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ABSTRACT

A dissimilar weld between a low alloy steel (LAS) butter weld joined to a F65 steel pipe using a narrow groove hot wire gas tungsten arc welding (HW-GTAW)
procedure with Alloy 625 filler metal was investigated. The weld interpass microstructure is comprised of large swirls formed by a macrosegregation mechanism
involving partial, non-uniform mixing of liquid base metal with the lower melting temperature weld pool, followed by fast solidification. This mechanism produces
steep gradients in composition and solidification behavior. The resulting swirls are composed of alternating iron-rich peninsulas and partially mixed zones (PMXZ)
that are surrounded by planar and cellular zones exhibiting multiple solidification directions. Large austenitic grains, encompassing planar, cellular, and dendritic
morphologies, nucleate off peninsulas in direct contact with the weld pool. The highest hardness was found in nickel and chromium rich PMXZs that exhibited a lath
martensite microstructure. In the event of exposure to hydrogen containing environments, the PMXZs could serve as nucleation sites for hydrogen assisted cracking.

1. Introduction

The oil and gas industry commonly uses nickel based Alloy 625 to
join and clad subsea equipment made of high strength low alloy steel
(LAS). Subsea equipment made using these high strength steel grades
require a post weld heat treatment (PWHT) after welding to temper the
heat affected zone (HAZ) microstructure and relieve residual stress.
Performing PWHT on welded structures containing these steels is often
not possible. Butter welds can be added to act as a transition joint to
eliminate the need for PWHT after welding. A butter weld, traditionally
made of Alloy 625, is deposited on a high strength steel forging at a
production facility. This assembly is then subjected to PWHT and
welded to a steel pipe with an Alloy 625 closure weld either in the
production facility or in the field. The new HAZ is contained within the
Alloy 625 butter weld rather than the high strength steel forging, thus
eliminating the need for a PWHT. A schematic of a traditional Alloy 625
butter weld assembly used for subsea service is shown in Fig. 1a.

There have been multiple failures of Alloy 625 butter welds on high
strength steel forgings during subsea service while under cathodic
protection [1-4]. These failures were attributed to hydrogen assisted
cracking (HAC) due to local saturation with hydrogen of relatively
brittle microstructural constituents at the dissimilar interface. The
embrittlement mechanism involves formation of fresh martensite along
with carbon accumulation and carbide precipitation within the dis-
similar transition zone during PWHT. Fresh martensite forms at dilu-
tions of the LAS base metal with Alloy 625 filler metal that reduce the
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local Al temperature below the PWHT temperature [5]. Carbon mi-
gration from the LAS forging towards the Alloy 625 butter weld during
PWHT, caused by a steep gradient of the chemical potential across the
dissimilar metal interface, results in carbide precipitation leading to
local embrittlement [6-8]. Multiple authors have examined the effect of
PWHT on the dissimilar interface microstructure and HAC cracking
susceptibility of Alloy 625 butter welds on 8630 and F22 steel forgings
[8-15].

The microstructure of the dissimilar interface between high strength
steel forgings and Alloy 625 weld metal contains complex features that
have been subjected to extensive investigation [6-8,11-13,16-19]. The
compositional transition from steel base metal to diluted weld metal
occurs over what has been called the partially mixed zone (PMZ)
[6,11]. Due to a combination of low solidification rate and steep tem-
perature gradient, a planar solidification zone forms at the interface
between the steel coarse grained heat affected zone (CGHAZ) and the
Alloy 625 weld metal. The planar growth region typically appears white
after etching and therefore has also been referred to as a “featureless
zone” [11] or “white etching region” [16]. It is also common to observe
a thin band of martensite between the steel CGHAZ and the planar
growth region [8]. The planar growth region has been found to have a
face centered cubic microstructure [6,7,11,19]. The planar solidifica-
tion breaks down into cellular or cellular dendritic solidification at a
short distance from the fusion boundary.

Another distinctive feature of the dissimilar interface are the zones
of macrosegregation, located mainly at interpass positions along the
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Fig. 1. Schematic of (a) traditional Alloy 625 butter weld on 8630 steel and (b)
alternative LAS butter weld on F22 steel.

fusion boundary, which are frequently referred to as weld metal ‘swirls’
[5,7,11,18,19]. These features were also found to form at mid bead
positions. A mechanism for macrosegregation in dissimilar welds be-
tween higher melting temperature base metals and lower melting
welding consumables was proposed by Kou and Yang [20]. During
welding, convection currents can sweep liquid base metal into the weld
pool, where it is quickly cooled below its liquidus temperature and
begins to solidify before complete mixing with the weld metal. The
resulting macrosegregation zones, or swirls, typically contain ‘pe-
ninsulas’ or ‘islands’ with varying levels of dilution. The swirls in dis-
similar welds of high strength steels with Alloy 625 filler metal typically
contain martensitic constituents due to the increased hardenability re-
sulting from enrichment with nickel and chromium [11,16].

