WELDING

Thermal and atmospheric boundary control

in super duplex welding

= By Travis Field, Pipe Welding Institute

Introduction

The welding of super duplex stainless
steel is technically demanding because
its performance depends on main-
taining a carefully engineered balance
between ferrite and austenite phases.
This dual-phase architecture provides
the alloy’s high strength and excep-
tional resistance to chloride corrosion.

During welding, that balance is tempo-
rarily disturbed. Weld metal solidifies
primarily as ferrite, and austenite must
re-form during cooling under kinetic
constraint. The weld and adjacent
heat-affected zone must therefore re-
main within a controlled thermal win-
dow throughout heating and cooling to
preserve microstructural equilibrium.

Depending on thickness and service
environment, interpass temperature
is typically limited to approximately
150°C (300°F) or lower by procedure
and specification. These limits prevent

Cutaway weld specimen fabricated by Travis
Field from 6” Schedule 40 super duplex stainless
steel pipe. The specimen illustrates weld profile
and execution quality in corrosion-resistant
alloy piping systems.
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Cutaway weld specimen fabricated by Travis
Field from 6" Schedule 40 duplex stainless
steel pipe. The specimen was prepared to
demonstrate weld penetration, bead profile,
and welding execution capabilities to clients.

excessive heat stacking, minimize time
spent in the 600-1000°C (1110-1830°F)
range where intermetallic phases can
form, and promote balanced austenite
reformation during cooling.

In production environments, super
duplex weld metal is commonly con-
trolled within an approximate ferrite
range of 30-70%, depending on grade
and specification. Deviation outside
this band may indicate excessive heat
input, insufficient cooling rate, or nitro-
gen imbalance. Maintaining this phase
balance is essential for impact tough-
ness and corrosion resistance.

With respect to atmospheric control,
super duplex welding does not require
extreme oxygen reduction to achieve
metallurgical integrity. However, purge
stability remains critical, particularly

at the root. Inadequate shielding can

result in heavy oxidation, chro-

mium-rich oxide formation,

nitrogen loss from the weld

region, and reduced pitting

resistance equivalent
number (PREN) at the
surface.

Nitrogen also plays a
key role in stabilizing
austenite and main-
taining corrosion resis-
tance. Root oxidation or
nitrogen depletion can
reduce localized corrosion
resistance and negatively
influence critical pitting
temperature (CPT) perfor-
mance in chloride service.
Even when weld appearance is
acceptable, surface chemistry may al-
ready be compromised.

Heat input must remain within a de-
fined range to regulate cooling rate,
support appropriate phase transfor-
mation, and avoid intermetallic precip-
itation. The base material should begin
near ambient temperature, and both
minimum and maximum interpass
temperatures must be controlled to
limit cumulative thermal exposure.

Surface contamination must also be
carefully managed. Oils, moisture, and
hydrocarbon residues can contribute
to porosity, root oxidation, or changes
in surface chemistry. Atmospheric
instability and contamination may in-
fluence corrosion performance even
when recorded welding parameters
appear compliant.

In super duplex welding, the governing
principle is disciplined thermal and
atmospheric control to preserve phase
balance and corrosion performance
throughout the entire transformation
cycle.
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Engineered phase-balanced
elemental system

Super duplex stainless steel is not
simply a high-alloy stainless steel; it is
a deliberately engineered dual-phase
elemental system. Its typical composi-
tion—approximately 25% chromium,
7% nickel, 4% molybdenum, and 0.25%
nitrogen, balanced with iron—exists in
a carefully tuned equilibrium between
ferrite (BCC crystal structure) and
austenite (FCC crystal structure). This
roughly 50/50 phase balance provides
the alloy’s high strength, toughness,
and exceptional resistance to chloride
pitting and stress corrosion cracking.

Each alloying element performs a spe-
cific role. Chromium and molybdenum
stabilize ferrite and provide corrosion
resistance but also increase suscepti-
bility to intermetallic formation. Nickel
and nitrogen stabilize austenite and
promote toughness. Nitrogen is par-
ticularly critical because it accelerates
austenite re-formation during cooling
and raises pitting resistance.

As temperature rises during welding,
atomic vibration increases and diffu-
sion accelerates. Ferrite and austenite
exchange alloying elements. In the
molten state, the dual-phase architec-
ture disappears entirely. Upon solidi-
fication, super duplex freezes as 100%
ferrite. Austenite re-forms only during
controlled cooling as nickel and nitro-
gen diffuse back into the structure.

If cooling occurs too rapidly, ferrite

Duplex stainless steel pipe spool butt weld
executed by Travis Field as part of production
spool fabrication.

may remain excessive. If thermal ex-
posure lingers in the 600-950°C range,
chromium- and molybdenum-rich
intermetallic phases such as sigma (o)
can precipitate from ferrite. Sigma is
hard, brittle, and significantly reduces
corrosion resistance. These diffu-
sion-controlled changes are often in-
visible to visual inspection.

Super duplex therefore survives weld-
ing only if its thermal and atmospheric
boundaries are tightly controlled. The
alloy's performance is not determined
by chemistry alone, but by whether
welding restores its engineered phase
balance during cooling. When that
balance is disturbed, the material may
remain visually intact while its internal
architecture no longer reflects its de-
sign intent.

Welding is not merely a joining opera-
tion; it is the controlled reconstitution
of a phase-engineered atomic system.

Atmospheric stability during
thermal cycling

The primary concern during welding
is not visible oxidation alone, but
preservation of phase balance and
surface chemistry throughout the full
thermal cycle. A weld may appear visu-
ally acceptable while still experiencing
microstructural deviation if heat input,
cooling rate, or purge stability are not
maintained.

