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Effect of Heat Sink and Cooling Mediums 
on Ferrite Austenite Ratio and Distortion 
in Laser Welding of Duplex Stainless Steel 2205
P. Dinesh Babu1*  , P. Gouthaman2 and P. Marimuthu1

Abstract 

In order to control the ferrite and austenite percentage in duplex stainless steel welding, many researchers try to 
change the laser welding parameters and cooling medium, but ignore to study the influence of heat sink effect on 
weld strength. In this work, the effect of aluminium heat sink and varying cooling medium on the laser welding 
of duplex stainless steel (DSS) 2205 is studied. The 2 mm thick DSS sheets welded with pulsed Nd: YAG laser weld-
ing machine by varying the cooling medium (air and oil) and an aluminium plate used as a heat sink. The welded 
specimens tested for tensile strength, micro-hardness, distortion, microstructure and radiography analysis. The faster 
cooling rate in the oil quenching process enhances the ferrite percentage compared with air-cooled samples. But the 
faster cooling rate in oil quenching leads to more distortion and using aluminium as a heat sink influenced positively 
the distortion to a small extent. The lower cooling rate in air quenching leads to a higher tensile strength of the 
welded specimen. The objective of this work is to analyse experimentally the effect of cooling medium and heat sink 
in the mechanical and metallurgical properties of laser welded duplex stainless steel.

Keywords:  Laser welding, Duplex stainless steels, Heatsink, Cooling medium, Distortion, Tensile strength, 
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1  Introduction
In recent days, the nuclear, chemical and petroleum 
industries use duplex stainless steels (DSS) extensively 
for heat exchangers construction [1]. The reason for this 
is the better and desirable properties of duplex steels as 
compared to ferritic or austenitic steels. Heat exchangers 
take part in a key role in the efficiency and the effective-
ness of the entire system. Hence, the manufacturing pro-
cesses particularly welding involved in the making of heat 
exchangers often plays a great role in their working.

DSS 2205 is nitrogen enriched DSS that was introduced 
to counter corrosion troubles caused by the 300 series 
steel [2]. The structure of DSS 2205 has austenite phases 
bounded by a ferrite phase. The benefit of a duplex com-
position is that it mingles the favorable merits of a ferritic 

alloy and an austenitic alloy. Usage of DSS 2205 is to be 
restricted to temperatures below 600  °F. Extensive high-
temperature contact can embrittle DSS 2205 [3].

DSS has a microstructure that consists of both ferrite 
and austenite [4]. When DSS melted, it sets from the liq-
uid state to a ferritic phase. When it cools, about half of 
it transforms into an austenitic phase. DSS has superior 
strength and improved stress corrosion cracking resist-
ance than most austenitic alloys [5].

While considering DSS for heat exchangers, there is an 
even additional gain. The lesser nickel substance of the 
DSS means an improved thermal conductivity with less 
heat transfer as compared to the austenitic equivalent 
grade. Laser welding is an emerging and affordable weld-
ing process for high-quality welds with low cost [6]. It is 
a welding method used to join many portions of metals 
using laser beam light. The laser beam gives an intense 
heat supply, permitting for fine, deep penetration welds 
and huge welding rates. Laser beam welding has huge 
power density resulting in the narrow heat-affected 
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area and faster heating and cooling rates [7, 8]. Various 
researchers [9–11] opined that the laser power and weld-
ing speed are the most critical parameters controlling the 
weld profile and the resulting mechanical strength.

The laser beam diameter can be different between 
0.2 mm and 13 mm, though only lesser sizes utilised for 
welding for the full focus of laser light. A continuous 
mode or pulsed mode laser beam are used depending 
upon the need.

Many metal joining techniques even in intense condi-
tions [12, 13] have been developed to achieve high quality 
welded joints of DSS. Laser welding combines the ability 
to control the profile of the weld, repeatability and simple 
automation along with an extremely narrow heat affected 
zone. All these advantages cause more and more interest 
in using this technique to join DSS [14–16]. Capello et al. 
[17] confirmed the improved weldability and very thin 
weld zone during the laser welding of DSS.

A heat sink is used to absorb and emit excessive heat to 
a fluid medium. It is a passive heat exchanger and essen-
tially a good conductor of heat. Aluminium and copper 
are used as heat sinks due to its high thermal conductiv-
ity. They are extensively used in electronic industries to 
cool the electronic components. The effectiveness of heat 
sinks is affected by the room temperature, air velocity, 
surface area, thickness of heat sink, etc. The thermal con-
ductivity (K) of aluminium is 237 W/(m·K).