To mitigate the HAC problem at the high strength steel forging/
Alloy 625 interface, the oil and gas industry has explored replacing the
Alloy 625 butter welds with those made of low alloy steel (LAS) filler
metal [1], Fig. 1b. The high strength steel forging/LAS butter weld
interface was intended to limit carbon migration and brittle carbide
precipitation during onshore PWHT. After PWHT, the high strength
steel forging/LAS butter weld assembly is joined to a low alloy steel
pipe using Alloy 625 filler metal for the closure weld. However, the
closure weld generates two dissimilar interfaces, LAS butter weld/Alloy
625 and LAS pipe/Alloy 625, which in the as-welded condition could
potentially be susceptible to HAC [5].

In contrast with the extensive research performed on high strength
steel forging/Alloy 625 butter weld interfaces, the microstructure and
HAC susceptibility of the interfaces in Alloy 625 closure welds between
LAS butter welds and low alloy steel pipes are still under investigation.
The objective of this work is to characterize the microstructure along
the dissimilar interfaces of an Alloy 625 closure weld between a LAS
butter weld and F65 steel pipe in the as-welded condition. The forma-
tion mechanisms of the various microstructural features is also in-
vestigated. Special attention is paid to weld metal swirls and related
microstructural constituents that are potentially susceptible to HAC.

2. Materials and procedures

A cross section of a girth weld between LAS butter weld and F65
steel pipe subjected to metallurgical characterization in the as-welded
condition is shown in Fig. 2. The chemical compositions of the base
metals and welding filler metals used in this dissimilar metal weld
(DMW) are listed in Table 1. All compositions were taken from the
mockup after welding using optical emission spectroscopy (OES). The
Alloy 625 composition shown in Table 1 was taken from the diluted
fusion zone after welding.
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One side of the F22 pipe forging was overlaid (buttered) with a low
alloy steel (LAS) welding consumable using a submerged arc welding
(SAW) process. This weld assembly was internally clad with Alloy 625
filler metal using gas tungsten arc welding (GTAW) process and sub-
jected to a stress relief post weld heat treatment (PWHT) for 6.5 h at
638 °C. The LAS butter layer was then joined to the F65 pipe with a
narrow groove closure weld using a hot wire GTAW (HW-GTAW) pro-
cess and Alloy 625 filler metal. The narrow groove weld was not sub-
jected to PWHT after the closure welding procedure. The hot wire
GTAW processes parameters are summarized in Table 2.

Samples for metallurgical characterization were prepared by
mounting in Bakelite and grinding with 240, 320, 600 and 800 grit
Si—C abrasive papers. Final polishing was performed using 9, 6 and
1 ym diamond paste followed by vibratory polishing using 0.05 pm
colloidal silica. Initial etching in 2% Nital revealed the steel base metal
microstructure. The weld metal microstructure was revealed by elec-
trolytic etching in 10% Chromic acid at 5.0 V for 5 s. Light optical
microscopy (LOM) was performed using an Olympus GX51 optical
microscope. Scanning electron microscopy was performed using a FEI
Apreo FEG microscope. Energy dispersive X-ray spectroscopy EDS maps
were performed using an accelerating voltage of 20 kV, 1 um step size
and a 0.2 s dwell time. EDS line scans were performed at an accel-
erating voltage of 25 kV, 0.2 um step size and dwell time of 0.2 s.
Electron backscattered diffraction (EBSD) was performed at 30 kV using
a current of 3.2 nA.

Nanoindentation testing was performed at interpass positions using
a MTS Nanoindentator XP with a Berkovich tip. All nanoindentation
testing was performed under load control with maximum load of 3gf,
20 nm/s approach velocity, 35 s dwell time, and minimum spacing
between indents of 15 pum.

Transmission electron microscopy (TEM) was performed on samples
after nanoindentation. A platinum cap was deposited onto the sample
prior to focused ion beam (FIB) milling. The FIB milling was performed
using a FEI Helios 600 FIB. TEM images were taken on a FEI Titan G2
60-300 S/TEM microscope.

