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ABSTRACT

A study on effect of cooling rate on mode of solidification and microstructure was carried out on austenitic stainless
steel welds. A tube and plug of 316L stainless steel was joined using Gas Tungsten Arc Welding (GTAW) and laser
welding processes. The welds were characterized using optical and Scanning Electron Microscope (SEM). The
results indicate that cooling rate of the weld has significant effect on solidification mode, microstructure and
solidification cracking. 316L weld joints prepared using GTAW process shows duplex microstructure of vermicular
ferrite and austenite in the fusion zone. Whereas, the fusion zone of laser joint shows only single phase austenite
microstructure. From these observations, it is clearly understood that the changes observed in the fusion zone
microstructures of GTAW and laser welds are due to change in the mode of solidification as a result of change in the
weld cooling rates. The predicted mode of solidification for GTA welds for 316L composition used in this study was
Austenite-Ferrite (AF) and it was also confirmed through the microstructural observations. In laser joint, the weld
has solidified in fully austenitic mode which deviates from the mode of solidification predicted by the conventional
constitutional diagrams and hence modified weldability diagram was used. From this investigation, it was also
found that the rapid solidification during laser welding is not completely partition less because segregation of
sulphur was found using Scanning Electron Microscope — Energy Dispersive Spectroscope (SEM-EDS) along the
dendrite boundaries of laser welds. High cooling rate during weld solidification which influences fully austenitic
mode of solidification and micro segregation of impurities along the grain boundaries contribute to solidification
cracking of welds in laser joints.

Keywords: Solidification mode; solidification cracking; cooling rate; energy dispersive spectroscopy; laser
welding; gas tungsten arc welding.

INTRODUCTION

for joining thin components of austenitic stainless steel. In

AISI type 316L, a modified version of 316 austenite stainless
steels with low carbon content (<0.03wt.%) is presently used
as a structural material in fast nuclear reactors because of its
better high temperature mechanical properties. One of the
major problems encountered during the fabrication of this type
of steel is its susceptibility to distortion and hot cracking [1].
Traditionally, Gas Tungsten Arc Welding (GTAW) has been used
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spite of its wide usage, it has the complexity like tungsten
electrode alignment, wide heat-affected-zone (HAZ) and a
large heat input than required for welding very thin walled
components [2]. Hence, a process that could reduce the heat
input and thereby the size of the fusion zone and HAZ would be
a better choice for welding thin sections than the GTAW
process. Laser Beam Welding (LBW) is one such process which



Sai Santosh et al. : Study on Effect of Weld Cooling Rate on Fusion Zone Microstructure

is actively being considered as an alternative to GTAW process.
LBW is a high power density process due to which full
penetration welds have been made feasible with low heat
input. Moreover, LBW is capable of producing a narrow HAZ
with low residual stress and thereby reducing the distortions in
the welded components [3]. Laser welding has a high cooling
rate due to which it gives a fine grained microstructure and
improved mechanical properties [4]. Rapid solidification of
materials produces microstructures which significantly differ
from that of conventional solidification [5]. So far there has not
been a comparative study on laser and GTA welds prepared
from the same steel composition pertaining to their
solidification mode or cracking sensitivity. The present study
has been carried out on the practically important tube to end
plug joints which involve thin-to-thick joint configuration. The
weld solidification structures of GTAW and laser welded joints
have been comparatively studied to bring out the effect of
cooling rate on solidification microstructures of SS316L weld
joints and its impact on solidification cracking.

were qualified using Helium leak test as per ASTM
E1603M which was performed to determine the leak tightness
of the welds. Fig. 2 shows the actual tube to end plug weld
joints produced using GTAW and laser processes.
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Fig. 1 : Tube to end plug configuration used in the study

2,0 EXPERIMENTALPROCEDURE
: Fig. 2 : Laser and GTA welded specimens
2.1 Material
In this study, 316L stainless steel tube of 20 mm outer diameter s —2 2 /?——5 2 X _
and 1 mm wall thickness and 316L end plug of the geometry 3 ST
R . I 2,
given in Fig. 1 and of chemical compositions given in Table 1 5 o—ix 17 2 }/ ;,/ - ®
was used. % L /( / /‘/,
/AT / 7%
2.2 Tube- End Plug Welding Procedure ? “ o "
- ocedre s L2 2}
Tvxll)o weld ;mlnts were produlced PY ng? th;Ls;\a;\llnless steel E. /A/ 7/ %’ % A? // ;4/ "
tube to end plug autogenousyuslln.g -an . prociesses 8 A // A’Z(/é o ~
separately. The tube to end plug joint configuration used in the . A//V 7 ; o
study is shown in Fig. 1. The welding parameters used for the A7/ 44 7 = ®
GTAW weld joint are given in Table 2. The laser welding was 3 o 22 24 5 28 0
carried out by using pulsed Nd:YAG laser. The parameters used Creq* Cr + Mo « 07 No
for the laser joint are shown in the Table 3. The weld joints Fig. 3 : Prediction of mode of solidification
for GTA weld
Table 1 : Chemical composition of the end plug and clad tube (in wt%)