Pekkarinen and Kujanpää [18] have found that in DSS 
microstructure is extremely dependent on cooling rate. 
In laser welding, the microstructure can be adjusted, and 
50–50 ferrite–austenite ratio can be obtained by using 
appropriate laser parameters. Ferrite content is come 
down with increasing laser power and reducing the weld-
ing speed. Keskitalo et  al. [19] have found that Laser 
welding of duplex stainless steels with argon shield gas 
results in a significantly reduced level of austenite. Boult 
et al. [20] investigated the effect of laser welding param-
eters on DSS 2205 and the phase transformation changes. 
They found that nitrogen shielding gas promotes the aus-
tenite growth compared with argon gas.

Lai et al. [21] have found that Nitrogen defeat of weld 
metal was fairly rigorous during fiber laser welding. It 
is a successful method to hold back nitrogen loss when 
shielding gas was N2, without rising incidence likelihood 
of porosity and declining penetrated capability of laser 
light. Sathiya et al. [22] have found that by means of the 
helium shielding gas the weld bead aspect ratio is supe-
rior to in the argon shielded weld.

Zambon and Bonollo [23] have found that the 
extremely localised heat inputs attain for laser weld-
ing result in more cooling rates and may result in the 
creation of non-equilibrium microstructures in both 

austenitic and DSS. Landowski [24] analysed the effect 
of laser welding parameters on the weld geometry 
and microstructures on DSS 2205. He observed that 
laser welding through extremely fast heat dissipation 
increases the ferrite content in the welded joint, reduc-
ing the corrosion resistance of the weld.

Sivagurumanikandan et al. [25] investigated the effect 
of the process parameters viz., laser welding speed, 
power, focal position, and pulse frequency, on the joint 
strength of welded DSS. They suggested the optimum 
condition to attain a higher tensile strength is laser 
power: 550  W, laser frequency: 13  Hz, focal position: 
0 mm, and welding speed: 136 mm/min.

Mourad et al. [26] have found that in contrast to gas 
tungsten arc welding, laser beam welding resulted in a 
pronounced decrease infusion zone size with accept-
able weld profile. However, the minimum weld area size 
produced by laser welding is based on heat input as a 
function of laser parameters.

Sivakumar et  al. [27] investigated welding morphol-
ogy, microstructure, tensile strength, hardness, and 
ferrite ratio of Nd:YAG laser welded duplex stainless 
steel. Their result shows high power and welding speed 
influence the weld joint strength significantly and laser 
welded DSS joints have considerable austenite–ferrite 
ratio and good weld strength.

Baghjari and Akbari Mousavi [28] have carried out 
work on the study on microstructure and mechanical 
properties of pulsed laser welding of AISI 420 steel. 
The results confirm that the weld depth and width raise 
with power and reduce with speed. Pramanik et al. [29] 
have concluded that the key challenges to attaining 
an optimum portion of ferrite and austenite structure 
during welding of duplex steel are to manage the heat 
input, cooling rate, and shielding gas.

Saravanan et  al. [30] analysed the effect of heat 
input on microstructure and mechanical properties 
of laser welded DSS plates. The micro-analysis show 
an enhancement in the ferrite percentage in the weld 
zone for an increase in the heat input and the tensile 
strength tends to reach a peak and then decrease with 
the increasing heat input.

Ki et  al. [31] have found that thermal contact resist-
ance and heatsink thermal conductivity are the two 
main process parameters. Their results indicate that the 
employment of a heat sink is a competent method to 
improve the hardenability, and the sum of improvement 
is relative to the heat sink thermal conductivity.

The literature study shows that, the cooling medium 
and cooling rate influence the weld quality much in 
laser welding of DSS. Hence in the present work, the 
effect of the aluminium heat sink in laser welding of 
DSS sheets is analysed. In addition to that, the influence 
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of different cooling mediums on hardness, distortion, 
tensile strength is determined and discussed in detail.

2 � Experimental Procedures
The duplex steel 2205 was procured in the form of 
a sheet of 2  mm thickness with the dimensions of 
300  mm × 600  mm. The sheet was cut into rectangular 
pieces, each of dimensions 55 mm × 150 mm as shown in 
Figure 1, and welded along the 55 mm edge. The chemical 
composition of DSS 2205 is given in Table 1. An alumin-
ium heat sink is used while welding of the DSS sheets. 
Air and Oil (SAE 20w40) are used as cooling mediums to 
quench the laser welded specimens.