Thermodynamic simulations were performed using ThermoCalc™
software. The Scheil-Gulliver module was used to calculate non equi-
librium liquidus and solidus temperatures. The simulations included the
elements Fe, C, Ni, Cr, Mo, Mn and Nb with C assigned as a fast dif-
fusing element. All simulations were ended when the fraction of solid
reached 0.98. Semi quantitative EDS results were obtained with EDAX
TEAM software using the eZAF algorithm. The EDS line scans for Fe, Ni,
Cr, Mo and Mn were used as the input composition for the Scheil-
Gulliver calculations. Due to the limitations of semi-quantitative EDS
results, the C and Nb content had to be estimated using dilution cal-
culations. The carbon content was calculated by multiplying the actual
steel base metal carbon content with the dilution calculation as shown
below:

( EDS Wt. %Fe

x C content of base metal
Average EDS Wt. %Fe of BM

The Nb composition was estimated in a similar manner using the
average Ni content of the fusion zone Alloy 625 as shown below:

( EDS Wt. %Ni

- + Nb content of filler metal
Average EDS Wt. %Ni of FM

3. Terminology definition

A common set of terminology that defines the microstructural fea-
tures in the transition zone of dissimilar metal welds has not been es-
tablished yet. Numerous authors have used the term ‘partially mixed
zone’ (PMZ) to broadly describe the entire compositional gradient
spanning the region from the unmelted steel base metal to the homo-
genously diluted fusion zone [6,10,19,21]. Local regions with a
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Fig. 2. Macro section of the characterized dissimilar metal weld.

composition resulting from incomplete mixing of base metal with Alloy
625 weld metal, were also defined as PMZs [18]. Furthermore, the PMZ
was classified as having a continuous or discontinuous morphology
[12]. The term ‘continuous PMZ’ was used to describe the interface that
lacked local regions of macrosegregation. Fusion boundaries containing
areas of macrosegregation, typically found at both mid-bead and bead
overlap locations, were defined as ‘discontinuous PMZs’. However, it is
not clear if the term ‘discontinuous PMZ’ describes only the local and
distinct macrosegregation feature or if it describes the entire composi-
tional transition region which also spans both sides of the macro-
segregation feature.

The term ‘swirl’ has commonly been used to describe the micro-
structural features observed at bead overlap positions. The swirls are
protrusions of base metal that have been swept into the weld without
significant mixing with the weld metal. These could also be called
“peninsulas” or “islands” when using the terminology established by
Kou and Yang [20] because they are most likely formed via a macro-
segregation mechanism involving partial mixing of liquid base metal
that is quickly cooled below its liquidus temperature. Thus, a zone of
macrosegregation found at bead overlap positions could be described as
‘swirl’, ‘peninsula’, or ‘discontinuous PMZ’.

In this paper swirls were found to be comprised of multiple micro-
structural features and will therefore be described using separate and
distinct terminology for each feature. The term peninsula will be used
to define regions of base metal that have been swept into the weld metal
without significant mixing. The peninsulas will be shown to have a
composition similar to the steel base metal, with a small increase in Ni
and Cr content. Local regions that display a larger extent of partial
mixing between the base and filler metal will be referred to as partially
mixed zones using the acronym PMXZ. Thus, a PMXZ is considered to
be a distinct local feature that formed due to literal partial mixing ra-
ther than the entire compositional transition region. The PMXZs will be
shown to have a composition similar to the base metal, but with higher
levels of alloying elements, mostly Ni and Cr, as compared to the pe-
ninsulas. The acronym PMXZ also helps differentiate the term ‘partially
mixed zone’ from the ‘partially melted zone’ defined by Savage [22],

which also uses the acronym PMZ. The term swirl will be used in a more
general manner to describe the multiple microstructural features ob-
served at the interpass positions. Thus, a swirl can contain multiple
peninsulas, PMXZs, planar and cellular growth regions.

4. Results

A low magnification view of the fusion zone in the investigated
closure weld is shown in Fig. 3. The LAS butter weld exhibited the ty-
pical microstructure of a multipass SAW weld deposit, containing large
elongated columnar grains that are observable at low magnification.
The F65 base metal was a forged pipe and contained a finer wrought
microstructure that is not distinguishable at the low magnification
shown in Fig. 3. The fusion boundary displayed a repetitive morphology
that alternated between mid-bead and interpass positions. The white
etched constituents observed at the fusion boundary are regions of
planar growth. These regions are typically thinner at mid-bead posi-
tions and extend into the weld metal at interpass locations as part of
weld metal swirls. This paper is focused on metallurgical character-
ization of the interpass swirls, while the mid-bead microstructures will
be a subject of a separate publication.

4.1. Swirls morphology overview

The weld metal swirls, found at the interpass positions in the in-
vestigated weld, consisted of partially mixed base metal swept into the
weld pool which solidified prior to complete mixing. An example of a
swirl morphology is shown in Fig. 4.

