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Abstract

API 5L Grade X65 steel pipes, internally clad alloy 625, are commonly utilized in pipelines and risers for subsea oil and gas
extraction. Gird welds in such pipes are conventionally made using alloy 625 filler metal. However, alloy 625 weld metal
cannot meet the base metal yield strength overmatching requirement for subsea reel lay installation. This study explored
materials selection and process development for low-alloy steel girth welds in API SL Grade X65 steel pipes, internally
clad with alloy 625. Welding with a higher melting point filler metal over a lower melting substrate, i.e., low-alloy steel
over Ni-based alloy, is impractical due to increased susceptibility to solidification cracking and solidification shrinkage
porosity. Pseudo-binary phase diagrams developed for various combinations of low alloy steel filler metals and Ni-based
alloy substrates identified good compatibility between ER80S-G filler metal and alloy 686. The solidification temperature
range and the tendency for partitioning of alloying elements were significantly lower throughout the entire ER80S-G/alloy
686 dilution range than in the low alloy steel filler metals/alloy 625 combinations. Extensive process optimization effort to
reduce the dilution of alloy 686 root pass in the low-alloy steel weld metal and avoid incomplete fusion defects allowed for
the production of defect-free girth welds. These welds met the yield strength and ductility requirements for subsea reel lay
installation of pipelines. Process optimization for bead tempering significantly narrowed the high hardness region in the
ER80S-G/alloy 686 partially mixed zone.

Keywords Material selection - Process development - Low-alloy steel and Ni-based welding filler metals - Internally clad
X65 steel pipes - Girth welds

1 Introduction

API 5L Grade X65, X70, and X80 steels are commonly used
for the manufacturing of oil and gas pipelines and risers [1].
To improve the resistance to transported corrosive fluids,
such pipelines are internally clad with corrosion-resistant
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Ni-based alloys, such as alloy 625 [2]. Girth welding of
internally clad pipes is of particular importance to the oil
and gas industry. Not only do such girth welds influence
manufacturing expenses, but they also determine the method
of pipeline installation.

Reel lay is a method of subsea pipeline installation that
helps reduce manufacturing expenses since welding, inspec-
tion, coating, and testing are all performed onshore [3].
After manufacturing is complete, pipelines are reeled into
an offshore vessel and transported to a destination where
they are unreeled, straightened, and installed. During the
reeling and installation processes, pipelines may undergo
local plastic deformation that could cause wall thinning and
loss of strength in localized areas [3]. DNV has established
manufacturing requirements to limit mechanical property
degradation in reel lay applications [4]. According to these
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requirements, girth welds shall overmatch the base metal
yield strength by 100 MPa. Additional requirements include
250 HV | maximum hardness in the girth weld metal and
HAZ, passing ASME Section IX bend test, and Charpy
impact energy greater than 38-J in the base metal, girth weld
metal, and HAZ.

API 5L Grade X65 and X70 pipes internally clad with
alloy 625 are currently joined using Alloy 625 filler metal
girth welds. Alloy 625 weld metals, however, exhibit yield
strengths in the order of 460 MPa, which may be accept-
able for reel lay of lower-grade line pipe steels than X65.
Achieving the 100 MPa weld metal yield strength overmatch
for X65 pipes requires utilizing precipitation-strengthened
Ni-based alloy, super-duplex stainless steel, and/or low alloy
steel (LAS) filler metals. Utilizing LAS filler metals as a
more cost-effective solution for welding internally clad pipes
has been an ongoing challenge to the oil and gas industry.
Welding with a higher solidus temperature LAS filler metal
over a lower melting temperature Ni-based alloy clad layer
results in high dilution and partitioning of alloying elements,
leading to increased susceptibility to solidification cracking
and the formation of shrinkage porosity, brittle intermetal-
lics, and microstructural constituents [5] [6].

A practical solution for joining internally clad X65 line
pipes with LAS girth welds, which avoids welding with
LAS filler metal over Alloy 625 substrate, has been success-
fully developed and qualified [7, 8]. The welding procedure
consists of a 3-step process to fill a U-groove girth weld.

Table 1 Materials chemical composition

Step 1 involves a partial penetration LAS root pass and hot
pass on the external side of the U-groove performed with
a gas metal arc pulse (GMAWpP) process. Step 2 utilizes
automated gas tungsten arc welding (GTAW) with alloy 625
filler metal on the internal side of the U-groove root. In step
3, the girth weld is completed on the U-groove external side
using the GMAWD process with the LAS filler metal. This
procedure has been tested and proven to comply with DNV
requirements for reel-lay installation of pipelines. However,
its application is limited to shorter- and/or bigger-diameter
pipes that provide direct access to the U-groove internal side.
The objective of this study was the development of a nar-
row groove GMA process that enables wielding with LAS
filler metals over a Ni-based root pass in girth welds of inter-
nally clad API Grade X65 pipes. The research focused on
filler metal selection and process development, optimiza-
tion, and validation, aiming to produce defect-free welds
that meet the DNV requirements for reel lay applications.