A pulsed Nd: YAG laser machine with the frequency of 
20 Hz is used for laser welding of DSS sheets. The laser 
power used is 160 W with the welding speed of 100 mm/
min. The temperature of the laser welding room was con-
trolled to 25  °C. The specimens were manually clamped 
and welded.

The different cooling mediums used in this study are 
given in Table 2. Specimen set two and four were imme-
diately quenched in oil (SAE20w40) after welding. Speci-
men set one and three were left to cool in air. Aluminium 
heatsink was employed to weld specimen 3 and 4.

The laser welding setup arranged for welding with 
heat sink provision is shown in Figure 2. After welding, 

the specimens were tested for distortion, micro-hard-
ness, and tensile strength. The distortion test was car-
ried out using a dial gauge. A straight line of length 
200 mm was drawn on the specimen with 20 mm steps 
with the weld center being marked as 0. The distor-
tion was measured on either side of the weld along 
the length of the specimen. The least count of the dial 
gauge was 0.01 mm. For measuring the micro-hardness, 
the cross-section of the specimens is used. The surface 
is polished from coarse to fine emery sheets followed 
by alumina disc polishing. Vickers microhardness test-
ing method is employed, and the hardness is measured 
from the center of the weld on either side with 2  mm 
steps using a Vickers hardness test. The indenter force 

Figure 1  Schematic of the Laser welding process

Table 1  Chemical composition of Duplex stainless steel 2205

Element C Si Mn Cr Ni Mo Cu Co P S Fe

Weight (%) 0.013 0.447 1.53 24.55 4.58 2.58 0.102 0.016 0.01 0.0035 66.1

Table 2  Different cooling mediums used for welded specimens

Specimen set 1 Specimen set 2 Specimen set 3 Specimen set 4

Without sink and air cooled Without sink and oil cooled With sink and air cooled With sink and oil cooled

Figure 2  Laser welding specimen setup with heat sink
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applied on the specimen is 5 N, and the duration of the 
load is for 15 s.

The tensile test is performed in a universal tensile test-
ing machine. ASTM E8 standards were followed to pre-
pare the tensile test specimen and its size as shown in 
Figure 3. The gauge length of the specimen is maintained 
at 50 mm.

3 � Results and Discussion
3.1 � Distortion Test
The distortion along the length of the specimen is meas-
ured in 20  mm steps for a span of 200  mm with weld 
center being the starting position. A graphical represen-
tation of the measured distortions in the form of distor-
tion vs distance from weld center is shown in Figure 4.

From Figure 4 it is seen that the distortion is increasing 
from the sides to the weld center. Also, the distortion is 
highest at the weld center for all the welded specimens. 
Because the weld zone and the heat affected zones cool 
rapidly, and thus the metal contracts to develop the dis-
tortion. The weld zone is affected more by heat, and 
hence the distortion is highest in the weld region.

Distortion is a defect and should be minimised as 
much as possible to improve the usefulness of the 
welded components. Higher cooling rates lead to 

higher distortions due to quick contraction of the weld 
metal and adjacent base metal during the faster cooling 
cycle. The cooling rate in case of oil is higher than that 
of normal atmospheric air; hence specimens quenched 
in oil immediately after laser welding have found to 
have higher distortions compared with air-cooled sam-
ples. The aluminium heat sink is a good conductor of 
heat and thus has a higher cooling rate than air but less 
than that of oil. The aluminium heat sink conducts the 
heat developed during welding and thus takes away the 
heat quickly from the specimen. The effect of the heat 
sink in distortion is noticeable and very less.

It is also seen from Figure  4, that the distortion for 
the specimen with sink and oil cooled has the highest 
distortion and the specimen without a sink, and air 
cooled has the least distortion.

Apart from the cooling rate, variation by an alumin-
ium heat sink, cooling medium and the clamping force 
which plays an important role in distortions. Since 
manual clamping was employed during the laser weld-
ing of the specimen, it is quite difficult to apply uniform 
forces on the clamping of the specimens to be welded. 
Uniform clamping is important to reduce distortions 
and to achieve this automated clamping could be used 
to ensure uniform clamping.

3.2 � Microstructure
The microstructure of the base metal, heat affected 
zone and weld zone was observed through an optical 
microscope and shown in Figure  5. The etchant used 
is carpenter’s stainless steel etch (ferric chloride 8.5 g, 
copper chloride 2.4  g, hydrochloride acid 122  mL, 
nitric acid 6 mL, and ethanol 122 mL).