This particular swirl contains two iron-rich peninsulas that are
surrounded by PMXZs, planar and cellular growth regions. The iron-
rich peninsulas can be distinguished from the PMXZs based on dilution
level and response to etching in 2% nital. The steel-rich peninsulas
respond to etching similarly as the F65 base metal and the PMXZs have
a solid grey appearance after etching. Regions of planar growth that
break into cellular growth can be seen surrounding the PMXZs. As
shown in the phase map of Fig. 4d, the iron-rich peninsulas and PMXZs

Table 1

Materials chemical compositions determined using optical emission spectroscopy, wt%.
Material Fe C Ni Cr Mo Mn Nb Ti Si P S
LAS butter Bal. 0.06 0.92 0.16 0.58 1.41 < 0.01 < 0.01 0.21 0.014 0.002
F65 steel Bal. 0.10 0.52 0.22 0.27 1.17 0.03 < 0.01 0.22 0.006 0.002
Alloy 625 4.59 0.04 60.7 21.4 8.74 0.69 3.24 0.08 0.41 < 0.005 0.004
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Table 2
Weld parameters used for the narrow groove HW-GTAW procedure.
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Voltage (V) Current (A) Wire feed speed
(m/min) min)

Travel speed (mm/ Minimum preheat/ Interpass
temperature (°C)

Hot wire voltage  Hot wire current  Filler wire diameter
W) A (mm)

10 260 1.78 88.9 200

2.0 60-70 1.14

have a body centered cubic (BCC) crystal structure. Note that EBSD is
unable to distinguish BCC crystal structures from body centered tetra-
gonal (BCT) crystal structures therefore any BCT martensite within the
PMXZs would index as BCC. The white planar and cellular growth re-
gions, and weld metal displayed a face centered cubic (FCC) crystal
structure. A BCC ‘island” that is not attached to the main swirl can be
seen below the steel-rich peninsula.

The IPF map in Fig. 4c shows one large FCC grain surrounding the
steel-rich peninsulas and PMXZs. This FCC grain is composed of the
planar and cellular growth regions surrounding PMXZs, and of dendritic
weld metal. The IPF map also shows that the large FCC grain interfaces
a series of smaller FCC grains, with planar and cellular structure, nu-
cleating from the CGHAZ and from the PMXZ of another swirl. That
interface delineates two opposite solidification fronts originating from
the swirl and the CGHAZ.

4.2. Microstructure of F65 / Alloy 625 interface swirl

A light optical micrograph along with EDS maps of a weld metal
swirl at the F65/Alloy 625 interface is shown in Fig. 5. This swirl is
composed of three steel-rich peninsulas surrounded by PMXZs and
white etching planar and cellular growth regions. The EDS maps show
that the peninsulas have iron contents similar to the base metal. The
PMXZs, planar and cellular regions are enriched in nickel and chro-
mium to levels greater than the steel base metal but lower than the weld
metal composition. Niobium-rich particles were found within the
PMXZs, planar, and cellular regions, Fig. 5f.

EBSD scans of the swirl discussed above are shown in Fig. 6. Both
the iron-rich peninsulas and the PMXZs have a BCC structure, Fig. 6c¢.
The planar and cellular growth regions displayed a FCC crystal struc-
ture. A narrow band of austenite was also found directly at the fusion
boundary. The image quality map shown in Fig. 6a revealed that the
iron-rich peninsulas and the planar growth regions have a higher index
quality than the PMXZs. The low index quality regions appear to have a
much finer microstructure in the IPF map, Fig. 6b. Similar to the swirl
shown in Fig. 4c, one large FCC grain surrounds the outermost iron-rich
peninsula. Planar growth regions nucleating from the outermost and
innermost peninsulas interface a series of enclosed cellular grains,
showing evidence of opposite solidification directions.

A nanoindentation map of the same swirl is shown in Fig. 7. The

level of alloying additions can be approximated by the contrast pro-
vided by the backscattered electron image, with the regions containing
higher levels of nickel and chromium having a lighter contrast. The
highest hardness was observed in the PMXZ directly adjacent to the
fusion boundary. In general, the nickel and chromium enriched PMXZs
had the highest hardness. The hardness of the iron-rich peninsulas was
similar or slightly higher than the F65 base metal, but significantly
lower than the PMXZs' hardness. The higher magnification SEM image
in Fig. 7b shows that the regions of high hardness had a lath-like mi-
crostructure. The base metal showed an equiaxed microstructure.

An EDS traverse across the same swirl is shown in Fig. 8, together
with ThermoCalc predicted liquidus and solidus temperatures. The EDS
traverse across row 5 reveals an alternating composition profile be-
tween the three iron-rich peninsulas and the three nickel and chro-
mium-rich PMXZs. The amount of Ni and Cr in the PMXZs increased as
the location moved from the fusion boundary towards the fusion zone.
Although not shown in Fig. 8, EDS line scans were also performed
across rows 4, 5, and 6. Table 3 summarizes the compositions and so-
lidification temperature range of the Fe-rich peninsulas and the PMXZs
for rows 4-6. The iron-rich peninsulas had similar compositions to the
F65 base metal but with slightly higher nickel and chromium contents.
The nickel and chromium content of the PMXZs was higher compared
to the peninsulas and lower compared to the weld metal. The amount of
nickel in the PMXZs and peninsulas increased as the location moved
towards the bottom of the swirl.

