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A high-power fiber laser was used in conduction mode in combination with gas metal arc welding to modify the weld thermal
cycles and lower the cooling rate. This will be very useful in reducing hydrogen-cracking sensitivity in critical welds, particularly
in hyperbaric welding where there is a high cooling rate due to the high pressure and a moist environment. The experimental
results indicate that the laser provides effective post-weld heating with the potential of extending weld cooling time by over
200%. It also increases the time the weld stays over a critical temperature, which will favour a high hydrogen diffusion rate.

INTRODUCTION

Underwater welding in an environment of inert gas at elevated
pressure is referred to as hyperbaric welding and is used for
high-quality installation and repair of offshore steel structures
(Richardson et al., 2010). Hyperbaric welding projects executed
by petroleum companies to date are diver-assisted and have been
implemented at relatively shallow water depths by using the
semi-automated Gas Tungsten Arc Welding (GTAW) process
(Branch, 2011).

The increasing exploitation of deep-water oil and gas fields
has elicited the need for cost-effective solutions to equipment
installation and repair in increasingly remote offshore environments.
This cannot be achieved with the current hyperbaric GTAW system,
because GTAW has been shown to become increasingly unstable
beyond 300 m (Richardson et al., 2010). This, as well as ensuring
the safety of operating personnel and the environment, has driven
research efforts towards the development and implementation of
diverless or remotely- operated hyperbaric welding.

Hyperbaric Gas Metal Arc Welding (GMAW) has been developed
at Cranfield University over the past decade. Welding procedures
were qualified by using simulated conditions in the university’s 250
bar hyperbaric chamber. GMAW is fully demonstrated for orbital
V-groove welding up to a water depth of 2500 m (Richardson et al.,
2002). The process has been selected as the initial technology for
sleeve repair of pipeline for operation up to 1000-m water depth
(Akselsen et al., 2009). A field trial in a Norwegian Fjord, which
was carried out at a sea depth of 370 m and 940 m for hot tap and
sleeve repair applications, respectively, has proved the robustness
of the process (Physorg.com, 2011). It was followed by the first
completely remotely-operated hot tap installation on a live gas
pipeline, without the pipeline being produced in advance. This
feat was achieved by Statoil when a tie-in point was welded on
to the Asgard B production flow line at a water depth of 265 m
(Statoil, 2012).

However, as water depth increases, there is corresponding increase
of gas density in the welding habitat due to elevated pressures
(Sengers, 1965). This accelerates heat extraction from the weld
pool due to higher thermal diffusivity, resulting in faster cooling
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with increased susceptibility to hydrogen-assisted cracking (HAC).
Maintaining heat in the weld pool is vital to avoid such cracking
tendency, especially as moisture pick-up may be unavoidable during
hyperbaric welding. This will extend the weld pool solidification
and cooling time, thereby allowing more time for absorbed hydrogen
to escape before its diffusivity within steel gets sufficiently reduced
and it cannot escape.

The GMAW process performs significantly better than other arc
processes at higher ambient pressure, because it is less sensitive to
variations in pressure that influence the arc length (Fostervoll et al.,
2011). However, it is limited in achieving higher heat input as it
is operated at a short arc length of the order of 1 mm to 2 mm,
which is characterized by low heat input (Richardson et al., 2010;
Fostervoll et al., 2011). Also, traditional dip transfer mode in which
hyperbaric GMAW is operated generates much spatter that may
affect weld quality.

This paper is aimed at exploring Cold Metal Transfer (CMT),
which is a state-of-the-art variant of GMAW, to enable spatter-free
weld metal deposition. The application of a laser in conduction
mode as an external heat source is solely to provide additional heat
input to lower the weld cooling rate, as CMT is a relatively low
heat input process. The laser beam can be delivered through optical
fiber from a surface vessel to the welding habitat. The approach
involves using a defocused laser beam or a laser beam at a lower
power density (∼103 Wmm−2), which will not cause any material
vaporization, in combination with the GMAW process. Laser
welding in a hyperbaric environment was reported by Shannon
et al. (1997). The study indicates that it may be difficult to weld in
the keyhole regime at elevated pressures due to beam attenuation
caused by energy absorption by the plasma and plume formed,
which may lead to collapse of the keyhole. However, this is not
likely to be a problem when welding in conduction mode since the
power density is low and there is no material vaporization.

The presented work was carried out to optimize the laser
parameters at one atmosphere condition before evaluating them
under hyperbaric conditions. It focuses on establishing the effects
of laser processing parameters on the weld metal cooling time at
one atmosphere condition. Therefore, the fundamental objectives
were as follows:

1. Evaluate the heat input and cooling time of a weld metal
deposited by the CMT process. In this study, bead-on-pipe welding
was carried out on X65 pipeline steel. The resulting thermal cycle
was measured by inserting thermocouple in the weld pool.

2. Perform laser-assisted CMT welding on the same material
and evaluate the effect of the laser on the resulting thermal cycle




