
Introduction

The welding of titanium and zirconium is both interesting 
and challenging. Both alloys have a strong affinity for 
oxygen, nitrogen, and hydrogen at elevated tempera-
tures. Oxygen and nitrogen act as interstitial strength-
eners in the alpha phase, increasing strength and 
hardness while reducing ductility; excessive absorption 
can lead to embrittlement. Zirconium behaves similarly 
and is particularly sensitive to hydrogen from moisture 
sources. Because of this reactivity, titanium must be 
protected from atmospheric exposure until the weld 
and adjacent heat-affected zone cool below approx-
imately 800°F (427°C), while zirconium requires inert 
shielding until the surface temperature drops below 
approximately 600°F (315°C).

For titanium, depending on whether the application 
is general fabrication or ultra-critical service, interpass 

temperature is often limited by procedure, with many 
high-integrity practices aiming for a maximum of 
200–250°F (93–120°C) to reduce diffusion exposure 
and grain growth. Zirconium applications use similarly 
conservative limits, with additional emphasis on 
contamination and moisture control.

With respect to atmospheric purity, titanium welding 
procedures may require shielding gas containing 
no more than 20 ppm oxygen along with stringent 
dew point control. Zirconium welding demands even 
higher purity and extremely low moisture levels, 
often with impurity limits in the low ppm range and 
dew points near −60°F (−51°C), reflecting zirco-
nium’s sensitivity to hydrogen pickup from water 
vapour dissociation. 

During welding, the base material should begin 
near ambient temperature, and both minimum and 
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4Trailing shield and backing config-
uration extending inert gas coverage 
beyond the arc zone to protect the 
heat-affected region.
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maximum interpass temperatures must be controlled. 
Heat input—calculated in joules per millimetre (J/mm) 
or kilojoules per inch (kJ/in)—must remain within 
a defined window to limit grain growth, diffusion 
exposure, and microstructural coarsening.

When welding titanium and zirconium, oils, greases, 
moisture, and other organic contaminants must be 
completely removed prior to welding. Under arc tem-
peratures, hydrocarbons and water vapour dissociate 
into elemental species that can be readily absorbed 
into the molten weld pool. Oxygen, nitrogen, and 
hydrogen then occupy interstitial lattice sites within 
the crystal structure, altering mechanical properties 
and potentially degrading performance.

Atmospheric Stability During Thermal Cycling 

When welding Zr702 zirconium and Grade 2 titanium 
under comparable conditions, the differences become 
clear. Titanium, when properly shielded, typically 
produces a clean silver weld with minimal visible 
oxidation. Zirconium—particularly in thin-wall config-
urations such as 2-inch Schedule 10 pipe—can be far 
more demanding.

Zirconium’s higher thermal conductivity allows heat 
to diffuse beyond the immediate fusion zone and 
locally shielded heat-affected region. In practice, 
this resembles welding aluminum: the surrounding 
material heats more broadly than expected, and the 
area requiring atmospheric protection extends well 
beyond the arc. The welder is not simply protecting 
the molten puddle, but a wider thermal envelope 
that remains reactive during cooling.

Under these conditions, conventional purge practices 
may exhibit inherent limitations. Even when oxygen 
levels are acceptable prior to welding, purge condi-
tions can become unstable during the thermal cycle. 
Thermal expansion, pressure shifts, turbulence, and 
moisture evolution may compromise atmospheric 
control. External shields provide localized arc cov-
erage but do not physically define or stabilize the 
broader atmospheric boundary.

The result is a structural vulnerability: protection can 
degrade during critical cooling intervals, even when 
arc parameters and interpass temperatures remain 
within specification.

 

Thermal Discipline and Data 

In structured training environments, welding of titanium 
and zirconium pipe is approached in a data-focused 
manner. Energy may be introduced up to a defined 
maximum interpass temperature, then allowed to cool 
within procedural limits before additional energy is 
applied, provided the thermal ceiling is not exceeded. 
The objective is to control grain growth, limit diffusion 
exposure, and reduce the time the material remains 
within its reactive temperature window.