The predicted liquidus, solidus, and solidification temperature
ranges (STR) of the peninsulas and PMXZs, along with the base and
filler metals are also shown in Table 3. The predicted base metal solidus
temperature was significantly higher than the weld metal liquidus
temperatures. The peninsulas had lower solidus temperatures and wider
STR compared to the base metal, and were predicted to complete so-
lidification approximately 30 to 40 °C above the weld metal liquidus
temperature. The PMXZs had a wider STR and 90 to 150 °C lower so-
lidus temperature compared to the peninsulas. The PMXZs were pre-
dicted to complete solidification at about 130 °C above the weld metal
solidus temperature, indicting an overlap in STR between the PMXZs
and weld metal.

TEM was performed on a region spanning from the F65 base metal
to the nickel and chromium-rich PMXZ. The location of the FIB foil
extraction is shown by the black line in Fig. 8. The F65 base metal,

Fig. 3. Low magnification optical micrograph of the LAS butter weld (left) joined to the F65 steel pipe (right) using Alloy 625 filler wire.
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Fig. 4. Optical micrograph of F65/Alloy 625 inter pass swirl (a,b), EBSD IPF map (c) and phase map (d).

shown on the left side of the foil in Fig. 9b, had an equiaxed micro-
structure. The microstructure of the PMXZ, shown in Fig. 9c and d, was
comprised of lath martensite.

4.3. Microstructure of LAS butter weld / Alloy 625 interface swirl

An interpass swirl located along the LAS butter weld/Alloy 625

interface along with EDS maps is shown in Fig. 10. The portion of the
swirl located slightly above the interpass position was subjected to
metallurgical characterization. The optical micrographs in Fig. 10a and
b show a grey etched PMXZ located between an iron-rich peninsula and
the LAS base metal. A planar growth region nucleated from the pe-
ninsula and the PMXZ breaks into cellular growth towards the weld
metal. The distinction between the iron-rich peninsula and the PMXZ is

Fig. 5. Optical micrographs (a,b) of a F65/Alloy 625 interpass swirl along with EDS maps showing Fe (c), Ni (d), Cr (e) and Nb (f) distributions within the area
outlined in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. EBSD image quality map (a), IPF map (b) and phase map (c) of F65/Alloy 625 swirl shown in Fig. 5.

not obvious when etched in 2% nital, but is more distinguishable
through the EDS maps in Fig. 10c through 10f. The peninsula is en-
riched in iron and contains less chromium and nickel than the PMXZ,
which borders the base metal.

EBSD scans of the same LAS butter weld/Alloy 625 swirl are shown
in Fig. 11. The image quality and IPF map revealed the PMXZ had a
finer microstructure with a low index quality compared to the iron-rich
peninsula. Both the PMXZ and iron-rich peninsula had a BCC crystal
structure while the planar and cellular growth regions along with the
weld metal had a FCC crystal structure. The PMXZ contained small
amounts of retained austenite. Similar to Fig. 4 and Fig. 6, one large
FCC grain, containing weld metal and the swirl's planar and cellular
zones, borders the iron-rich peninsula and the PMXZ.

A nanoindentation map of the LAS butter weld/Alloy 625 swirl is
shown in Fig. 12. Similar to the F65/Alloy 625 swirl shown in Fig. 7,
the highest hardness was observed in the PMXZ. The iron-rich peninsula
had a higher hardness than the LAS base metal, but lower than the
PMXZ. The SEM backscattered image in Fig. 12b shows a finer, lath like
microstructure in the PMXZ which is most likely martensite.

An EDS traverse across the same LAS butter weld/Alloy 625 swirl,
along with the ThermoCalc predicted liquidus and solidus tempera-
tures, is shown in Fig. 13. The content of main alloying elements in the
peninsula, PMXZ, LAS butter, and Alloy 625 weld metal, together with
their liquidus and solidus temperatures, and STRs are summarized in
Table 4. The EDS traverse confirms that the peninsula has lower iron
and higher nickel and chromium contents than the LAS butter weld.
The PMXZ has lower iron and higher nickel and chromium content
compared to the peninsula. The LAS butter weld has a STR of 74 °C and
solidus temperature 58 °C above the Alloy 625 weld metal liquidus. The
peninsula has a solidus temperature almost equal to the weld metal

det | H\ HFW

] v curr magm Wi W
CBS 25.00kV 0.80nA 650x 9.9734 mm 319 ym

liquidus and the PMXZ solidifies at 90 °C above the weld metal solidus.