2 Materials and procedure

2.1 Materials

The chemical compositions of the base and filler metals used
in this study are presented in Table 1. Plates of API 5L Grade

X65 steel were welded in narrow U-groove configurations,
as shown in Fig. 1. The girth weld fill passes were performed

Material Chemical composition (wt. %)
C Cr Mo Mn Ni Si v w N Nb Ti Fe
Filler metal
ER80S-G 0.062  0.024  0.003 1.54 0.85 0.656  0.0003  0.007  0.004 0.003  0.066 Bal.
ER100S-G 0.108  0.278  0.478 1.62 0926  0.57 0.001 0.004 0.003  0.003 Bal.
FM-686 0.006 213 15.6 0272  59.0 0.032  0.005 3.1 0.013  0.09 0.161
FM-625 0.011  21.6 8.7 0.021 653 0.1 0.005 0.007  0.012 3425 0.173 0457
API 5L Grade X65  0.096 0.3 0.12 1.41 0.12 0.24 0.028 0.0084  0.03 0.012  Bal.
Fig.1 Narrow U-groove (a) (b) L g i
designs: (a) in welds 1 through - r—
6 and (b) in welds 7, 8, and 9 [
' i
i
i
I I |
i
i
17 [25.4] 0.989” [25.12] i
i
i
0.05” [1.27] 0.043” [1.09]
R0.125” [3.2] ) L__T_ R0.125” [3.2] ) [:T_
0.05” [1.27] 0.15” [3.81]
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using low-alloy filler metals AWS A5.28 ER100S-G and
ER80S-G [9]. Ni-based filler metals AWS A.5.14 ERNi-
CrMo-14 (FM-686) and ERNiCrMo-3 (FM-625) [10] were
considered for the girth welds root pass.

2.2 Thermodynamic simulations

Thermodynamic simulations with ThermoCalc™ were
performed to analyze the solidification behavior of the dis-
similar transition zones between the LAS filler metals and
the Ni-based root passes and screen their compatibility. The
pseudo-binary phase diagrams in Figs. 2 and 3 were devel-
oped by performing Scheil-Gulliver solidification simula-
tions in 1% dilution increments, ranging from undiluted LAS
filler metal to undilute Ni-based root pass. The TCFE10 and
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0 Liquid + ¥ + Laves
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TCNI9 databases were utilized for dilutions with prevailing
iron and nickel content, respectively. Carbon was designated
as a fast-diffusing element, and only the liquid, BCC, and
FCC phases were considered in the simulations. Silicon
and phosphorus were omitted from the analyses due to their
tendency to underestimate predicted solidus temperatures.
Based on previous research [11], the solidus temperature
was determined to reach 0.98 for the solid fraction. The
solidification temperature ranges of undiluted tested mate-
rials and of 50% LAS filler metal/NI-based alloy dilutions
are summarized in Table 2.

The segregation behavior of carbon and the strong car-
bide formers, Mo and Nb in FM-625 and Mo and W in
FM-686, was evaluated in relation to their effect on increas-
ing solidification cracking susceptibility by forming eutectic

b
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Fig.2 Pseudo-binary solidification diagrams in weld metals of ER100S-G (a) and ER80S-G (b) diluted with FM-625
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Fig.3 Pseudo-binary solidification diagrams in weld metals of ER100S-G (a) and ER80S-G (b) diluted with FM-686
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Table 2 ThermoCalc™-predicted solidification temperature ranges in
the tested materials

Material Liquidus (°C) 0.98 STR (°C)
Solidus
O
ERB80S-G 1514 1411 103
ER100S-G 1510 1423 87
FM-686 1374 1264 110
FM-625 1362 1135 227
50% dilution TCNI9: Fe-dependent element
80S-686 1392 1282 110
80S-625 1384 1090 294
100S-686 1390 1285 105
100S-625 1386 1106 280
50% dilution TCNI9: Ni-dependent element
80S-686 1394 1288 106
80S-625 1393 1184 209
100S-686 1391 1301 91
100S-625 1391 1199 193

constituents. The partitioning coefficients of these elements
were calculated near the terminal stages of solidification
using Eq. (1) (Fig. 4a, b).

k=S8
~C, ey
Where k is the partitioning coefficient, Cg is the element
content in the solid at the solid/liquid interface, and C; is
the element content in the liquid at the solid/liquid interface.
Simulations of non-equilibrium cooling were performed

to compare predicted volume fractions of BCC, FCC, mar-
tensite, and Laves phase in ER100S-G and ER80S-G welds
diluted with FM-686 root pass. Property diagrams were
first developed using ThermoCalc™ to determine the vol-
ume fraction of BCC present at room temperature. The

1.40

Partitioning Coefficient, (k)

0 10 20 30 40 50 60 70 80 90 100
% Dilution, (FM-625)

— & — Nb (ER80S-G) — 4 — C(ER80S-G) - @ — Mo (ER80S-G)

—&— Nb (ER1005-G) —#— C (ER100S-G) —@— Mo (ER1005-G)

remaining fraction was assumed to be a mixture of FCC
and martensite. A single-point equilibrium calculation was
performed at the A; temperature to determine the volume
fraction of austenite. The chemical composition of FCC
at A; was used with ThermoCalc™ to predict the FCC
fraction that would decompose to martensite upon cooling.
Simulations were repeated at 10% dilution intervals with
additional calculations at 15 and 25% dilution, as shown
in Fig. 5.