Material C Cr Ni Mo Mn Si P S Fe

End plug 0.024 17.07 10.12 2.01 1.28 0.427 0.037 0.028 Balance

(SS 316L)

Tube 0.015 016.41 12.59 2.26 1.75 0.52 0.033 - Balance

(SS 316L)
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Table 2 : Parameters of GTAW

Table 3 : Parameters of Laser Welding

Parameters Values Parameters Values
Energy, ] 22.05 Electrode size 1.6 mm
Average Power, W 220.10 Electrode gap 32/1000 inch
% utilization 49.6 Peak Current 42 A
Pulse Power, W 2500 Start Current 30A
Pulse Duration, ms 15 Up slope 4s
Frequency, Hz 10 Down slope 4s
Job rotation, rpm 1.36 Fixture Delay 1.6 rpm
Overlap 20° Overlap 25%
Shielding gas Argon Shielding gas Argon

2.3 Ferrite Determination

Ferrite content of both laser and GTAW welds were determined
using Magne Gage.

Predictions for Solidification Mode

Predictive constitutional diagrams like WRC 92 diagram for
GTAW process and weldability diagram for laser welding was
used to predict the primary mode of solidification of the welds.

2.4 Metallography

The weld joints were sectioned axially perpendicular to the
weld direction and prepared for Metallography. The samples
were electrolytically etched using with 10% oxalic acid solution
to reveal the weld microstructure and also etched using
Murakami's reagent to reveal delta ferrite exclusively. The
etched samples were observed under metallurgical microscope
of "Zeiss" make and scanning electron microscope (SEM).
Energy Dispersive spectroscopy (EDS) analysis was performed
on the welds to determine the compositions of different phases
in the microstructures.

3.0 RESULTS
3.1 DeltaFerrite Contentin Welds
3.1.1 GTAW Weld

Delta ferrite content and solidification mode of the weld
estimated using WRC 1992 constitution diagram for the weld
composition shown in Table 1 is represented in Fig.3.

Chromium equivalent (Cr,,) and Nickel equivalent (Ni,,) were
calculated using the relations given in Eq.1 and 2. The Cr,, and
Ni., were found to be 18.875 and 12.055 respectively. The
Cr/Ni,, of the weld is 1.568. It can be observed that the
predicted mode of solidification of weld is Austenite-Ferrite
(AF) mode with about 2-4% ferrite content.

Nickel Equivalent (Ni,) = %Ni + 35*% %C +
20* %N + 0.25 * %Cu 1)

Chromium
Equivalent (Cr,,) = %Cr + %Mo +0.7* % Nb 2)

The average ferrite content in the weld was found to be 2.514.
It is clear that the actual volume of delta ferrite in the GTAW
weld is as predicted by the constitution diagram.

3.1.2 LaserWeld

Solidification mode of the laser weld was predicted using
modified weldability diagram since cooling rate experienced by
the weld is very high [6]. The chromium and nickel equivalents
for laser welding have been found to be 12.2537 and 20.37
respectively using Hammer and Svennson equations (Eq. 3 and
Eq. 4). The corresponding Cr,,/Ni,, ratio obtained is 1.66. It is
found from the modified weldability diagram that Austenite-
Ferrite (AF) mode of solidification is predicted for this ratio as
shown in Fig. 4 and this point lies in a region where
solidification cracking is possible.

Nickel Equivalent= %Ni + 0.31* %Mn +
22* %C + 14.2*%N+%Cu.
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Chromium Equivalent = %Cr + 1.37* %Mo + 1.5* %Si

+2% %Nb +3* %Ti. (4)

However, no ferrite was detected in this weld while using
Magne gauge. This shows that the solidification mode
predicted by the modified weldability diagram is much
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Fig 4 : Modified weldablity diagram for laser welds
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3.2
3.2.1 GTAW

Microstructural characterization

The GTA weld consists of duplex microstructure containing
austenite dendrites and interdendritic ferrite as shown in
Fig.5(a). Fig.5(b) shows a decrease in dendrite size from
fusion boundary towards the weld centre. The majority of the
ferrite has a vermicular morphology and a few patches of lacy
ferrite were also observed in the weld zone which can be seen
from Fig. 5(c). It implies that the solidification has taken place
in a mixed mode austenite + ferrite (AF) mode in regions which
shows vermicular ferrite morphology and Ferrite + austenite
(FA) mode in the regions which shows lacy morphology of
ferrite.

