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Steel welding using induction heating to produce pipelines is found to have lower toughness at

the weld junction than the base material, even after a heat treatment which reaustenitises the weld

zone. Detailed crystallographic characterisation indicates that the poor toughness is due to the

crystallographically coarse grains present after welding; the coarse scale is not visible using just

optical microscopy. The post-weld heat treatment does not improve the situation at the weld

junction, because the detrimental crystallographic characteristics are reproduced on cooling.
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Introduction
High frequency induction heating is often used for
brazing difficult alloys of iron1,2 and for the welding of
steel pipes.3–5 This process enables high productivity in
manufacturing pipes with different dimensions, without
using any welding consumables.6 The classical X60, X65
and X70 linepipe steels7–9 can, by using induction weld-
ing, be manufactured into pipes of 18 m in length, 0?5 m
in diameter and 13 mm in thickness, for further connec-
tion into long distance conduits for natural gas or oil.10

An important parameter in ensuring the structural
integrity of welded pipes which serve in difficult environ-
ments is toughness, which must be adequate across all of
the zones influenced by the welding.11–16

In this work, the authors investigate a pipe induction
welding process in which a narrow central zone with a
coarse microstructure is formed at the weld junction.
There is no external cooling exerted on the pipe after
welding; cooling of the welds before heat treatment is
mainly due to the conduction between the narrow
heated region and the rest of the pipe. To refine the
resulting coarse microstructure, the welding is followed
by cooling to room temperature and then by an
induction heat treatment where the steel locally achieves
a fully austenitic state at the peak temperature. The Ae3

temperature of a typical X65 steel grade X65 is around
880uC.8,17 The peak temperature in this heat treatment is
set well above Ae3 given the very high rate associated
with induction heating, typically 100uC s21.

Although the toughness of the welded region
improves as a consequence of this treatment, the
increase is not as large as might be expected from the
reduction in the scale of the final microstructure, as is

evident in Fig. 1, particularly at the location of the weld
junction. One possibility is that although the optical
microstructure is refined by the heat treatment, the
crystallographic grain size is not.18–21 The purpose of the
present work was to investigate this scenario using the
electron backscatter diffraction (EBSD) technique.22–25

Experimental procedure
The steel, which falls into the X65 category, has a chemical
composition of Fe–0?041C–1?1Mn–0?18Si–0?032Al–
0?0053N, microalloyed with Nb and V. The pipe was
seam welded in a solid state induction process in which the
butting edges of the pipe are pushed together while they
are hot and plastic, thus giving rise to flow which expels
undesirable oxides from the weld, and at the same time
leads to a metallurgical bond by breaking the interfaces
between the edges. After welding, it is induction heat
treated. Details of the heat treatment are proprietary, but
it involves rapid heating to above a temperature at which
austenite can form, and subsequent fast cooling.
Specimens were obtained before and after the post-
welding heat treatment. All the samples were cut normal
to the welding direction which is parallel to the rolling
direction, which in turn is parallel to the pipe axis.
Samples were then ground using sand paper, polished with
diamond paste and finally finished using colloidal silica.
The sample surfaces for analysis are illustrated in Fig. 2.

A Camscan MX2600 scanning electron microscope
equipped with a field emission gun and an EBSD system
was used in conjunction with HKL Channel 5 software.
The orientation images were taken at an operating
voltage of 25 kV, a working distance of 30 mm and a tilt
angle of 70u. EBSD scans were conducted using a step
size of 0?2 mm. All the pole figures reported here are
equal area stereographic projections.

A Philips PW1820 X-ray diffraction goniometer with
Cu Ka51?5406 Å radiation was used for continuous
scanning with scan step time of 12?5 s at the step size of
2h50?05u on the weld junction.
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Cross-weld microhardness measurements were carried
out on an as welded sample and the sample after post-
welding heat treatment using a Mitutoyo microhardness
tester with a load of 200 gF and dwell time of 10 s. The
microhardness was measured at every 150 mm interval.

Results and discussion
The distributions of microhardness of the as welded
sample and heat treated sample are shown in Fig. 3
respectively. The origin of the X-axis corresponds to the
centre of the weld junction. After post-welding heat
treatment, hardness is more uniformly distributed across
the weld.

It is noted here that as expected from the lean
chemical composition of the steel, retained austenite was
not confidently detected in the final weld by EBSD
scanning using a small step size of 200 nm. The X-ray
diffraction patterns in Fig. 4 confirm the absence of a
detectable quantity of austenite.

The induction welding process involves the upsetting
of the two parts being joined in order to expel a certain
amount of steel; this helps make a clean joint free from
inclusions. Nevertheless, the possibility of oxides at the
weld junction was investigated using extensive optical
and scanning electron microscopy. These experiments
did not reveal any role of inclusions in determining the
impact properties at the junction. Broken Charpy
samples from the weld junction were also examined
because there is a better chance of detecting significant
initiating features, but this led to the same conclusion. A
typical fracture surface of the sample after post-weld
heat treatment, failed at the weld junction at 240uC, is
shown in Fig. 5. Indeed, the fractography was not
particularly different when compared with samples far
from the weld junction when the comparisons were
made for the same quasi-cleavage mode.