2.3 Welding process development

Welding trials were carried out using a Yaskawa Moto-
man MA1400 six-axis robotic arm with a Fronius CMT
Advanced power supply equipped with an RCU 5000i user
interface. The weld root and backing passes were depos-
ited using gas metal arc pulse (GMAW-P) and cold metal
transfer (CMT) processes with 1.0 mm diameter FM-686
filler metal in shielding gas mixture Ar/30%He/0.5%CO,.
The weld fill passes were deposited with various combina-
tions of CMT, short-circuit (GMAW-SC), spray (GMAW-
S), and GMAW-P processes, using 1.2 mm ER100S-G or
1.0 mm EGS80S-G filler metals in shielding gas mixture
85%Ar/15%CO,.

The welding trials were performed in the groove geom-
etries shown in Fig. 1. The steel plates were restrained to
the work table by tack welding and clamped to minimize
distortion. Preheat and interpass temperatures were main-
tained between 100 and 125°C and controlled with a type
K thermocouple. The process development trials involved
nine groove welds, utilizing one-, two-, and three-pass
per-layer procedures shown in Fig. 6. The sets of weld-
ing parameters for the nine groove welds are displayed in
Tables 3, 4, 5, and 6. The groove configuration shown in
Fig. 1a was utilized for welds 1 through 6 and the groove
in Fig. 1b for welds 7, 8, and 9.

(b)

140
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—a— W (ER1005-G) —&— C (ER1005-G) —@— Mo (ER100S-G)

Fig.4 Partitioning coefficients (k) for weld metals of ER100S-G (a) and ER80S-G (b) diluted with FM-686
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Fig.5 Predicted content of microstructural constituents in weld metals of ER100S-G (a) and ER80S-G (b) diluted with FM-686

Fig.6 Weld bead schematics: a welds 1, 2, and 3; b weld 4; ¢ weld
5; and d welds 6 through 9. Groove design: narrow gap (Fig. 1a) for
welds 1 through 6; wide gap (Fig. 1b) for welds 7, 8, and 9. Root

2.4 Metallurgical characterization

Each weldment was cross-sectioned, mounted, and polished
using standard metallographic procedures. Etching consisted
of a two-step process to reveal the microstructure of both the
low-alloy steel base and filler metals and the Ni-based root
pass. Etching in 2% Nital solution for 10 s was followed by
electrolytic etching with 10% chromic acid (3 volts, 0.25
amps) for 3 s. Etched samples were analyzed using an Olym-
pus GX51 light microscope.

2.5 Mechanical testing

Specimen extraction and mechanical testing were performed
in accordance with DNV-OS-F101 [4]. Transverse weld
metal tensile specimens, as shown in Fig. 7, were extracted
1 in. away from the weld start and finish. Tensile testing
was conducted using the 810 MTS test frame in accordance
with ASTM E8. Based on the gauge section length and the
Grade X65 steel yield strength, the displacement rate for the
entirety of the test was set to 0.014 in./min.

Bend testing was conducted according to DNV-OS-
F101 and ASME BPVC Section IX, utilizing a pneumatic

pass: FM-686. Fill passes: ER100S-G for welds 1, 2, and 3; ER80S-G
for welds 4 through 9

guided-bend roller jig. Side bend specimens were extracted
across the middle of the groove weld. Specimens were 10
mm thick, 19.05 mm wide, and 200 mm long. The weld cap
and root reinforcements were machined flat, and a radius of
3 mm was machined to all sample edges. Dimensions for the
guided-bend roller jig were determined by ASME Section
IX to apply 20% strain to the bend test specimen. After test-
ing, each specimen was analyzed and inspected for defects
and/or discontinuities.

Hardness testing was performed using a Leco LM 100AT
Vickers Microhardness Tester with a 300-g load, and indent
spacing of 250-300 pm. Hardness maps were designed to
cover most of the welded area.

3 Results

3.1 Solidification behavior predictions

The pseudo-binary phase diagrams in Figs. 2 and 3 show
significant differences in the solidification behavior of

ER100S-G and ER80S-G weld metals diluted with FM-625
and FM-686 root passes. Dilution below 5 to 8% with both
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Fig.7 Cross-weld tensile test
and bend test specimens in

LW= min 6
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accordance with DNV-OS-F101
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12200 mm
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( V1Y [ t§ L
t = Specimen thickness, t = 10 mm r 0.1t max. 3.0 mm
W = Width of specimen = Base material thickness (all edges)

The weld reinforcement is to be machined / ground
flush with the base material

root passes results in d-phase solidification. Dilution with
more than 5% FM-625 root pass results in y-phase solidifi-
cation, which is followed by the formation of Laves phase
(Fig. 2). Laves phase is predicted to form between 15 and
92% dilution for ER100S-G and between 5 and 87% dilu-
tion for ER80S-G, covering most of the solidification tem-
perature ranges (STRs). Maximum STRs of 280 and 294°C,
respectively, for filler metals ER100S-G and ER80S-G, are
predicted at 50% dilution with FM-625. Dilution with more
than 8% FM-686 root pass in both LAS filler metals leads
to y-phase solidification with STRs of about 90 to 110°C
(Fig. 3).

