposition and filling the bevel. In J309
joint a nickel wire was used for the first two layers deposition
and a stainless steel wire (309L-Si) for the three layers
remaining, and for filling the bevel. The mixed J309 joint
configuration aimed to reduce carbon migration towards the
weld metal>'® and the production costs.

Table 2 presents the buttery weld and joint filling parameters.
Voltage and current were monitored by an acquisition
system at 5 kHz per channel, 13 bits resolution and + 10V
measurement range. The thermal input was calculated using
Equations 1 and 2, recommended by different authors**.
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Figure 2. V45° half bevel joint and 10 mm buttery sketch.

Table 1. Base (F22) and filler metals (NiCrMo-3 and 309L-Si)
chemical composition. Manufacturer data.

Material C Mn Cr Ni Mo
F22 Steel 0.9 0.4 2.12 0.16 0.97
NiCrMo-3 Wire 0.1 0.5 21.5 58.0 9.0

309L-Si Wire 0.03 1.8 23.5 13.5 0.4

Table 2. Buttery and joint filling parameters.

Parameters Inconel 625 309L-Si
Shielding gas Ar Ar-2%0,
CTWD (mm) 15 15
Welding Speed (mm/s) 5 5
Mean voltage (V) 24.7 25.2
Mean current (A) 215.5 241.2
Heat input (J/mm) 851.0 972.5
PzZ,'-LIUiin (1)

n
H:(Bjn 2)
v
Where,
H is the heat input (J/mm);
P is potency (W)

U is the applied voltage (V);

L is the electric current (A);

v is the welding speed (mm / s);

7 is the welding process thermal efficiency (0.8 - usual for
GMAW).

After buttery welding, a visual test in the dissimilar
interface was performed to inspect for the presence of defects
and solidification cracks.

The macrostructure, microstructure and chemical
composition analyzes of J615 and J309 welded joints were
performed at the F22 steel buttery and HAZ interface with
optical, scanning electron microscopy and EDS aid.

The cross section samples were polished with 1.0 and 0.5 pm
alumina, and chemically etched. The structure of the F22
steel was revealed by immersion chemical attack with Nital
10% and Nital 2% (for micrographs). The ERNiCrMo-3
(INC625) and 309L-Si welds microstructure were revealed
by 10% chromic acid and 10% oxalic acid electrolytic
attack, respectively.

The tensile test was based on ASTM- E8 and performed
with a strain rate of 0.5 mm/min at room temperature at a
strain rate of 0.5 mm/min. at 300 kN SHIMADZU AG-X
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machine. The Vickers hardness test was performed applying a
100 gload (HV 0.1) for 15 s and with 200 um indent spacing
to profile the buttery and the HAZ of the welded joint.

3. Results and Discussion

Figure 3 presents macro and microstructure aspects of
J625 welded joint cross section. Figure 3a indicate absence
of'lack of fusion, porosities or cracks, which also occurred
for J309 welded joint. Figure 3b presents the F22/INC625
interface that shows macrosegregation on the weld metal
side and a dark carbon rich region characteristic of the
migration of this element to the weld metal direction, which
caused a correspondent decarburization on the F22 steel
HAZ. Figure 3¢ shows a martensitic microstructure on the
F22/INC625 weld metal interface related to the microhardness
increase on this region. Figure 3d indicates microhardness
peaks of 240 to 400 HV range.

For Dodge?, nickel content reduction on the PMZ results
in a weaker driving force for austenite stabilization on lower
temperatures during cooling, which when associated to the
high defunded carbon content from the base metal, propitiate
conditions for martensite formation, even on slower cooling
condition. However, due to the higher nickel concentration
on the PMZ of the welds deposited with nickel alloys

electrodes in comparison with stainless steel electrodes,
austenite stabilizes on a larger area inside the PMZ, thus
only a thin martensite layer is expected on welds deposited
with these alloys.

A chemical profile of the PMZ on the F22/INC625
interface was obtained with aid of EDS chemical analysis.
Figure 4 shows this profile from the base metal, highlighting
Fe, Cr and Ni. From the HAZ to PMZ/planar region there
is a gradual increase on Ni and Cr content and a reduction
of Fe content.

Different authors>*, using Thermo-Calc software, found
above 60% dilution values on planar zone of the F22/INC625
welded joint interface.

