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The microstructure of the weld metal of a duplex stainless steel made with Nd:YAG pulsed laser is
investigated at different travel speeds and pulse frequencies. In terms of the solidification pattern, the weld
microstructure is shown to be composed of two distinct zones. The presence of two competing heat transfer
channels to the relatively cooler base metal and the relatively hotter previous weld spot is proposed to
develop two zones. At high overlapping factors, an array of continuous axial grains at the weld centerline is
formed. At low overlapping factors, in the zone of higher cooling rate, a higher percentage of ferrite is
transformed to austenite. This is shown to be because with extreme cooling rates involved in pulsed laser
welding with low overlapping, the ferrite-to-austenite transformation can be limited only to the grain
boundaries.
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1. Introduction

Duplex stainless steels (DSS) are widely used in petro-
chemical and chemical processings because of the combination
of corrosion resistance and advantageous mechanical proper-
ties. The wrought alloys microstructure at room temperature is
composed of austenite and ferrite phases (Ref 1, 2). However,
the microstructure resulting from a fusion welding process can
be significantly different because of the cooling rates involved
(Ref 3-5). Figure 1 depicts a typical DSS alloy that would
solidify completely into ferrite and then, while cooling through
solid state transformation, it partially transforms into austenite
(Ref 1, 2). Considering the comparatively higher cooling rates
involved in welding processes, the weld metal and the HAZ
microstructure could contain higher amounts of ferrite phase
than the base metal. This also can affect the mechanical and
corrosion resistance properties of DSS welds (Ref 2-7).

Welding DSS alloys with continuous power laser has been
the subject of previous research studies (Ref 8-10). It is shown
that the low heat input and consequently high cooling rates can
lead to the formation of higher a/c ratio. On the other hand,
pulsed laser can provide further controls on power and heat
input. However, there can be questions on how the microstruc-
ture of a DSS alloy is affected by the rapid pulsating nature of
the heat source, since consecutive melting and solidification of
weld spots would occur (Ref 11-13).

In the present study, the focus is on the evaluation of the
microstructure in different regions in the weld metal of a DSS
and also analyzing the effect of variation in weld travel speed
and pulse frequency.

2. Experimental Procedure

Bead-on-plate laser welding was applied on 2-mm-thick
commercial SAF 2205 DSS plate. The base metal chemical
composition is given in Table 1. Laser welding machine was
IQL-10, with a pulsed Nd:YAG laser connected to a computer
controlled working table and with a maximum mean laser
power of 400 W. The available range for the laser parameters
were 1-1000 Hz for pulse frequency, 0-40 J for pulse energy,
and 0.2-20 ms for pulse duration.

During laser welding, argon shielding gas with a coaxial
nozzle was used to protect the heated surface from
oxidation. Work pieces were polished and cleaned with
acetone to be prepared for welding. The welded samples
were observed in cross sections from three different
perpendicular directions (top, transverse, and longitudinal).
The etchant was Beraha (0.7 K2S2O5 20 mL HCl in 100 mL
solution). The wrought base metal consisted of 55% ferrite
and 45% austenite as measured by image analysis, with an
average hardness of 280 HV as measured by a 500 g load.
After establishing the range of parameters to achieve an
acceptable weld appearance, the experiments were carried
out with varying travel speeds and pulse frequencies, as
shown in Table 2.

Overlap factor ƒ was calculated by the Eq 1 (Ref 12,
13).

Of ¼ 1� m=f
Dþ mT

� �
� 100 ðEq 1Þ

where T is the pulse duration, v is the welding speed, f is the
laser frequency, and D refers to the laser spot size on the
work piece measured as 0.9± 0.1 mm.
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3. Results and Discussion

Figure 2 shows the top view of welds at a low and high
overlapping. As observed from the figure, the weld spots are
clearly distinguishable from each other specially at lower
overlapping. When the time (or distance) between two pulses
increases, high cooling rates can cause the earlier spots to
solidify completely before coincident of the next pulse (Ref
11). On the other hand, when the time (or distance) between
two pulses decreases, the former spot temperature can still be
high enough to the extent that semisolid condition is dominant
and the next pulse can raise the temperature to a degree which
can almost disappear the fusion line. The solidification pattern
of the weld metal was found to vary with the travel speed and/
or frequency because of variations of the overlap factor. With a
low overlapping factor, as shown in Fig. 2(a), from a solidi-
fication pattern point of view, two zones can be identified:

Zone I is the part of the weld metal which is remelted by
the next pulse before becoming cooled thoroughly. In this
zone, the grains nucleate on the previous spot epitaxially
and grow toward the center.

Zone II refers to a single pulse microstructure which is not
affected by the next pulse heat and is solidified mainly
from the base metal. In this part, the grain boundaries
were relatively finer and more jagged.

Between zones I and II, there exists a very narrow band of
material which is affected by the heat of the next pulse welding,
i.e., the HAZ of zone I in zone II. In Fig. 2(a), this region is
marked as 3, and from a solidification pattern point of view, it is
a part of zone II. The development of the observed solidifica-
tion patterns is because in pulse laser welding, when the weld