The partitioning coefficients of carbon and the alloying
elements with the strongest tendency for segregation during
solidification in both LAS weld metals diluted with FM-625
and FM-686 root passes are shown in Fig. 4. The LAS weld
metals have an insignificant effect on the partitioning of C,
Mo, Nb, and W. Carbon partitions strongly, showing parti-
tioning coefficient (k) values below 0.2 with both substrates.
Dilution from FM-625 results in strong partitioning of Nb,
with k values below 0.2 between 10 and 30% dilution, and
in moderate partitioning of Mo (Fig. 4a). Dilution from
FM-686 results in stronger partitioning of Mo, with k val-
ues below 0.5 between 10 and 40% dilution and moderate
partitioning of W below 80% dilution.

3.2 Microstructure predictions
The microstructure in ER100S-G and ER80S-G weld met-
als was predicted by analyzing equilibrium and meta-stable

phase transformations using ThermoCalc™. Fig. 5 shows
that dilution with up to 40% FM-686 has a similar effect on

@ Springer

the content of microstructural constituents in both weld met-
als. The BCC phase, which can include ferrite and various
forms of bainite, is predicted to be present up to 40% dilu-
tion. Dilutions above 15% lead to the retention of austenite,
which becomes the dominant weld metal constituent above
30% dilution. Martensite is predicted to form up to a 30%
dilution with a maximum of 0.4-phase fraction at 20% dilu-
tion. Up to 0.18 phase fraction of Laves phase is predicted to
form in both weld metals, showing a slightly larger content
in the RE100S-G weld metal. This prediction is question-
able due to the low Nb content in Alloy 686 and would need
phase identification through metallurgical characterization.

3.3 Welding process development

The welding procedure and parameter development trials
aimed at avoiding weld defects, minimizing FM-686 root
pass dilution in the weld metal, and reducing weld metal
hardness. The first set of welding trials was focused on pro-
ducing defect-free welds, utilizing the one-pass per layer
procedure and parameters shown in Fig. 6a and Table 2.
Cross sections of the resulting welds showed incoplete
fusion defects (IFDs) and shrinkage porosity in welds 1 and
2, solidification cracking in weld 2, and a defect-free weld 3
(Fig. 8). The welds in this trial exhibited high dilution with
the FM-686 root pass in layers 2 and 3 and hardness values
exceeding 400 HV, ;, with bead tempering effects in the
subsequent layers (Fig. 9a, b).

The following optimization step, summarized in Table 4,
aimed at reducing dilution with the FM-686 root pass and
promoting bead tempering. Moving to two beads per layer
in weld 4 resulted in some tempering in layer 3, but layer 2



Welding in the World (2024) 68:637-655

Fig.8 Cross sections of single bead per pass welds: a weld 1 CMT
fill passes, incomplete fusion defects, and shrinkage porosity; b weld
2 GMAWE-S fill passes, center-line solidification cracking, and shrink-

LAS —Pass 5

LAS - Pass 2 —’.

e 425

a) b)

Fig.9 Effect of bead sequence on hardness (HV3): a weld 1 and b
weld 3—single pass per layer; ¢ weld 4—two passes per layer; and d
weld 5—three passes per layer. Welds 1, 4, and 5—CMT fill passes;

was still in the hardness range of 400 HV,, ; (Fig. 9¢). Using
3 beads per layer in weld 5 provided a significant bead tem-
pering effect but generated multiple IFDs (Figs. 9d and 10a).

The third optimization step (Table 5) was developed to
resolve the IFDs associated with the CMT process. Using
GMAW-SC in combination with a wider groove geometry
(Fig. 1b), we eliminated IFDs between the fill passes and the
base metal, as shown in Fig. 10b, c. However, IFDs were still
found between fill passes (Fig. 10c). Utilizing the GMAW-
P process in the final optimization step (Table 6; Fig. 11),
we eliminated the interpass IFDs. Using GMAW-SC for the
central passes in layers 3 and 4 of weld 8 reduced dilution
with FM-686 and provided favorable hardness distribution
(Fig. 11b).

LAS - Pass 5

LAS - Pass 4

LAS - Pass 3

LAS - Pass 2

LAS —Pass 1

FM-686

275 300 325 350

age porosity, weld 3 GMAW-S fill passes, no defects. Welding param-
eters are in shown Table 3

375 400 450

c) d)

weld 3—GMAW-S fill passes. Filler metals: ER100S-G in welds 1
and 3, ER80S-G in welds 4 and 5. Welding parameters are shown in
Table 4

3.4 Mechanical properties

Weld 7 was subjected to tensile and bend testing in accord-
ance with DNV-OS-F101. Cross-weld tensile specimens
were extracted from the weld central zone and at 25 mm
from the weld start and stop locations. Three cross-weld
bend specimens were extracted from the central zone. As
shown in Table 7, all tensile test specimens satisfied the
DNV-0S-F101 requirement for overmatching the base metal
yield strength by 100 MPa.

Two of the three bending specimens were free of open
defects and met DNV-OS-F101 and ASME Section IX
bend testing requirements (Fig. 12a, b). However, the
third specimen contained a crack larger than the 3 mm
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Fig. 10. Effect of welding process and groove geometry on the for- fill passes. Welds 5 and 6—narrow gap grooves. Weld 7-wide gap
mation of incomplete fusion defects. Three pass-per-layer procedures. groove. Welding parameters are shown in Tables 4 and 5
a Weld 5—CMT fill passes; b weld 6 and ¢ weld 7—GMAW-SC

200 225 250 275 300 325 350 375 400 450

a) b) <)

Fig. 11 Process optimization for bead tempering. Fill passes: Weld 7 — GMAW-SC, Weld 8 — GMAW-P and GMAW-SC, Weld 9 -GMAW-P.
Welding parameters are shown in Tables 5 and 6

Table 7 Tensile test results from weld 7 limit, which appeared to have originated from an incom-

Specimen extraction YS (MPa) UTS (MPa) EL (%) plete fusion defect similar to the one observed in Fig. 10c.
None of the three bend samples exhibited disbonding

25 mm from weld start 624 683 13 between layers of the ER80S-G/FM-686 dissimilar metal

Weld center 710 773 14 weld.