Figure 5a presents the austenitic microstructure of Inconel
625 weld metal, with a columnar dendritic solidification
structure, which occurs due to the high nickel content, above
50%. On Figure 5b, in addition to the austenitic microstructure,
there are Mo and Nb rich interdendritic precipitates. The Nb
segregation to interdendritic regions contributes to eutectic
phases formation and for incidence of solidification cracks®.

Figure 6 shows the microstructure of the J309 weld metal.
Figure 6a shows the microstructure of the stainless steel,
309L-Si, with austenite predominance on the solidification
structure and delta ferrite among dendritic arms.

Decarburization

N

Figure 3. J625 welded joint, a) cross section macrograph, b) F22/INC625 interface, ¢) martensitic structure on PMZ, d) martensitic

region microhardness.
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Figure 4. Chemical profile through F22/INC625 interface.

Figure 6. Microstructural aspects of the weld metal of the 309L-Si/INC625 welded joint: a) Dendritic on 309L-Si weld metal, b) PMZ
on 309L-Si/INC625 interface.
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With absence of segregated elements such as Nb and Mo,
the main constituents of the stainless steel weld are Fe, Cr
and Ni. These elements has very low tendency of segregating
to interdendritic regions. Figure 6b shows the microstructure
on the dissimilar 309L/INC625 weld interface, of the J309
welded joint. In this case, the PMZ formation occurs due
to insufficient time for coalescence and homogenization of
the different fused weld metals, because of high viscosity
and cooling rate on the interface.

Figure 7 show the Schaeffler diagram with the composition
of the welds on the 309/INC625 interface and on the 309L-Si
filling. The presence of a PMZ and the analysis of the
Schaeffler diagram (Figure 7) confirmed that the composition
of the weld on the 309/INC625 interface of the J309 joint
are located on the austenitic region of the diagram. This
result corroborates the PMZ occurrence on the interface.

Figure 8 shows the microhardness profile on 309/INC625
interface with values below 250 HV. This result is due to
austenitic phase predominance, since the filling weld (Inconel
625) presented over 40% in nickel weight, Figure 9. It is
known from scientific literature’*?® that nickel alloys and
stainless steel do not suffer solid state transformations during
cooling. According to the exposed on Figure 6b, the deposit
microstructure on 309L/INC625 interface evidences the
PMZ incidence, which occurs in a random way through the
interface, not exerting significant effects over microhardness
profile, as shown in Figure 9.
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Figure 7. Schaeffler Diagram, alloy composition on 309L/INC625
interface and of 309L alloy on bevel filling.

450 T T T T T T

—=— |INC 625/F22
——309L-SVINC 625] -

Microhardness (HV_ )
) w w oA
(%) [==] (52} [e=]
[==] o= =] o

]
(=]
(=]

150 :
-1000-800-600-400-200 0 200 400 600 800 1000
Interface distance (um)

Figure 8. Microhardness profile, J309 welded joint, on 309/INC625
and INC625/F22 interfaces.

On the F22/INC625 interface, Figure 8, the high
microhardness is caused by the elevation on carbon content,
which migrates from the base metal, F22, to the interface
during welding process and SRHT, resulting on martensite
formation, Figure 3c.

The EDS analysis on the 309L/INC625 interface are
presented on Figure 9. The spectrum 53 is located beside
de 309L-Si weld metal, the spectrum 51 is located on the
PMZ (interface) and the spectrum 48 is located on the INC
625 weld metal. The chemical composition reported by the
spectrum 51 indicate that on the transition of weld metals
309L/INC625, there was a significant variation on chemical
composition when comparing to spectrum 48 (309L-Si) and
53 (INC 625), mainly on Ni (27,6% in weight) and Fe (31,5%
in weight) values. This chemical composition variation can
lead to PMZs formation.

Table 3 presents the tensile test results for J625 and
J309 welded joints, in addition to the F22 steel mechanical
properties according to ASTM A182%. The analysis of the
results from this Table indicate that the resistance of the J625

Table 3. Mechanical resistance of the J625 and J309 welded joints,
and of the F22 steel according to ASTM A182 F22%.