The micrograph of the base metal is composed of 
the equal amount of ferrite (light regions) and aus-
tenite (dark regions) layers as shown in Figure  5(b). 
Figure  5(a) shows the presence of very narrow heat 
affected zone formed during the laser welding process. 
Due to the faster cooling rate, the HAZ is invisible in 
laser welding of DSS sheets [32]. Due to the sudden 
cooling in laser welding, the microstructure has small 
equiaxed ferrite with allotriomorphic austenite. The 
faster cooling rate might freeze up the ferrite state 
below the ferrite-austenite phase change temperature 
[33]. The remaining ferrite is unsteady at ambient tem-
peratures and can alter to austenite through cooling. A 
coarse microstructure of the grains is observed in the 
weld zone as shown in Figure 5(c) of oil cooled samples 
due to faster cooling rate.

Almost the microstructure observed in all different 
cooling mediums and heatsink conditions is similar with 
slight variations in ferrite and austenite ratio.

Figure 3  Tensile specimen diagram as per ASTME8

Figure 4  Distortion vs distance from weld center
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3.3 � Ferrite Austenite Percentage
The ferrite austenite ratio was determined at the par-
ent metal and the weld zone of all specimens. The base 
metal ferrite austenite ratio was found to be 54.23:45.77. 
Figure 6 shows the ferrite and austenite percentage deter-
mined in the weld zone in different welding conditions 
such as with and without a heat sink and in oil and air 
cooling mediums.

Duplex SS 2205 steel is a two-phase alloy, and it has 
an almost equal amount of α-phase (BCC ferrite) and 
γ-phase (FCC austenite). To achieve better mechanical 
properties in the weldment, the phase balance of ferrite 
and austenite is 50:50. But, achieving a 50:50 phase equi-
librium in the weldment is not easy due to many factors 
as welding proceeds, cooling rate, and medium. There-
fore, ferrite content should be carefully controlled dur-
ing welding to get required mechanical properties. When 
the amount of ferrite content increases, strength will also 

Figure 5  Optical micrographs of laser welded DSS sheets with sink and oil cooled condition: (a) different zones (b) base metal; (c) weld zone

Figure 6  Ferrite and austenite percentage obtained in weld zone on 
different welding condition: (a) with heat sink air cooled; (b) without 
heat sink air cooled; (c) with heat sink oil cooled; (d) without heat sink 
oil cooled
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increase on the other side an increase of austenite con-
tent decreases the strength.

When comparing air cooled samples with and without 
sink Figures 6(a) and (b) the ferrite content difference is 
very less (0.23%). This shows that the effect of the heat 
sink in the ferrite count is very less. Oil cooled samples 
with a heat sink (Figure 6(c)) obtained more ferrite con-
tent (53.21%) when compared with samples oil cooled 
without a heat sink (52.77%). When we are comparing 
oil cooled and air cooled samples, the ferrite percent-
age is more in oil cooled samples due to the faster cool-
ing rate of oil medium compared with the air medium. 
The parent metal ferrite austenite ratio is higher than all 
the ratios after welding. It can be inferred that cooling is 
directly proportional to the formation of ferrite content 
in the case of laser welding of duplex stainless steel 2205.

3.4 � Micro‑hardness Test
The micro-hardness of all the welded samples was cal-
culated from the center of the weld on either side with 
2  mm increments. Vickers microhardness method was 
employed to determine the microhardness with a uni-
form loading of 0.5  kg with 15  s indentation time. The 
hardness of the base metal was found to be in the range 
of 315-325  HV0.5. The results of the micro-hardness 
measurement are given in Figure 7.

It is noticed from Figure  7, that the hardness is 
increasing towards the weld zone from the sides for all 
the welded samples and it is also maximum at the weld 
center. Beyond 4 mm on either side of the weld line, 
the hardness approaches that of the base metal (around 
320 HV0.5) which signifies the narrow region of heat 
affected zones in laser welding at different conditions. 
The specimen with heat sink and oil cooled is found to 
have the highest hardness due to the more ferrite con-
tent (53.21%) formed in rapid oil cooling and in addition 
the heat sink also supporting to increase the cooling 

rate. The specimen without a heat sink and air cooled is 
found to possess the least hardness due to slow air cool-
ing process and the low ferrite (51.63%) content formed 
in the air cooling process. The rapid cooling of weld 
metals lead to higher hardness and becomes brittle. The 
hardness result also confirms that there is a mild effect 
of the heat sink in the welded samples with the hardness 
increment of around 50 HV0.5 for air-cooled samples 
and around 100 HV0.5 for oil cooled samples due to the 
additional and faster heat conduction through heatsink 
used.