25 mm from weld stop 716 778 14
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Fig. 12 Effect of WES and TS "

of fill pass B2 on shrinkage
porosity (SP) and solidification
crack (SC) formation. Welds
W1 through W9, processes:
CMT, GMAW-P, and GMAW-S

12

10

TS, mm/s

2

0
40

® W1 CMT B2-5
OW9PB2,5,8

4 Discussion
4.1 Filler metal selection

The objective of this study was to identify the combination
of LAS filler metals and corrosion-resistant Ni-based alloy
root passes that can produce resistance to hot cracking of
dissimilar metal welds. Such a combination of higher STR
filler metals with lower STR substrates typically results in
solidification cracking, liquation cracking, and/or shrink-
age porosity in the dissimilar transition zone [5] [6]. This
is due to the formation of two opposite solidification fronts,
originating off the higher STR LAS filler metal and off the
lower STR Ni-based substrate, meeting in the dissimilar
transition zone. The ER100S-G and ER80S-G filler met-
als considered in this study have narrow STRs of 103 and
87°C, respectively, with solidus temperatures of about 60°C
above the liquidus and 280°C above the solidus tempera-
tures of FM-625 (Fig. 2; Table 2). Dilution of FM-625 in
the LAS filler metals extends the dissimilar metal welds
STR up to 294°C due to the formation of the Nb-rich Laves
phase. Iron is known to cause partitioning of Nb to the liquid
during solidification [12], and the Laves phase is related to
increased solidification cracking susceptibility in Ni-based
alloys [13]. Fig. 4 shows extensive partitioning of Nb and
carbon in the dilution range of Laves phase formation. The
thermodynamic simulations with ThermoCalc™ demon-
strated conditions for high susceptibility to hot cracking in
DMWs of LAS filler metals over FM-625 root pass, includ-
ing wide STR, formation of Laves phase, and potential for
opposite solidification fronts throughout most of the dilution
range. Susceptibility to solidification cracking and shrinkage
porosity in similar DMWs was experimentally demonstrated
in previous research [5].

The SRTs in weld metals of ER100S-G and ER80S-G
diluted with FM-686 root pass are considerably narrower,

sP@® ]

sC

60 80 100 120
WEFS, mm/s
® W5 CMT B2

BW2 S B3-6 W3 SB2-6

140 160 180
W4 CMT B2

BW2SB2

AW6 W7 W8 CMT B2

between 90 and 110°C, without Laves phase formation due
to the insignificant Nb content (Fig. 4; Table 1). Moderate
segregation of Mo at dilutions up to 40% (Fig. 5) did not
affect the STR. The predicted solidus temperatures of the
LAS filler metals are about 50°C above the liquidus and
160°C above the solidus temperatures of FM-686 (Fig. 3;
Table 2). These temperature differences are smaller than
in the LAS/FM-625 weld metals, showing lower potential
for opposite-front solidification. The solidification behav-
ior simulations identified FM-686 as less susceptible to
solidification cracking and the formation of shrinkage than
FM-625. FM-686 was selected for the root pass in the girth
welds of API 5L Grade X65 internally clad pipes.

Both LAS filler metals exhibited similar solidification
behavior when diluted with FM-625 and FM-686 sub-
strates (Figs. 2 and 3). ER80S-G welds had a slightly lower
tendency for partitioning of Nb and Mo in dilutions with
FM-625 and for partitioning of Mo and W in dilutions with
FM-686, compared to ER100S-G welds (Fig. 4). Dilution
with FM-686 had a similar effect on the predicted final
microstructure in welds of both LAS filler metals (Fig. 5).
The first pass of LAS filler metal over a root pass of FM-686
is expected to have a fully austenitic microstructure above
40% dilution. Laves phase was predicted to form in both
weld metals, with slightly higher content in the ER100S-G
weld related to its higher content of Mo. The Laves phase
was predicted to form in the solid state and, therefore, was
not considered relevant to the weld metal solidification
behavior.

A significant amount of martensitic constituent is pre-
dicted to form between 10 and 28% dilution with the FM-686
root pass. Previous research has shown that dilution of low
carbon steels with a similar composition as the tested LAS
filler metals in the dissimilar transition zone of Ni-based
weld metals resulted in the formation of martensitic con-
stituents with hardness exceeding 400 HV ), [14]. Diffusion
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simulations with Dictra™, combined with metallurgical
characterization, attributed the formation of hard martensite
to significant carbon depletion in the steel base metal and
carbon accumulation in the dissimilar transition zone [15].
The potential for the formation of hard martensite in the
first LAS filler metal passes presented a concern in meeting
the maximum hardness requirement of 250 HV, especially
for the higher-carbon ER100S-G. However, both LAS filler
metals were tested in the process development experiments
due to the better probability of ER100S-G fulfilling the 100-
MPa base metal overmatching requirement.