With reactive metals such as titanium and zirconium, 
welding is a thermal event that alters microstructure, 
diffusion behavior, and susceptibility to interstitial 
absorption at elevated temperatures. By collecting 
data and working within defined thermal boundaries, 
the welder regulates energy input rather than relying 
on amperage by feel.

When welding a phase-balanced alloy such as super 
duplex stainless steel, the discipline shifts from reac-
tive exposure control to phase stability. The concern 
is not only peak temperature, but preservation of fer-
rite–austenite balance and avoidance of deleterious 
intermetallic phases. Welding must remain within a 
defined thermal window that governs both maximum 
interpass temperature and cooling trajectory.

In all cases, energy control is central: in titanium and 
zirconium, it governs reactive exposure and grain 
stability; in super duplex, it governs phase balance 
and transformation behaviour. The common thread 
is disciplined thermal management guided by mea-
sured data rather than subjective execution.

DATA Matrix

To manage these variables in practice, a structured 
data matrix is used to quantify and correlate the gov-
erning elements of the process. Rather than evaluat-
ing parameters independently, electrical input, ther-
mal response, positional effects, atmospheric stability, 
and cooling behaviour are analyzed as a coupled 
system. The matrix records the following variables: 
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Geometry and Pass Control

a)	 Location on pipe – captures positional effects on 
molten pool behaviour, cooling rate, arc dwell 
time, and heat accumulation.

b)	 Pass type (root, hot pass, fill, cap) – tracks discrete 
thermal events and cumulative reheating.

Thermal Window Control

Four reference temperatures define the operating 
range:

a)	 Minimum allowable interpass temperature  
(if specified)

b)	 Pre-weld interpass temperature (baseline)
c)	 Post-weld interpass temperature  

(thermal accumulation)
d)	 Maximum allowable interpass temperature (limit)

Together, these establish the controlled thermal 
window.

Additional thermal response indicators include:

a)	 Pre-to-post interpass temperature change (ΔT)
b)	 Cooling time between passes
c)	 Oxide coloration

These reflect heat stacking rate, reactive exposure 
duration, and practical confirmation of thermal and 
atmospheric control.

Atmospheric Stability

a)	 Pre-weld PPM – establishes oxygen baseline  
prior to arc initiation

b)	 Post-weld PPM – verifies boundary stability  
during heating and cooling

c)	 Shielding, backing, and trailing gas flow rates 
– correlate purge performance with measured 
oxygen levels

Electrical and Energy Input

a)	 Average amperage
b)	 Voltage
c)	 Time at arc
d)	 Travel speed
e)	 Weld length

Heat input is normalized as:

Energy (J/in.) = (Volts × Amperes × Time) ÷ Weld Length

This allows direct comparison of energy density 
and translation of machine settings into effective 
thermal loading. 

4 Purge chamber assembly defining a localized inert cavity 
adjacent to a pipe weld joint, maintaining atmospheric 
stability during heating and cooling.
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Execution Indicators

a)	 Number of starts and stops – reflects localized 
reheating events

These principles define the framework, and their 
implementation requires appropriate atmospheric 
control tools.

Practical Implementation of Boundary Control

By integrating geometry, heat input, interpass tem-
perature, atmospheric stability, and time-dependent 
response, welding transitions from parameter control 
to boundary governance. Reactive-metal welding 
is not simply arc control; it is the management of a 
thermally expanding environment that must remain 
chemically stable throughout heating and cooling.

In practice, these boundary-control principles may be 
implemented through physically defined purge cham-
bers, high-integrity trailing shields, or other systems 
designed to stabilize the inert atmosphere during both 
heating and cooling. Systems applying these principles 

include the PurgX Pro Series Purge Chamber Systems 
and trailing shields produced by Argweld.

Regardless of configuration, the governing require-
ment remains unchanged: atmospheric stability 
must be preserved throughout the entire reactive 
thermal cycle.
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Elevate your projects with the latest in welded steel 
construction standards.  

Order your hard copy of the New CSA W59 - 2024,  
the definitive guide for metal arc welding.
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Call 1-800-844-6790  
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stay ahead in the field of welded steel construction.

Order Now  
and Lead with Excellence!

067SUMMER 2026 |         

https://www.cwbgroup.org/store

