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Abstract

Single-pass autogeneous welding by 10kW laser of API 5LX X60 pipeline
samples, of 760mm diameter and with wall thickness up to 19mm, in a
configuration appropriate to J-lay operations, is described. The results of
mechanical testing, including Charpy impact properties and their dependence
on process conditions, are presented and discussed.
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Introduction

Present off-shore pipe-laying operations utilise a barge on which the
horizontal pipe-lengths being joined are passed through several stations
where arc-based welding passes (with filler) are sequentially carried out.
The welded pipe, as it passes off the end of the barge and down to and along
the sea-bed, has a shape which gives the method its name, the S-laying
technique. In the near future, and particularly in deep water, it is
anticipated that increasing use will be made of an arrangement whereby
pipes, supported vertically, are joined on the barge and passed down to the
sea-bed in a J-shaped curve. Sequential welding in a number of stations is
clearly now less attractive and the industry is interested in alternative
welding processes which could, in a single station, maintain high
laying-rates whilst de-skilling and improving quality of welding. The
industry is therefore actively investigating 'new' processes such a
flash-buttl, friction2, electron-beam? and laser welding.

The objective of this paper is to report some of the results from
laboratory-based experimental investigations of the laser welding of X-60
pipeline steel in diameters up to 760mm and wall thicknesses up to 19mm.
The emphasis here is on the characteristics and properties in single-pass,
autogeneous welds carried out with the pipe axis vertical.

Experimental Programme

Figure 1 shows the Culham CL10 10kW laser installation. The laser"* is a
transverse-flow, DC electrically-excited device. It consists of two modules
arranged end-to-end to permit operation with an unstable resonator, of
magnification M=3, containing a single roof-top fold. Much of the work
described here was performed shortly after the initial commissioning of the
laser when it was fitted with a zinc-selenide window. It was subsequently
found that thermal lensing of that window was causing optical degradation
of the beam and it was replaced by an aerodynamic window yielding
significant improvement in weld penetration capability?>.

The laser output beam is approximately 45mm diameter and can be switched
to any one of three workstations. Workstation 1, shown on Figure 1, was
used for much of the present work and is a compact enclosure containing a
fixed focus head which can be oriented to permit downhand or sidehand
welding on flat coupons, or sidehand welding on pipe-samples which are
rotated about a vertical axis on a large turntable. The second workstation,
used in later phases, enables workpieces up to 1 tonne to be manipulated in
three axes and the beam delivery system permits welding at any attitude.
These arrangements thus permit assessment of J-lay positional welding
without the expense, at this stage, of carrying the laser beam around a
fixed pipe. In workstation 3, also used Tater in the programme, the beam is
directed down the axis of a large lathe faceplate and then deflected by
mirrors, first radially outwards and then axjally again before being focused
radially inwards on to a fixed pipe sample which is mounted on a tailstock.
This arrangement permits assessment of positional welding in S-lay
configuration before building optics capable of delivering the beam around a

pipe of effectively infinite Tlength.

In this programme the metal mirror focus units used were all of the
folded, off-axis Cassegrainian type, most of the work being carried out at
f/8 and with focus position chosen to give maximum penetration. Standard
Culham gas shrouding® was used for all welding. This provided helium
control of the plasma plume above the workpiece and helium shrouding of the
cooling outer bead so that smooth, uncontaminated welds could be produced
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routinely. Weld disruption reported in earlier work’ was not seen. Filler
wire, used in later phases, could be fed to the interaction point on the
'‘upstream' side and at approximately 45° to the beam using the technique
developed at Culham previously®.

The pipeline used was to API 5LX X60. Although it has the rather broad
chemical specification shown in Table 1, the material is a high strength,
microalloyed, controlled-rolled steel of minimum tensile strength 517 MPa and
minimum yield strength of 413 MPa. The analysis of the material used is also
given in Table 1.

The present pipes, which had a microstructure of banded ferrite/pearlite
with a grain size of approximately 5pum, were of 760mm outer diameter, 19mm
wall and contained a longitudinal submerged arc seam weld. Test pieces of
lower wall thickness were achieved by machining the pipe bore. Excess wall
thickness due to the longitudinal seam weld reinforcement was removed by
local hand grinding, and prior to welding the pipe surfaces either side of
the joint were dressed to remove surface oxide and contamination. Typically
two pipe pieces, each 225mm long and having their longitudinal seams
displaced at 180°, could be aligned with respect to each other to average out
their non-circularity and yield surface mismatch less than lmm. They were
pulled together by tie bars passing through steel end plates, the assembly
being internally flushed with helium before and during welding.