Figure 6 shows a ferrite orientation image from a
region 3 mm away from the weld junction, i.e. with
crystal orientations unaffected by the welding process.
The steel is textured, as illustrated by the {100} pole
figure. However, when the pole figure is constructed for
a region y20 mm2, corresponding to the size of typical

a as welded condition; b welded and heat treated
1 Charpy impact test energy as function of temperature:18 ‘J’ designates weld junction, and when used on its own,

Charpy notch is located at fusion surface; ‘Jz1’ represents case where notch is 1 mm away from junction

2 a orientation of as welded sample relative to steel proces-

sing directions: top and bottom line is near outer and

inner surfaces of pipe respectively, while middle line is in

mid-thickness of pipe, b orientation of Charpy specimen

and c joint segment after post-welding heat treatment
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fracture facets on low temperature Charpy tests,18 it is
clear that there the ferrite grains within this region have
a large range of orientations. Since one of the important
factors influencing the absorption of energy during
cleavage fracture is the deflection of propagating cracks
across grain boundaries, such a texture bodes well for
toughness, consistent with the baseplate data illustrated
in Fig. 1.

The situation changes dramatically in the affected
regions of the weld. Figure 7 shows the ferrite crystal
orientations as a function of the distance from the weld
junction, with the scan conducted along the bottom of
the joint, i.e. near the inner surface of the pipe (Fig. 2a).
The coarse crystallographic grain size in the vicinity of
the weld junction is apparent from the large clusters of
grains which have a similar colour coding. The overall
texture both in the region 1 mm away from the junction
and in its close proximity is much sharper (cf. Figs. 6b
and 7b). The coarse crystallographic grain size accounts
for the poor toughness recorded from Charpy tests20 of
as welded samples conducted on these regions (Fig. 1).

The results from the sample post-weld heat treated are
presented in Fig. 8. Bearing in mind that the weld region
becomes fully austenitic and then is cooled to ambient
temperature, it might be expected that the microstruc-
ture refines and achieves better mechanical properties.
Although at first glance, the refinement may appear to
have happened, the crystallographic data indicate
otherwise. The texture in the region (i) y1 mm from
the junction has weakened relative to the as welded
state, and hence the considerably improved Charpy
energies (Fig. 1b). However, the region adjacent to the
weld region (ii) still exhibits a strong texture, and the

typical result illustrated for region (iii) indicates that the
orientation differences between the grains within the
20 mm interval regions are very small. Hence, the post-
weld heat treatment does not result in an improvement
of the low temperature Charpy energy (Fig. 1b).

The {100} plane is the cleavage plane of BCC iron
crystal,26,27 so a high density of {100} planes parallel to
rolling direction should lead to a lower fracture energy.
It is useful therefore to examine the distribution of {100}
planes relative to the geometry of the Charpy test. The V
notches of the samples were consistent with standard
industrial practice, machined to be parallel to the rolling
direction. It is relevant that Fig. 9 shows the distribution
of {100} poles relative to the transverse direction (which
is normal to the mean fracture plane of the Charpy
specimen). A high density of poles parallel to the
transverse direction implies a polycrystallography which
is conducive to cleavage crack propagation.

The weld junction, both before and after the heat
treatment, retains the highest density of cleavage planes
in an unfavourable orientation, which is consistent with
the failure to improve toughness following reaustenitisa-
tion of the welded region. The observed densities are
much higher than for the region 3 mm away from the
junction, i.e. the plate which is crystallographically
unaffected by the weld. The region 1 mm from the
junction has a generally low density of {100} poles

a as welded condition; b welded and heat treated
3 Cross-weld microhardness measurements

4 X-ray diffraction pattern for as welded sample and

welded and heat treated sample: Bragg angle is desig-

nated h in degrees

5 Fracture surface at weld junction after post-weld heat

treatment, tested at 240uC
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parallel to the transverse direction, so the plot in Fig. 9
does not explain why its toughness is poor in the as
welded condition, other than due to the fact that its
crystallographic grain size is large in the as welded
condition, as is clear from region (i) in Fig. 7, where
significant areas with uniform colours are seen. As
Fig. 8 shows, the texture 1 mm from the junction
weakens on heat treatment.

Further analysis has been conducted in order to
confirm the role of crystallography in the cleavage
fracture process. Strings of grains (defined as those with
misorientations across grain boundaries which are
greater than 2u) in the close proximity of the 240uC
fracture at the weld junction were analysed to examine
approximately the continuity of {100} planes across

grains. For comparison purposes, a similar string from a
region 3 mm from the junction was also studied; the
sample in this case was unbroken to avoid the plastic
deformation due to the high toughness of this area
(Fig. 10).

The analysis is approximate because the edge to edge
matching of cleavage planes between adjacent grains is
not considered, but rather is based on the overall angle
between planes from neighbouring crystals. The clea-
vage crack propagates linearly along effective grains,
and is deviated at boundaries between effective grains,
which was also pointed out in Ref. 28. Figure 11 shows
that the weld junction compares unfavourably relative
to the unaffected baseplate since large cleavage facets
are expected.

Summary
It appears that the poor toughness of the region of an
induction weld which is close to the weld junction is
substantially related to the crystallographically coarse
grains present there after welding. Reaustenitisation of
the affected regions does not improve the situation at the
weld junction, because the detrimental crystallographic
characteristics are reproduced on cooling. Studies need
to be conducted on heat treatments which eliminate
these textures and produce a more random set of ferrite
orientations in the weld affected regions.
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