4.2 Welding process development and optimization

The process development and optimization efforts were
focused on resolving the incomplete fusion defects, solidi-
fication shrinkage porosity and solidification cracking, and
reducing the hardness in the LAS fill passes partially mixed
with the FM-686 root pass. The optimization variables
included the welding process, wire feeding speed (WFS),
travel speed (TS), and arc weaving parameters. In the weld-
ing process analysis, the WFS/TS ratio was used as an indi-
cator of the relative amount of filler metal deposited per unit
weld length, which defines the weld pool volume. The WES/
TS ratio is also indicative of the weld heat input since the
welding current in GMAW processes is directly proportional
to the WEFS.

4.2.1 Shrinkage porosity and solidification cracking

The WEFS, TS, and WFS/TS used in depositing weld pass
B2 in all test welds are mapped in Figs. 12 and 13. Shrink-
age porosity was found along the fusion boundary between
the FM-686 root pass and the ER100S-G pass B2 in the
single-pass per-layer CMT weld W1 and GMAW-S weld

Fig. 13 Effect of WFS and

W2 (Fig. 8a, b). The high deposition rate and heat input of
pass B2 in these welds lead to almost complete remelting
of the FM-686 root pass, forming a large, heavily diluted
weld pool. This created conditions for solidification shrink-
age porosity identified in [5]: large volume shrinkage and
potential opposing solidification fronts of a partially melted
lower solidus substrate (FM-686) and a higher solidus weld
pool (pass B2). The shrinkage porosity was mitigated in
welds W4 through W9 by increasing the number of passes
per layer. This allowed us to double the TS and reduce more
than twice the WES/TS ratio, as shown in Figs. 12 and 13,
resulting in smaller weld pools and lower dilutions with the
FM-686 substrate.

The centerline solidification cracking in pass B3 of weld
W2 can be related to remelting the heavily diluted B2. A
slight reduction of the WFS/TS ratio of B2 was sufficient
to produce crack-free weld W3. The results of this study
allowed us to identify a process window for defect-free dep-
osition of ER100S-G and ER80S-G over FM-686 substrate,
defined by WFS between 40 and 180 mm/s, TS higher than
8 mm/s, and a WFS/TS ratio below 15 (Figs. 12 and 13).

4.2.2 Incomplete Fusion defects

The process parameters of the sidewall fill passes in all
welds are mapped in Figs. 14 and 15. No Incomplete fusion
defects formed in the single-pass-per-layer GMAW-S weld
W2 and in the two-pass-per-layer CMT weld W4 (Figs. 8c
and 9c). The high heat input spray arc, combined with suf-
ficient weaving (Table 2), was able to completely fuse the
groove side walls and underlying beads. Compared to the
CMT W1, the significantly lower deposition rate and the
two-pass per-layer procedure with weaving helped the CMT
W4 avoid incomplete fusion defects. However, high dilution

45.0
WES/TS of fill pass B2 on
shrinkage porosity (SP) and 40.0 ™
solidification crack (SC) forma- 250 sC m
tion. Welds W1 through W9, ’ sp
processes: CMT, GMAW-P, and 30.0 ®
GMAW-S »
F 25.0
~
wv
S 200
15.0 5 o
10.0
50 (A
0.0
40 60 80 100 120 140 160 180
WES, mm/s
® W1 CMT B2-5 W4 CMT B2 ® W5 CMT B2 A W6 W7 W8 CMT B2
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Fig. 14 Effect of WES and TS
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of the FM-686 root pass in these welds resulted in unaccept-
ably high hardness (Fig. 9b, c).

Incomplete fusion defects were experienced in the side-
wall passes deposited with CMT in welds W1 and W5, and
with GMAW-SC in welds W6 and W7 (Figs. 8a and 10).
The poor sidewall penetration and IFDs in these welds were
caused by (1) the narrow groove geometry constraining the
torch weaving [16] and (2) the high surface tension of the
molten pool and poor wetting characteristics of the CMT and
GMAW-SC arcs [17, 18].

The CMT weld W1 utilized the same welding param-
eters in all fill passes in a single-pass-per-layer procedure
(Fig. 6a; Table 2). The high WFS/TS ratio (Fig. 15) repre-
sented the upper range of deposition rates and heat inputs
of the CMT process. However, the restricted amplitude
and constant torch angle weaving pattern did not allow

® W5 CMT B3,4,6,7,9,10
©OW8 W9 P B3,4,6,7,9-18

AW65SCB3,4,6,7
BW?2 S B3-6 W3 SB2-6

consistent penetration at triple points between subsequent
passes and the side wall (Fig. 8a).