Welding was carried out with approximately 11kW at the work, and with
welding speeds of 6mms-!, dropping to 5mms-! at the overlap which extended
for approximately 75mm. At the start and end of the weld, beam power was
ramped over a time of approximately 20 seconds. The time to weld a 760mm
pipe was thus approximately 7 minutes.

Results and Discussion

The following discussion is based on a large number of weld trials carried
out on flat coupons and pipe samples. However, many of the detailed test
results arose through examination of six particular pipe samples, three each
of 17mm and 19mm wall thickness. These samples were destructively tested
according to Section 2.6 of the API Standard 1104 which concerns qualification
of welding procedures for butt joints in pipeline. Additionally they were
assessed by metallography and radiography and for Charpy impact toughness.

Penetration and Weld Cross Sections

For a given beam power, as welding speed is steadily decreased, laser weld
penetration increases to a limiting value and may then indeed start to
decrease again. At these slow speeds, there is significant growth of the
plasma plume above the keyhole which absorbs beam energy and conducts heat to
the sides of the weld to make it broader, shallower and less parallel sided.
Again for a given beam power, better penetration is achieved for higher beam
intensities (smaller focused spots) and for optimised plasma control. Indeed
it seems likely that the two are related since, as has been noted for
non-vacuum electron beam sources?, a more finely focused beam may create a
hotter channel so that equilibrium pressure can be achieved by higher
temperature and therefore lower density of the absorbing species.
Nevertheless additional means of plasma control are normally required and the
growth of the plume may be controlled by directing at it a jet of inert gas
having high ionisation potential (such as helium) and having flow and
pressure distributions which assist in the formation of the keyhole and in
convective cooling of the plasma. In particular at slow welding speeds
careful adjustment of plasma control is necessary.
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These comments are particularly relevant to the single pass welding of
19mm wall thickness. It was found that, with a ZnSe window on CL10, the
1imit of penetration with 1lkW at the work was approximately 19mm at a
welding speed of 5§ to 6émms™!. That is, although full penetration welds were
achievable, (i) the inner beads were less full than desirable and (ii)
substantial plasma broadening of the weld crown occurred. These features are
shown on Figure 2 where it is seen that the tapering cross-section imposed an
alignment accuracy tolerance of approximately +0.25mm. Operation near the
penetration 1imit left 1ittle spare capacity for coping with effective
increases in section thickness arising from surface mismatch or weld closure
where the beam had to over-run the reinforcement of the weld start. The
situation was considerably eased in the case of the 17mm wall thickness, and
Figure 3 shows a typical weld cross section.

The sidehand weld of Figure 3 shows evidence of slumping of the crown
under the influence of gravity. We make the simplified assumption that on
the pipe surface the melt is bounded by a hemispherical skin of diameter d
equal to the crown width and that to avoid drop-out the maximum hydrostatic
pressure in the melt, pgd, must be balanced by the average surface tension
pressure which has a maximum value ndy/” mdZ2.

melt density, 8 x 103kgm~3

surface tension, 1.8 Nm-1
acceleration of gravity, 9.8ms-2

Therefore d2 < 4y/pg, where

nonn

p
Y
9

The numerical values predict d < 9.6mm which is in remarkably exact agreement
with the observed bead width. Although there is evidence of slumping, it did
not result in undercutting of the weld crown.