5. Discussion
5.1. Narrow groove swirl morphology

Previous studies on the dissimilar fusion boundary microstructure of
high strength steel/Alloy 625 joints have examined both bead on plate
[10] and butter welds [5,7,12]. Such welds are typically performed
using a hot wire GTAW process in the flat horizontal position where the
welding arc is orientated normal to the steel substrate. Published re-
search on such butter welds describes comparatively short interpass
swirls, typically containing a single iron-rich peninsula and one PMXZ
enclosed between the peninsula and the base metal. Such swirl mor-
phology can be related to a smaller weld pool volume and more ex-
tensive pool convection generated by the butter weld procedure.

The narrow groove geometry in closure welds, where the welding
arc contacts the groove surface at a sharp angle, requires higher heat
inputs to ensure full penetration of the base metal. The resulting weld
pool is larger and more constrained, generating conditions for melting
larger amounts of base metal that is swept into and partially mixed with
the weld. Thus, large areas of macro-segregation are formed at the
dissimilar interface interpass positions in the form of swirls composed
of multiple iron-rich peninsulas and PMXZs. As shown in Figs. 3, 4a, 5a,
and 10a, these swirls can extend over one millimeter in length and a
hundred micrometers in width. The presence of multiple iron-rich pe-
ninsulas and PMXZs within a single swirl appears to be a unique feature
of narrow groove closure welding.

As demonstrated in the results section, the weld metal swirls in both
interfaces contained multiple microstructural features due to varying

det  HV curr mag @ WD HFW PW
CBS 15.00kV 16nA 5000x 10.1937 mm 41.4pum 27.0 nm

Fig. 7. Nanoindentation map (a) of F65/Alloy 625 swirl along with backscattered SEM image (b) of area highlighted in white.
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Fig. 8. Backscatter SEM image of F65/Alloy 625 swirl overlaid with row 5 EDS traverse (white line) and ThermoCalc predicted solidus and liquidus temperatures.

solidification conditions and degree of partial mixing. Therefore, the
term swirl is used in this paper to more broadly describe the entire
interpass morphology comprised of multiple iron-rich peninsulas,
PMXZs, and surrounding planar and cellular growth regions.

5.2. Swirl formation mechanism

The mechanism of swirl formation in the investigated dissimilar
closure weld is analyzed below following the macrosegregation me-
chanism proposed by Kou and Yang [20,23] and the sequence of soli-
dification events in the swirl components shown in Figs. 6 and 13 and in
Tables 3 and 4. As shown in Tables 3 and 4, the F65 steel base metal and
the LAS butter weld have narrow STRs and solidus temperatures about
80 °C higher than the liquidus temperature of Alloy 625 filler metal.
Such differences in the solidification behavior, complemented by the
intensive convection within the weld pool, create conditions for non-
uniform mixing of the liquid steel base metal swept into the pool. The
resulting sharp gradients in the composition and solidification events
(Figs. 8, 13) lead to formation of swirls with the complex morphology
shown in Figs. 3, 4, 5, and 10.

The least mixed base metal, containing small amounts of nickel and
chromium (Tables 3, 4), solidifies first in a narrow STR above the weld
metal liquidus temperature, forming multiple iron-rich peninsulas
(Figs. 4, 5, 10) and islands (Fig. 4). The enrichment in nickel and
chromium of the peninsulas could be due to a small degree of partial
mixing and/or high temperature diffusion from the surrounding liquid.

The iron-rich peninsulas are separated from each other, and from

the base metal, by PMXZs with a higher degree of mixing, containing up
to 12% Ni and 4% Cr. Possible mechanism of PMXZ formation involves
a stagnant layer of liquid trapped between the solidifying peninsulas
and base metal, with limited access to stirring and mixing with the bulk
weld pool. The PMXZs begin to solidify relatively quickly, approxi-
mately 20-40 °C degrees below the peninsulas' liquidus temperature,
thus adding a temporal restriction to the physical restriction from
complete mixing with the bulk weld pool. The increasing gradients of
chromium and nickel contents from locations closer to the fusion
boundary and higher up in the swirl towards the fusion zone (Table 3),
evidence the role of restricted mixing in the formation of PMXZs.

The solidification sequence in the swirls is led by the iron-rich pe-
ninsula solidifying about 80 °C above the bulk weld pool liquidus
temperature, followed by the PMXZs solidifying 130 to 200 °C above
the weld pool solidus. This is followed by planar and cellular growth
regions nucleating from the PMXZs. Due to their level of alloying with
nickel and chromium, the PMXZs solidify as austenite and remain in
austenitic state on cooling before transforming to martensite, thus
providing FCC substrate for epitaxial nucleation of the planar and cel-
lular zones, Figs. 4d and 6c¢.