spots are not too close to each other, the previous weld spot is
relatively cool when the next pulse strikes, and therefore,
effectively two different competing routes exist for the
extraction of heat from any point in the molten weld pool.
The first route is directly through the side walls (fusion line
with the base metal), and the second route is through the
previous weld spot (fusion line between consecutive weld
spots). The temperature distribution field of the weld pool is
affected by both of these two heat sinks. Proximity of any point
in the weld pool to each of these two routes of heat extraction is
one of the factors determining the dominant cooling route and
solidification orientation. The preferential solidification orien-
tation is also affected by the orientation of the grains on which
the weld metal grows epitaxially. Zone 1 shown in Fig. 2(a) is
mainly cooled through heat transfer to the previous weld spot
(and then to the base metal), but zone 2 is cooled through
transferring heat from side walls to the base metal. Also, when
weld spots overlap each other extensively, zone 2 almost
disappears and becomes only limited to a narrow band just next
to the two side walls. In such condition (high overlapping),
zone 1 solidification pattern dominates most of the weld metal
central part, and they can effectively grow on each other
epitaxially without being disturbed by zone 1 grains coming in
between. Here, the grains in the consecutive zone 1�s form a
clear preferred orientation, and the axial solidification pattern is
formed as shown in Fig. 2(b). The authors have experienced
pulsed laser welding of various alloys including carbon steel,
aluminum alloys, and titanium. However, it was in the case of
DSS that such progress in understanding of the process of weld
microstructures development became possible. It would be
interesting to study the weld microstructures in other alloys in
the light of the knowledge gained. As stated earlier, solidifi-
cation in zone 2 is dominated by heat extraction to the side
walls, but solidification in zone 1 is dominated by heat
extraction to the previous weld spot. The larger grain sizes in
zone 1 are due to a higher effective preheat temperature of the
material the heat of which escapes to i.e., the metal which itself
has been molten just a little earlier. However, the sidewalls are
expected to have a lower temperature, as a steeper temperature
gradient occurs for solidification of zone 2. Thus, the cooling
rate in zone 1 is expected to be comparatively lower resulting in
a coarser microstructure. Now, our attention turns to the post

Table 1 Chemical composition (in wt.%)

Element C Si Mn P S Cr Ni Mo Fe

wt.% 0.03 1.0 1.42 0.023 0.005 22.31 5.48 3.34 Bal.

Table 2 Weld test conditions

Parameters Samples A1-A5 Samples B1-B4

Average power, W 110 110, 165, 220, 264
Pulse energy, J 11 11
Pulse duration, ms 6 6
Pulse repetition rate,
Hz

10 10, 15, 20, 24

Laser travel speed,
mm/s

11.5, 8, 6.67, 4,1.6 6.67

Overlapping factor
computed

10.57, 23, 35, 61.5, 83 35%, 55%, 66%, 73%

Fig. 1 Pseudo binary section of Fe-Cr-Ni system at 70% iron
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solidification transformations and the corresponding micro-
structural features as shown in Fig. 3. From the phase diagram
in Fig. 1, the microstructure of the initial solidifying weld metal
is expected to be fully ferritic and austenite, formed during
solid state transformations. One might expect to find a higher
percentage of austenite in zone 1 because of its lower cooling
rate. However, the percentage of austenite in zones 1 and 2 at
55% overlap was measured as 1.6 and 4.8%, respectively. A
closer look at Fig. 3(a) and (b) indicates that formation of
austenite is limited to the grain boundaries. It seems that at
lower overlaps, the cooling rate is so high that formation of
austenite has been mainly limited to higher free energy sites at
grain boundaries. In this sense, zone 2 material which has a
finer solidification structure has provided relatively more

preferential sites to form austenite rather than ferrite during
the cooling process. However, on increasing the overlap factor
to 73%, the cooling rate has decreased so much to form
austenite both at the grain boundaries and within the grains,
resulting in an austenite content of 18.5%, see Fig. 3(c).

The microhardness in these regions was measured using a
500-g load. At 55% overlap, Zone 1 was found to have a higher
hardness of 385± 10 HV, in comparison with zone 2 a
hardness of 328± 10 HV. This lower hardness can be due to
the presence of higher amount of austenite in the microstructure
of zone 2. The result of Vickers microhardness survey in B4
specimen with a high overlap factor of 73% showed mostly
homogenous distribution of microhardness with an average
value of 313 HV.

Fig. 2 Microstructures of the welds with various overlap factors as viewed from top direction at (a) 55% (sample B2) and (b) 73% (sample
B4)

Fig.3 SEM microstructure various parts of the weld metal and the base metal. (a) Zone I in Fig. 2(a). (b) Zone II in Fig. 2(a). (c) The bulk of
the weld metal (away from axial grains) in Fig. 2(b). (d) The wrought base metal
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The microhardness measurement was carried out on a
number of transverse cross sections of weld specimens with
various overlap factors. The result of hardness surveys is shown
in Fig. 4. Basically, the hardness at the center of the weld pool
is higher than that of the spots near the fusion line. Higher
hardness at the weld center can be due to the higher volume
fraction of ferrite phase in this region.

4. Conclusion

The results of pulsed Nd:YAG laser welding DSS are
summarized as following:

In pulsed laser welding, an interesting range of microstruc-
tures is formed. DSS provided an opportunity to enhance the
understanding of how the solidification patterns and the
resulting microstructures can develop. When the weld spots
do not overlap each other much, two distinct zones of
solidification can be identified. One zone is formed under the
influence of heat extraction directly to the base metal, while the
second one is formed under the influence of heat extraction to
the previous weld spot. Proximity to each of these two heat
transfer channels and the presence of any strong preferred
growth direction of the grains inherited through epitaxial
nucleation determines the solidification pattern at any point. At
low overlaps, these two zones appear consecutively in the
middle part of the weld. By increasing the overlapping,
the solidification pattern governed by heat extraction to the
previous weld spot can form continuously without disruption

leading to an array of axial grains in the middle. The cooling
rates involved in pulsed laser welding of DSS can be so high
that the formation of austenite from ferrite can be limited to
grain boundaries resulting in an observation that some regions
with a higher cooling rate may have slightly higher final
austenite contents.
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Fig. 4 Microhardness profile along the transverse cross section of
the weld in different travel speeds
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