Defects

Self consistent observations by radiography, metallography and visual
inspection revealed four defect types, most of which are believed to be
associated with operation close to the penetration limit. These were: local
disruption of the weld crown, lack of penetration at the root, undercutting
at the root, and microporosity. The first occurred in a few instances when,
for example, the finely-adjusted gas jet suffered thermal damage so that the
gas flow was deflected and displaced molten metal. Additionally, it was
noted that the metal flow characteristics were rather different when the
girth weld passed through a Tongitudinal weld. The effect, presumably
associated with local compositional variation, requires further
investigation; chemical analysis of the longitudinal seam weld revealed an
oxygen level of 500ppm which experience suggests can give problems in eb and
laser welding. Lack of penetration at the root was clearly a result of
operating with insufficient spare capacity. Undercutting at the weld root
probably had a similar origin, but it may have been exacerbated by a build up
of slight over-pressure within the clamped assembly during welding. The
observed microporosity can be classified under two categories: (i) on-axis,
often located close to the weld root, with typical pore diameter 0.5mm,
predominantly found in welds of rather marginal penetration; (ii) scattered
but often located on the fusion boundary, typical pore diameter 0.2mm, widely
encountered by metallography. Both categories are characteristic of the
laser welding process. The first is almost certainly associated with the
solidification of an unstable, blind or near-blind keyhole and is largely
absent in welds having generous penetration and a well-vented keyhole. In
the present work, intermittent penetration in places in the 19mm material Ted

to a corresponding distribution, on the radiographs, of pores having avera?e
separation approximately 5mm; on the other hand, radiographs of welds in 1/mm

material which had full penetration showed a negligble frequency of this
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porosity. During ramp-out the weld keyhole must become blind and in this
work its instability resulted in micropores on the locus of the withdrawing
root. The microporosity of the second category is encountered in the high
intensity laser welding of different materials, including Zircaloy®, and its
origin is not at present well understood; its fine scale suggests that its
effect on mechanical properties will be minimal.

Tensile, Nick-break and Bend Tests

Test specimens were taken from each quadrant of each of six sample welds.
The tensile specimens were machined to the specification test width of 25mm
over approximately 230mm of their length; the original pipe surfaces were
left as welded i.e. the specimens retained the weld reinforcement at the root
and crown of the weld. In all cases fracture occurred in the pipe material
with a fracture profile typical of that found in hot rolled plate. The
average values of UTS and elongation were 559MPa and 15% respectively, i.e.
within X60 parent plate specification.

The nick-break specimens were of similar size to the tensile specimens,
and were saw-notched at the weld centre-plane on three faces before being
broken. A1l but one of the 24 specimens fractured on the weld axis. The
fracture surface showed complete penetration and fusion as required by the
specification. Some microporosity was seen as noted above.

In the case of the side-bend test, two specimens were taken from each
quadrant. They were 12.7mm wide x 230mm long and were bent through 180°
around a plunger of 25mm radius. In only two out of the 32 specimens the
test revealed defects, associated with lack of fusion at the root of the
weld, and of depth approximately 1.6mm which 1ies within the specification
maximum defect size of 3.17mm.

Microstructure and Hardness

The micro?rapn shown in Figure 4 is of a weld in 17mm wall thickness
(11kW, 6mms=!) and is fairly typical. The microstructures were largely of
ferrite with aligned MAC!0 and some grain-boundary ferrite, ferrite-carbide
aggregates and martensite. Not surprisingly, the parent plate inclusion
morphology is greatly altered in the weld. The prior fine stringers,
elongated in the rolling direction, have become spherical in the weld melt.

Vickers hardness measurements were carried out in the weld, heat-affected
zone (HAZ) and parent plate. In the weld and pipe the indentor loads used
were 10 and 30kg, and in the HAZ the loads were 5 and 10kg. The results are
presented in Table 2 where it is seen that representative average values of
hardness in weld, HAZ and parent are 267, 224 and 188HV respectively. In
view of the high quench rates associated with the low heat input of the welds
(nominally 2kdmm—1!), the value of 267HV does not appear excessively high.
However, it lies in a hardness range where careful consideration is required
of the possible susceptibility of the weld to stress corrosion and hydrogen
induced cracking in an H,S environment ('sour-gas' condition).

Impact Resistance

Two pairs of standard 10mm x 10mm Charpy V notch specimens were machined
transverse to the weld from each pipe sample, one of the pair having the
notch in the weld and the other in the HAZ. All notches were cut normal to
the plate surface, and the testing was carried out at 21°C. The results are
given in Table 2 where it is seen that there is a large amount of scatter on
the values for the weld region. The distribution shows the most probable
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value Ties in the range 50-54J which is taken as representative.. There is
proportionately less scatter in the values for the HAZ,-and that distribution
shows the most probable value in the range 110-114J. Also given in Table 2
are impact energies for the parent plate where, in relation to the rolling
direction, the specimen was oriented (i) transverse i.e. the fracture was
longitudinal, (T-L) and (ii) conversely, (L-T). Very consistent results were
obtained from several specimens and the representative values were 86J and
121J respectively.