The CMT weld W5 and GMAW-SC welds W6 and
W7 utilized lower heat input, three-bead-per-layer pro-
cedures shown in Fig. 6¢, d and Tables 3 and 4. The layer
central passes, B2, B5, and B8 were deposited before the
sidewall passes B3, B4, B6, B7, B9, and B10, aiming to
reduce dilution with the FM-686 root pass. A 5° torch
angle toward the side walls was used to improve the side-
wall penetration. Compared to W1, the CMT the sidewall
passes through in weld W5 utilized lower deposition rates,
smaller weaving amplitudes, and faster weaving frequency.
However, the convex shape of central passes B2, B5, and
B8 resulted in incomplete fusion among the sidewall
passes and with the FM-686 root pass (Fig. 10a).
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The WFS and, respectively, the deposition rate of the
B2 central passes in W6, W7, and W8 were significantly
reduced to limit dilution with the root pass and open
wider spaces for deposition of the side passes (Figs. 12
and 13). W6 and W7 utilized the GMAW-SC process
aiming to improve the sidewall penetration. The sidewall
passes in W6 were run without weaving at a lower depo-
sition rate than the CMT W5 (Tables 3 and 4; Fig. 15).
This resulted in incomplete fusion defects in the sidewall
passes B3 and B4 with the FM-686 root pass (Fig. 10b).
The next optimization step in W7 involved extending
the groove land by 5.08 mm, as shown in Fig. 1b. This
allowed for weaving in the sidewall passes and increasing
their deposition rate by using higher WFES and lower TS
compared to W6 (Figs. 14 and 15). The incomplete fusion
defects in passes B3 and B4 with the FM-686 root pass
was eliminated, but some still formed in between the side
wall passes (Fig. 10c).

The final optimization step in the three-pass-per-layer
procedure utilized the GMAW-P process for deposit-
ing the sidewall passes in welds W8 and W9. Compared
to W5, W6, and W7, passes B3, B4, B6, and B7 were
deposited with significantly higher WFS and TS but with
a similar deposition rate (Figs. 14 and 15). The stable
droplet transfer and higher voltage GMAW-P arc, in com-
bination with weaving in the wider weld groove, resolved
the incomplete fusion problem experienced in welds W1
through W7 (Fig. 11b, c). The results of this study show
that low dilution of FM-686 in the first LAS pass B2,
accomplished by a low WFS/TS ratio combined with a
high WFS/high TS GMAW-P process and weaving in a
wider groove, is sufficient to avoid incomplete fusion
defects in the sidewall passes.

Fig. 16 Effect of WFS and TS "

4.2.3 Weld metal hardness control

The approach for reducing the weld metal hardness included
utilizing a lower hardenability LAS filler metal, minimiz-
ing dilution of the FM-686 root pass in the weld metal, and
introducing tempering by reheating with subsequent fill
passes. ThermoClac™ simulations have shown that both
LAS filler metals diluted with more than 40% FM-686 would
form a fully austenitic microstructure, while 30% dilution
resulted in forming about 40% martensite (Fig. 5). Reheat-
ing below the A, temperature with a subsequent fill pass
would temper the martensite in underlying weld passes,
while exceeding the A3 would reform fresh martensite.

The welding parameters controlling the FM-686 root pass
dilution in the weld metal and the bead tempering effects,
in terms of WFS, TS, and WFS/TS ratio, are mapped in
Figs. 15 and 16. The CMT welds W1 and W4, and GMAW-
S welds W2 and W3 exhibited hardness values above 400
HV, ; in the first two LAS passes (Fig. 9a—c). This can be
attributed to the dilution of Cr and Ni from the FM-686
root pass, resulting in the formation of a martensitic micro-
structure with a low A, temperature [19]. The high dilu-
tion of FM-686 in passes B2 and B3 of these welds was
related to the high heat inputs and deposition rates, and low
travel speeds. The reheating effects of passes B4, BS, and
B6 lead to both partial tempering and hardening, resulting,
respectively, from reheating below the A, and above the
A5 temperatures.

Efforts to reduce hardness consisted of utilizing a filler
metal with a lower carbon content and increasing the num-
ber of weld passes per layer. The higher carbon content and
the higher hardenability of ER100S-G filler metal (Table 1)
were substituted in W4 through W9 with ER80S-G to help
decrease the hardness of martensite [20]. Applying three
passes per layer not only helped reduce dilution from the
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FM-686 root pass but also created a temper bead effect that
reduced hardness by reheating previous weld passes below
A(, temperature [21-24]. Compared to the CMT W4, the
reduced weaving and slightly higher deposition rate and TS
in W5 reduced the hardness in pass B2 below 325 HV 4
(Fig. 9d). This could be attributed to the formation of mixed
martensite—austenite microstructure due to the higher dilu-
tion with FM-686. The subsequent passes B3, B4, and B5
exhibited hardness up to 400 HV ) ; due to dilution with pass
B2. Passes B6 through B10 provided significant weld metal
tempering.

The final optimization steps for hardness control aimed
at a significant reduction of FM-686 dilution in the LAS
weld metal and improving the bead tempering efficiency.
The most efficient hardness reduction, in terms of minimiz-
ing the area of the ER80S-G/FM-686-diluted zone with
hardness above 325 HV, ;, was achieved in W8. The latter
utilized a low WES—low TS CMT process for pass B2 and a
high WFS-high TS GMWA-P process for the sidewall tem-
pering passes B3, B4, B6, and B7 (Figs 16 and 17). Using
GMAW-SC for the sidewall passes in W7 and GMAW-P for
passes B2 through B8 in W8 was less efficient in minimizing
the hard diluted zone (Fig. 11). The fill passes B9 through
B18 in welds W7, W8, and W9 were deposited with the
GMAWS-P process, resulting in the weld metal hardness in
the range of 225-275 HV; ;. Considering that lower loads
in hardness testing typically provide higher hardness values,
it could be expected that the undiluted passes of W7, W8,
and W9 would meet the DNV 250 HV |, requirement for low
alloy steel welds exposed to H,S environment. The latter still
needs to be confirmed with 10 kg load Vickers hardness test-
ing. The high hardness in the highly diluted weld region is a
concern for the practical application of the developed weld-
ing procedures. The effect of this hard region on the local

Fig. 17 Effect of WES and

yielding, strain accumulation, and final failure in cross-weld
tensile testing was quantified using digital image correla-
tion (DIC) in Part II of this study [25]. Its microstructure
and potential susceptibility to hydrogen assisted cracking in
subsea service under cathodic protection were also analyzed.
Post weld heat treatment could reduce the hardness of the
high dilution region.