Super duplex solidifies as ferrite, with
austenite re-forming during cooling.
This transformation is highly sensi-
tive to heat input and cooling rate. If
thermal energy accumulates or cool-
ing is excessively delayed, the weld
and heat-affected zone may spend
extended time within the 600-1000°C
range where sigma (o) and chi ()
phases can nucleate. These interme-
tallic phases reduce impact toughness
and corrosion resistance even when
external weld appearance remains
acceptable.

In thin-wall configurations such as
2-inch Schedule 10 pipe, heat diffuses
circumferentially and axially beyond
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Close-up view of a duplex stainless steel root
pass showing weld bead consistency and root
pass technique.

the immediate fusion zone. Multi-
pass welding compounds this effect.
The welder is therefore not simply
controlling a molten puddle, but man-
aging a thermally expanding envelope
in which phase transformation and
precipitation kinetics continue during
cooling.

Atmospheric stability remains partic-
ularly important at the root. Purge in-
stability during heating and cooling can
alter surface condition and chemistry.
Oxygen ingress may produce chromi-
um-rich oxides that reduce localized
corrosion resistance. Nitrogen dilution
caused by inadequate shielding can
shift phase balance toward ferrite,
reducing PREN at the weld root and
potentially lowering CPT performance
in service.

Conventional purge practices may ex-
hibit limitations during dynamic ther-
mal cycling. Oxygen levels acceptable
prior to arc initiation can fluctuate due
to thermal expansion, pressure vari-
ation, or turbulence within the purge
cavity. External shielding protects the
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Travis Field performing GTAW welding on a duplex stainless steel pipe spool during filming for

WeldTube educational training videos.

arc region but does not inherently
stabilize the broader thermal environ-
ment where transformation continues
after arc extinction.

The result is a structural vulnerability:
microstructural imbalance or surface
degradation may occur during critical
cooling intervals, even when interpass
temperature and amperage remain
within specification.

Thermal discipline and data

In structured fabrication environ-
ments, welding of super duplex stain-
less-steel pipe is approached in a da-
ta-driven manner. Energy is introduced
within a defined heat input range up
to a specified maximum interpass tem-
perature, then allowed to cool within
procedural limits before additional en-
ergy is applied. The objective is to con-

30

& L P

trol phase balance, regulate austenite
reformation, and limit exposure to
temperature ranges where deleterious
intermetallic phases may precipitate.

Welding temporarily alters the en-
gineered ferrite-austenite architec-
ture. As solidification progresses and
cooling occurs, phase transformation
takes place under kinetic constraint.
Excessive heat input, prolonged inter-
pass temperatures, or extended dwell
within the sigma formation range can
promote ferrite retention or interme-
tallic precipitation. Insufficient heat
input, conversely, may limit austenite
reformation and disturb the intended
phase balance.

By collecting process data and operat-
ing within defined thermal boundaries,
welders regulate energy input rather

than relying solely on amperage by
feel. Heat input is normalized, inter-
pass temperature is measured, and
cooling response is monitored to en-
sure the weld remains within its ac-
ceptable transformation window.

Energy density and cooling trajectory
ultimately govern phase outcome; am-
perage alone does not define transfor-
mation behavior.

Data matrix

To manage these variables in practice,
a structured data matrix can be used
to quantify and correlate the govern-
ing elements of the welding process.
Electrical input, thermal response, po-
sitional effects, atmospheric stability,
cooling behavior, and phase balance
are analyzed as an integrated system.

In super duplex welding, microstruc-
tural outcome is dictated by the inter-
action between heat input, interpass
temperature, cooling trajectory, and
atmospheric stability.

Geometry and pass control

Location on pipe - captures positional
effects on molten pool behavior, cool-
ing rate, arc dwell time, and localized
heat accumulation. Positional variation
can influence ferrite response and
transformation kinetics.

Pass type (root, hot pass, fill, cap) -
tracks discrete thermal events and
cumulative reheating. Multi-pass weld-
ing directly affects time spent within
temperature ranges where intermetal-
lic precipitation may occur.

Thermal window control

Four reference temperatures define

the operating range:

* Minimum allowable interpass tem-
perature

* Pre-weld interpass temperature

* Post-weld interpass temperature

* Maximum allowable interpass tem-
perature

Together, these establish the con-
trolled thermal window within which
phase balance must be preserved.
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Additional thermal indicators include:
AT (pre- to post-interpass change)
- reflects heat stacking rate.

Cooling time between passes - cor-
relates with austenite reformation and
exposure to sigma formation ranges.
Surface condition and root oxidation -
confirm purge effectiveness and corro-
sion-relevant surface chemistry.

Atmospheric stability

* Pre-weld oxygen level (PPM)

* Post-weld oxygen level (PPM)

* Shielding, backing, and trailing gas
flow rates

These variables correlate purge per-

formance with root condition, nitrogen

retention, and corrosion resistance.

Electrical and energy input
* Average amperage

* Voltage

* Time at arc

* Travel speed

* Weld length

Heat input is normalized as:
Energy (J/in.) = (Volts x Amperes x
Time) + Weld Length

Normalization enables direct compar-
ison of energy density across welders
and positions and supports correlation
between heat input, ferrite response,
and cooling behavior.

Execution indicators

Number of starts and stops - reflects
localized reheating events that may
influence phase balance and interme-
tallic exposure.

Conclusion

When ferrite measurements and cor-
rosion performance are evaluated
alongside these variables, welding
moves beyond procedural compliance
to disciplined phase control.

In super duplex fabrication, perfor-
mance ultimately depends on preserv-
ing phase balance under controlled
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thermal and atmospheric conditions.
Achieving this outcome requires care-
ful management of heat input, inter-
pass temperature, cooling behavior,
and purge stability throughout the
welding thermal cycle.
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