3.5 � Tensile Test
The tensile specimens were cut according to the ASTM 
E8 standards, and the tensile test was performed in the 
universal testing machine. The tensile test was carried 
out for three samples each in all different welding con-
ditions and base metal. The tensile test was performed 
on samples with three repetitions to avoid the experi-
mental errors, the average tensile strength obtained in 
the base metal and laser welded samples are shown in 
Figure  8. The base metal tensile strength was found to 
be 0.666  kN/mm2. The tensile result shows that the oil 
cooled samples have low tensile strength (without heat 
sink 0.315  kN/mm2 and 0.265  kN/mm2 with heat sink) 
compared with air-cooled samples. In oil cooled sam-
ples the austenite content is less and which resulted in 
comparatively low tensile strength than air-cooled sam-
ples which has more austenite percentage. The tensile 
fracture occurred on the samples only in the weld zone 
in all different welded conditions, which is due to poor 
tensile properties and plastic deformation resulted in the 
laser welded area compared with the base metal. This 
poor tensile property in the laser welded zone is due to 
high hardness and brittleness attained in the weld zone 

Figure 7  Hardness measured from weld center
Figure 8  Bar chart showing the average tensile strength of base 
metal and specimens welded at different conditions
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by rapid heating and cooling occurred in the laser weld-
ing process.

With sink and the oil cooled specimen has the highest 
cooling rate; hence it has obtained the more hardness in the 
weld zone and resulted in the low tensile strength. Without 
sink and the air-cooled specimen has the lowest cooling 
rate and hence has the higher tensile strength compara-
tively. Figure  9 shows the fractured tensile samples; base 
metal fracture confirms the ductile mode of failure and the 
brittle mode of fracture occurred in the laser welded sam-
ples. The load vs displacement graph of the base metal and 
the welded specimen is represented in Figure 10.

The base metal displacement is shown in Figure 10(a), 
and it is around 12 mm with a maximum load of 16 kN. 
Figure 10(b) confirms the tensile results, the higher dis-
placement (around 3.5 mm) was observed for air-cooled 
samples without heat sink condition for the maximum 
load of 7.5 kN. The slight increment of the ferrite content 
in the weld zone, which creates higher ductility compared 
with the oil cooled samples. The oil cooled samples with 
the heat sink condition have lower displacement (around 

2.7 mm) due to the higher cooling rate and the formation 
of lower ferrite to austenite ratio.

3.6 � Radiography Analysis
Figure 11 shows the radiography images of laser welded 
samples in a different view. Figure  11(a) and (c) shows 
the radiography images of the weld region without heat 
sink condition and oil quenched. Figure  11(b) and (d) 
shows the radiography images of the weld region with-
out heat sink condition and air cooled. It is noticed from 
Figure  11(a), welded without heat sink the top surface 
of the welded region has uniform weld. The side view 
of the welded sample images Figure 11(c) and (d) shows 
the incomplete weld regions and cracks formed in the 
weld zone due to the sudden fusion of the molten metal 
in laser quenching process and due to the absence of 

Figure 9  Fractured tensile samples

Figure 10  Load vs displacement: (a) base metal; (b) welded specimens

Figure 11  Radiographic images of the laser welded joints: (a) top 
view of the welded sample; (b) transparent view of the welded 
sample; (c) left side view of the sample; (d) right side view of the 
sample
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heat sink. The crack and incomplete weld formed in the 
absence of heat sink in both oil and air-cooled specimens 
resulted in poor mechanical properties.

4 � Conclusions
Based on the experiments conducted on laser welded 
specimens made by DSS type 2205, the following conclu-
sions are drawn:

(1)	 The distortion of a welded specimen varies with 
cooling rate. A higher cooling rate (oil quenching) 
of the weld will lead to higher distortion. Using alu-
minium as heat sink influenced the distortion to a 
small extent.

(2)	 The ferrite and austenite content of duplex steel 
2205 is dependent on the cooling rate and cooling 
medium after laser welding. The higher cooling rate 
in oil quenching enhances the ferrite content com-
pared with air-cooled samples.

(3)	 The hardness of a weld is dependent on the cooling 
rate. Higher cooling rate leads to higher hardness in 
the welded region. The effect of the aluminium heat 
sink in microhardness testing was noticeable from 
the hardness results.

(4)	 There is a definite relation between the cooling 
rate of the weld and tensile strength. A lower cool-
ing rate in air quenching leads to a higher tensile 
strength of the welded specimen.

The cooling rate or the cooling medium in the laser 
welding plays a key role in altering the mechanical prop-
erties of the welded samples.
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