4.3 Mechanical testing

This study is intended to demonstrate a low-alloy steel filler
metal girth weld in X65 steel pipe, internally clad with Alloy
625, which satisfies the DNV with the overmatching require-
ment of 100 MPa for offshore reeling applications. The DNV
tensile specimen design is shown in Fig. 7 aims to determine
the mechanical properties in the upper portion of the weld
that would experience higher tensile loads and strain levels
during reeling. The minimum specified yield strength of API
SL Grade X65 steel is 450 MPa. As shown in Table 7, all
three tensile test specimens from weld W7 exhibited yield
strength values that significantly exceeded the DNV over-
matching requirement. However, the elongation at failure
was lower than the 18% DNV specification. This could be
related to the fill pass hardness in W7 slightly exceeding the
DNV hardness requirement and to the potential presence of
weld metal pores, as shown in Fig. 11.

The elongation at failure in W7 was lower than the indus-
try reported, 24% to 25% for undiluted ER80S-G all-weld
metal [26]. This can be attributed to different gauge section
designs in the DNV cross-weld specimen (Fig. 7) and in the
ASTM E8/MS all-weld metal specimen. It has to be noted
that the DNV tensile specimen is inapplicable to determining
the mechanical properties of the entire dissimilar FM-686/
ER80S-G girth weld developed in this study. Cross-weld
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Fig. 18 Bend testing results
from welds 7 a, b defect-free
specimens and ¢ crack longer
than 3 mm, originating from
IFD

tensile testing of ASTM E8/M8 specimens, instrumented
with digital image correlation (DIC), was performed in Part
II of this study [25] to determine the mechanical properties
of the entire weld metal and of separate layers in weld WS8.

Two of the three specimens passed the 20% elongation
bend test without cracking or disbonding (Fig. 18). This con-
firms the acceptable ductility of the entire weld, including
the dissimilar fusion boundaries of the FM-686 root pass
with the X635 steel base metal and the EG80S-G fill passes.
The third sample formed a small crack from an incomplete
fusion defect present before bend testing at the fusion bound-
ary between a sidewall pass and the base metal, similar to
the one shown in Fig. 10c.

5 Summary and conclusions

This study successfully demonstrated defect-free welds
of higher-melting point filler metal over the root pass of
a lower-melting alloy in a narrow grove configuration. It
involved filler metal selection and welding procedures
developed for joining API SL Grade X65 steel pipes, inter-
nally clad with alloy 625. Optimal solutions for avoiding
weld defects, weld metal hardness control, and meeting the
mechanical property requirements for pipe reeling applica-
tions included:

1. Root pass of alloy 686 filler metal and fill passes of
ERS80S-G filler metal.

2. Low heat input-low deposition rate CMT, GMAW-SC,
and GMAW-P processes.

3. Three beads per layer in the first three layers and two
beads per layer in the remaining layers.

4. The central bead in the first three layers was deposited
with CMT and GMAW-SC processes.

5. Side beads in the first three layers and fill beads in the
remaining layers deposited with a GMAW-P process.

Using FM-686 for the root pass and depositing ER80S-G
with a low-dilution three-bead per layer procedure resolved
the problem of solidification cracking and the formation of
shrinkage porosity experienced in welding with low alloy
steel filler metals on Ni-based substrates. In comparison to
dilution with FM-625, the ER80S-G weld metal diluted with
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FM-686 exhibited a significantly shorter solidification tem-
perature range without the formation of the Laves phase at
the terminal stage of solidification. No solidification crack-
ing and shrinkage porosity were experienced when deposit-
ing ER80S-G using CMT and GMAW-P processes with a
WES/TS ratio below 15 at WFES between 40 and 180 mm/s.

Incomplete fusion defects in the side beads of the three-
bead per layer procedure were effectively avoided by using
a low deposition rate high high welding current (WFES)
GMAW-P process. A defect-free weld was also produced
by a two-bead per-layer CMT procedure. However, extensive
dilution with the FM-686 root pass led to unacceptably high
weld metal hardness.

Optimal narrowing of the high hardness region in the par-
tially mixed ER80S-G/FM-686 weld layers was achieved
by depositing the central passes in these layers with low
deposition rate—low WES CMT and GMAW-SC processes.
Optimal weld metal bead tempering was provided by the low
deposition rate/high WFS GMAW-P process. However, the
DNV hardness requirement of 250HV |, was not met in the
highly diluted weld region.

A narrow groove weld produced using the developed pro-
cedures met the yield strength and side bend requirements
for reeling applications.
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