Further sets of specimens were taken from the 17mm pipe weld No. 222 in
order to establish ductile/brittle transition curves for the weld and HAZ.
The results are shown in Figure 5 together with those for a weld sample after
it had received post weld heat treatment (PWHT) at 700°C for 30 minutes. The
figure shows also the line for the parent plate L-T and T-L data. In some of
the specimens, the fracture deviated out of the weld zone and the resulting
high impact energies have not been plotted. The weld metal curve shows
impact energy falling from approximately 50J at 21°C to 25J at -10°C. For
comparison, it is reported3 that the specification for the pipeline from the
Frigg Field to Scotland called for 40J at -10°C. The PWHT has improved the
weld considerably and approximately 55J is achieved at -10°C. The HAZ
results appear highly satisfactory, 40J being attained at -60°C. However,
the thermal cycle is not very practical from a production point of view and
it would also cause down-grading of the parent material.

A short investigation was carried out to determine the potential for
improving toughness by control of microstructure via the higher cooling rates
obtainable at higher welding speeds. Laser melt runs were carried out at
9.2kW in flat coupons of the same composition, for thicknesses of 12.5mm and
16.5mm, and at speeds of 4, 8 and 15mms=!. Plasma broadening of the weld
crown at slow speed meant that the shape of the weld cross section changed
strongly over the speed range and quantitative estimates of the variation of
cooling rate were difficult. Nevertheless, the microstructures showed, with
increasing speed, a higher degree of refinement, decrease in pro-eutectoid
ferrite, and increase in martensite. The Charpy transition curves are shown
in the left hand side of Figqure 6. Again there is considerable scatter, and
results in which the fracture deviated have not been plotted. The lines on
the figure are sketched to illustrate the trends where it is seen that for a
given speed somewhat higher impact values are obtained in the thinner plate
and that for both plates, there is a strong improvement with higher welding
speed. The right-hand side of Figure 6 shows the variation of impact energy
at 0°C, derived from the lines on the left, with welding speed. Also plotted
is the weld centre-line hardness measured with a 5kg load. Both properties
increase together, in agreement with experience of electron-beam welding of
pipe-line steels3.

Conclusions

This paper has concentrated on describing a welding programme which
utilised the CL10 laser prior to full optimisation of its output beam
quality, and on reporting the properties of pipe welds carried out in J-lay
configuration. In particular, six pipe samples of 760mm diameter and of wall
thickness 17mm and 19mm were produced by single pass welding with 11kW and
émms~1; these underwent destructive testing and fulfilled successfully the
requirements of Section 2.6 of the API 1104 specification which concerns the
qualification of welding procedures for pipeline. Nonetheless, operation
less close to the penetration limit would have been preferable since observed
features such as root microporosity and intermittent penetration would have
been almost certainly avoided. A more detailed study is required to
establish tolerance boxes for the range of process variables; this would
permit more accurate prediction of power/thickness relationships. It should
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be remembered however that for thick section joining, the present
unavailability of very high power laser units may mean that single pass
autogeneous welding is not the most appropriate technique, and that
multipass, narrow-gap welding may be more suitablell. The present programme
has identified a need for some process refinement in aspects such as beam
ramp-out, and the intersection of the longitudinal pipe seam by the
circumferential weld. A more fundamental issue is that of weld impact
toughness. The trends seen are in broad agreement with published work on
electron- beam welding of pipeline3, viz. toughness increases with decreasing
weld width but there is a corresponding increase in hardness which may be
unacceptable from the point of view of stress corrosion and hydrogen induced
cracking. Clearly there is scope for further work, for example introducing
automatic wire feed to control microstructure or, less desirably from a
production view point, altering the chemical specification of the parent
plate. The present results indicate that HAZ toughness is unlikely to be a
limitation in the use of filler. Whilst discussion of production
implementation is outside the scope of this paper, it is clear that careful
engineering is needed of the marinised Taser (or lasers), optimised beam
delivery system and pipe clamp capable of giving the appropriate precision,
automated control system (ideally with process feedback), and finally fast
NDT of the joint. Against this can be set the potential, demonstrated we
believe by this present programme, for the laser to create high integrity
welds, without ‘'upset' or need for vacuum, and at a speed relevant to the
industry.
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