Condition 6, (MPa) c, (MPa) € (%)
F22 442 .5+2 577+7 30+2
J625 445.0+5 59148 3142
J309 335.0+5 50442 2543

Espectro 52
Espectro 51

b i =

I AL
Espectra U

INC625

Element | Wt2% 33 | Wt% 31 | Wt 48
Ni 11.4 276 425
Cr 214 15.9 15.7
Fe 473 315 11.6
Mo 0.9 7.1 89
Mn 1.3 1.1 0.35

Figure 9. EDS analysis on 309L-Si/INC625 joint.
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joint was equivalent to the F22 steel. Similar resistance and
hardness (220 HV) results were obtained by Fassina et al.?’
and Fallahmohammadi et al.’°. During this test, the rupture
occurred on the base metal of the F22 steel and outside
the HAZ, Figure 10a, characterizing the J625 mechanical
resistance as equivalent to the F22 steel. The rupture location
on the base metal suggests that the decarburization did not
affect the resistance of the J625 joint and is the cause of the
resistance elevation due to the martensitic structure on the
PMZ composition, dislocating the flaws to other regions
submitted to preferential plastic deformations.

By Table 3, it is observed that the tensile strength of the
J309 welded joint was lower in comparison to J625 joint and
to the F22 steel, being the yield strength values, 335 MPa,
and the tensile strength, 504 MPa, which are lower than the
recommended by ASTM A 182 standard®.

Figure 11a shows that a rupture occurred in the 309L-Si
buttery zone of J309 joint. Figures 11b and 11c shows
the fracture surface in the 309L-Si welded cross section.
The failure surface reveals a rapid fracture, probably came
from solidification micro-cracks, propagated during the
tensile test in 309/INC625 interface. The micrographic exams
before the test could not detect these micro discontinuities
throughout the interface due to their small dimensions and the
internal location, similar to founded by other researchers®'-33,

a)
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By Figure 12 it is possible to note that the solidification
cracks on the buttery were restrict to the 309L-Si weld metal,
and were possibly caused by two main factors. The first
factor was the five layer deposition of the buttery, where the
solidification cracks occurred on the 309L-Si layer deposited
over anickel (Inconel 625) layer, causing an increase on the
nickel content on the INC625/309L interface and the growth
of the austenitic structure, which has low resistance to hot
cracks propagation®*. Besides, the delta ferrite reduction on
the 309L-Si weld, Figure 7, was a consequence of the rise
of the nickel content on mixed zone of the deposited metal.
According to the literature!*?!343 the austenitic weld metal
must have 1 to 8% delta ferrite fraction in order to avoid
impurities segregation such as S and P to the interdendritic
regions, which may form low melting point phases, which
promotes solidification cracking. The second factor, which
may have contributed to the solidification cracking, was
the residual stress due to the number of the weld layers
deposited, in addition to the pre-heating temperature, which
may have associated with the formation of low melting point
constituents. The cracking susceptibility is also increased due
to the higher thermal expansion coefficient of the 309L-Si
steel in comparison to the nickel alloy, which creates great
stress due to thermal shrinkage and favors hot cracking.

0

Figure 10. Tensile test aspects, J625 welded joint, a) necking aspect on the fracture section of the F22 steel, b) surface aspect on the F22
fracture cross section (cone), ¢) microcavities on the F22 fracture surface.
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Figure 11. Tensile tests aspects, J309 welded joint, a) absence of necking on the 309L-Si weld fracture section, b) surface aspect on the
309L-Si weld brittle cross section, ¢) crack on the brittle fracture surface.

309L-Si
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00 100 um

Figure 12. Solidification crack, a) on the 309L-Si weld metal,
b) propagated crack starting on the PMZ.

4. Conclusions

Based on the experimental results, it is possible to reach
the following conclusions:

The dissimilar interface between Inconel 625 and 309L-Si
weld metals, and between Inconel 625 weld metal and F22
base metal, resulted on PMZ formation, as a consequence
of'the intermediate chemical composition between the filler
and base metal, and due to the weld pool agitation. These
macrosegragations formed randomly (non-continuous)
throughout the dissimilar interface.

The nickel alloy ERNiCrMo-3 was the most adequate for
buttering in this welding joint. The ER309L-Si in combination
with the ERNiCrMo-3 may cause solidification cracking,
due to the dilution and to the delta ferrite content.

The SRHT performed during the buttering welds was
sufficient to temper and reduce the hardness of the F22 HAZ,
but did not guarantee hardness levels below 250 HV on the
dissimilar interface (INC625/F22), since carbon migrated
from the base metal to the planar zone of the nickel-based
weld metal, creating martensitic regions with over 400 HV
hardness levels.

The SRHT of the dissimilar welded joints also led to
decarburization and grain growth on the F22 HAZ, although it
has not affected the mechanical properties of the welded joint.

The J625 welded joint was defect free and it mechanical
properties were superior in comparison to the F22 steel.
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