The optical micrograph in Fig. 4b shows white etching planar and
cellular solidification morphologies formed between two PMXZs. The
PMXZ on the left nucleates from the base metal and from a peninsula
directly connected to the base metal. The PMXZ on the right nucleates
from a longer peninsula located closer to the bulk weld pool. Both
PMXZs provide substrates for epitaxial nucleation and growth of planar
and cellular morphologies with opposite growth directions. These

Table 3
Summary table of EDS line scans and solidification temperature predictions.
Region Row Fe wt% Ni wt% Cr wt% Liquidus (°C) Solidus (°C) STR (°C)
Peninsula 4 93.3 2.4 1.2 1507 1395 113
5 92.5 2.9 1.5 1504 1396 108
6 91.9 3.2 1.7 1502 1388 114
PMXZ 4 86.8 6.8 2.5 1486 1301 184
5 81.9 10.1 3.6 1472 1264 209
6 78.8 12.0 4.3 1464 1246 219
F65 BM 4-6 95.3 0.9 0.6 1514 1437 77
Alloy 625 filler metal 4-6 12.4 55.6 19.9 1355 1118 237
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Fig. 9. TEM results from F65/Alloy 625 swirl showing FIB foil

opposite solidification fronts meet to form a solidification boundary
within the swirl. This internal interface in the swirl morphology is
shown in the IPF map of Fig. 4c. Evidence for opposite solidification
fronts can be also found in the swirl shown in Fig. 6. Planar zones
nucleate and grow in opposite directions between the PMXZs of the
inner and outermost iron-rich peninsula. The planar zones break into
cellular grains with similar orientation (Fig. 6b), generating two soli-
dification interfaces with the cellular morphologies and multiple grain
boundaries between the cellular grains.

The solidified iron-rich peninsulas that are in direct contact with the
weld pool could serve as sites for epitaxial nucleation of planar and
cellular growth solidification morphologies within the weld metal.
Evidence for such behavior is presented by EBSD scans in Figs. 4c and
6b, which show one large FCC grain surrounding the outermost pe-
ninsulas and the related PMXZs. Multiple examples of a single large FCC
grain surrounding the outer swirl peninsulas have been found in the
examined closure weld. Similar examples have also been reported for
swirls in butter welds [7].

The morphological features generated by the above described swirl
formation mechanism, including the swirl-internal planar/cellular and
cellular/cellular solidification interfaces, the cellular grain boundaries,
and the large FCC grains, are similar to those found in dissimilar butter
welds [7].

5.3. Swirl microstructure

Due to the limited and non-uniform mixing during solidification,

extraction (a), F65 base metal (b) and PMXZ microstructure (c, d).

and the resulting sharp compositional gradients, the swirl components
exhibit a variety of microstructural constituents in their final micro-
structure. Although enriched in nickel and chromium, as compared to
the base metal CGHAZ, the iron-rich peninsulas exhibit similar
equiaxed microstructure. Such similarities are shown in backscattered
images in Figs. 7b and 12b, in the image quality maps in Figs. 6a and
11a. However, the hardness in the more diluted regions of the pe-
ninsulas is higher than the F65 steel and LAS coarse-grained HAZs,
Figs. 7a and 12a. The peninsulas' hardness is a product of their higher
hardenability and potential bainitic and/or martensitic transformation
on cooling, followed by tempering generated from subsequent weld
passes. The effect of potential carbon depletion on the peninsulas
hardness needs to be also considered. Carbon migration from the pe-
ninsulas towards the surrounding liquid, enriched in Alloy 625, would
be driven by the gradient of chemical potential at the solid/liquid in-
terface.

The PMXZs exhibited significantly higher hardness compared to the
surrounding base metal coarse-grained HAZ, iron-rich peninsula, and
weld metal, Figs. 7a and 12a. This can be attributed to formation of
martensite due to the higher alloying content and hardenability of the
PMXZs, and potential carbon enrichment from the neighboring base
metal HAZ and iron-rich peninsula. Indirect evidence of carbon mi-
gration towards the PMXZs is provided by the fact that the hardest
PMXZs are located next to the base metal and border narrow carbide-
free regions in HAZ, as shown in Figs. 5 and 10. Carbon depletion of the
steel HAZ and accumulation in the compositional transition zone during
PWHT of dissimilar metal welds with Alloy 625 filler metal has been
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Fig. 10. Optical micrographs (a,b) of LAS / Alloy 625 swirl along with EDS maps showing Fe (c), Ni (d), Cr (e) and Nb (f) distributions of the area outline in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

broadly investigated and proven [6,7,19]. A recent study has proven
that during welding, carbon migration of significant extent can occur
across the dissimilar interface due to the sharp chemical potential
gradient created by the composition of Alloy 625 [27].

A lath martensitic microstructure within the hardest PMXZ shown in
Fig. 7a was confirmed by the TEM images shown in Fig. 9. The lath
microstructure in the same PMXZ and the one shown in Fig. 12a can be
observed in Figs. 7b and 12b as well. The EBSD image quality maps in
Figs. 6a and 11a show low image quality of the PMXZs. EBSD is unable
to distinguish the crystal structures of BCC ferrite and BCT martensite.
However, it has been shown that due to higher lattice distortions,
martensitic microstructures typically have lower EBSD image quality
values than ferritic microstructures [23-25].

The wide range of dilution levels combined with possible tempering
from the multipass weld procedure could result in both untempered and
tempered martensite, and bainitic microstructures within one weld
metal swirl. It has to be noted that the probability of bead tempering in
the PMXZs is lower than in the iron-rich peninsula. The higher nickel
content of the PMXZs would reduce their Acl and Ac3 temperatures,
increasing the probability for re-austenitization and reformation of
fresh martensite during multipass welding.

The hard untempered martensitic constituent, which was identified
in PMXZs, could be susceptible to hydrogen assisted cracking (HAC).

Hydrogen can reach such PMXZs through the CGHAZ and the iron-rich
peninsula, which would provide fast diffusion paths in case the LAS
pipe or butter weld are directly exposed to the service environment.
Due to the steep composition and microstructure gradients in the dis-
similar transition zone, and the resulting property gradients, the large
swirls that form in narrow groove closure welds would act as internal
stress concentrators. Thus, hydrogen assisted cracks could potentially
nucleate in the martensitic PMXZs if a critical combination of stress
intensity and hydrogen concentration is reached.

6. Summary and conclusions

The results of this study show that the formation of swirls in closure
welds of low alloy steels pipes with Alloy 625 filler metal is controlled
by the differences in the materials composition and solidification be-
havior, and by the weld pool convection related to the weld geometry
and the welding process. Incomplete and non-uniform mixing results in
a sequence of solidification events that produce microstructurally dis-
tinctive swirl components and swirl internal interfaces. A summary of
the formation mechanism and microstructural features of the swirls in
the examined narrow groove closure weld between low alloy steel
(LAS) butter weld and F65 steel pipe with Alloy 625 filler metal, which
was in the as-welded condition, is presented below.

Fig. 11. EBSD scan of LAS / Alloy 625 swirl showing image quality map (a), IPF map (b) and phase map (c).
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Fig. 12. Nanoindentation map (a) of LAS / Alloy 625 swirl and with SEM backscattered image (b) of area highlighted in white.

o The weld metal swirls are comprised of multiple iron-rich peninsulas
alternating with partially mixed zones (PMXZ), and include planar
and cellular zones.

The swirl components solidify in the above listed sequence with the

peninsula and PMXZs providing substrates for epitaxial solidifica-

tion of the planar and cellular zones.

o The planar and cellular zones have closer composition to the Alloy

625 weld metal and FCC structure. These can have opposite growth

directions, resulting in solidification interfaces within the swirls.

Large FCC grains nucleate epitaxially off the outermost swirl pe-

ninsula. These grains contain planar, cellular, and dendritic zones,

and have similar composition to the weld metal.

e The iron-rich peninsulas have BCC crystal structure with equiaxed
grain morphology that is similar to the base metal HAZ. The pe-
ninsulas' nickel and chromium content, and hardness are higher
compared to the base metal HAZ.

o The PMXZs have higher nickel and chromium contents than the
peninsulas, increased hardenability, and martensitic microstructure.

e The martensitic constituents present in the PMXZs could serve as

nucleation cites for hydrogen assisted cracking (HAC).

The swirl internal interfaces, originating from opposite solidification

fronts, and the large FCC grains, nucleating from iron-rich pe-

ninsulas, could provide low energy paths for crack propagation.

ja W HFW
X 99573 mm 414um

CBS 25.00kV 0.80nA 500

e Compared to Alloy 625 butter welds on high strength steel sub-
strates, the swirls in narrow gap closure welds contain similar mi-
crostructural features, but are significantly larger and have a bran-
ched morphology of multiple peninsula alternating with PMXZs.

The low alloy steel butter welds were developed to mitigate the
detrimental effect of carbon migration and carbide precipitation during
PWHT on the HAC susceptibility of Alloy 625 butter welds. However,
the results of this study show that the swirls formed at the LAS butter
weld/Alloy 625 and F65 steel/Alloys 625 interfaces in narrow groove
closure welds, which are in the as-welded condition, contain micro-
structural constituents that could be susceptible to HAC. The HAC
susceptibility of these interfaces is the subject of a separate study.
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Table 4

Summary of EDS compositions and solidification temperatures of LAS / Alloy 625 swirl.
Region Row Fe wt% Ni wt% Cr wt% Liquidus (°C) Solidus (°C) STR (°C)
Peninsula 5 89.8 4.6 1.6 1496 1365 131
PMXZ 5 86.9 6.7 2.2 1487 1316 171
LAS BM 5 94.7 1.4 0.4 1514 1441 74
Alloy 625 filler metal 5 9.7 57.0 20.4 1356 1126 230

influence the work reported in this paper.
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