3.2.2 Laser

Figs. 6(a) to (c) show the microstructures of laser weld. It
can be observed that the weld microstructure consists of
austenite dendrites alone with no delta ferrite. The dendrites
were finer than that of the GTAW weld. The solidification
structure of austenite in the weld has been observed to be a
mixer of cellular, columnar dendritic and cellular dendritic from

o T S

o le
25F)

Coarse dendrites

(b) transition from coarse to fine dendrites (c) Delta Ferrite of vermicular morphology at regions
solidified in AF mode and Lacy ferrite morphology at regions solidified in FA mode.

Fig.6 : The microstructure of laser welded specimen: (a) weld interface
(b) weld centre showing mixed solidification structure (c) weld showing hot crack along interdendritic region.
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Fig. 6(b). Also, a few hot cracks were observed to be present
in the weld and HAZ as shown in the Fig. 6(c).

3.3 Scanning electron microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS)

SEM/EDS was performed on GTA and laser welds at the
locations indicated in Fig. 7 and 8. The chemical compositions
obtained from EDS are shown in Table 4. The same equations,
Eqg. (1), Eq. (2), Eqg. (3) and Eq. (4) were used to calculate the
Cr-Ni equivalents for GTAW and laser welds. These values were
used to predict the solidification modes and cracking
susceptibilities. The Cr,, was calculated to be 18.92, while the
Ni., was obtained as 12.9 for GTAW. It is seen to fall under AF
mode of solidification with about 2-4% ferrite content
according to WRC constitution diagram. In laser weld, the Cr,,
was found to be 16.48 while the Ni,, was calculated to be 11.47
which fall in fully austenitic mode of solidification and in the
cracking zone as predicted by modified weldability diagram.

4.0
4.1

DISCUSSION
Effect of Cooling Rate on Solidification Mode:

The microstructures of 316L welds made using GTAW and
Laser welding processes were found to be extremely different
when compared with each other. Firstly, the GTA weld consists
of duplex microstructure of dendritic austenite and delta
ferrite. Whereas, the laser weld consists of single phase
austenite dendrites. The cooling rate of the GTA weld is of the
order of 1x10’ which was calculated using Adam's equation and

this is consistent with that reported for arc welding processes
[7,8]. Whereas the cooling rate calculated for the laser weld
using Adam’s equations as mentioned already is 0.067x10°°C/s
and is of the order of rapid cooling condition [8]. The difference
in the microstructures of the welds made from the base
materials of same composition has arisen due to a shift in the
weld solidification mode to fully austenitic mode in laser weld
due to rapid cooling. In GTAW weld, the duplex microstructure
as shown in Fig. 6(a) is in agreement with that predicted using
WRC -92 diagram. The retention of delta ferrite in the weld is
because the solid state transformation reactions are diffusion
controlled, ferrite to austenite transformation is always
incomplete due to high cooling rate of the weld. Hence, the
delta ferrite is retained in the weld microstructure. In laser
weld, fully austenitic microstructure as shown in the Fig. 7 is
due to primary austenite mode of solidification in the weld. In
austenitic stainless steel welds undergoing high rate of cooling,
the solid state reactions are retarded completely giving rise to
single phase microstructure [7]. The preferential solidification
mode of the weld during rapid solidification such as laser welds
can be explained based on the schematic of vertical section of
Fe-Cr-Ni phase diagram as shown in the Fig. 9. The basic
assumption of this theory is that the solidification is
partitionless. The solidification modes for stainless steels with
compositions A and B are more dependent on composition
rather than cooling rate. But for stainless steel composition
shown at position C close to the 316L composition, the under
cooling due to rapid solidification is sufficient to bring it below
both To,, and To,,, because the difference between these lines

Table 4 : The chemical composition obtained at a point from EDS data (wt.%)

Elements Si P S Cr Mn Ni Mo Cr Eq Ni Eq Cr/ Nig,
Laser 0.37 0.14 0.36 15.92 1.57 10.98 - 16.475 11.46 1.4367
GTAW 0.37 0.06 - 16.90 1.79 12.20 2.02 18.92 12.9 1.466

Bl Eiechon imuge |

Fig.7 : EDS point scan and spectrum of laser.
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Fig. 8 : EDS point scan and spectrum of GTAW
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are too low within the peritectic triangle. The solidification
mode now depends on the relative kinetics of nucleation. Here
the base metals in laser welds is fully austenitic. Hence, the
kinetically favored solidification mode for the laser weld is
primary austenite and rapid solidification suppresses the
formation of delta ferrite which is in agreement with the
observed microstructure. The change in the solidification mode
with respect to weld cooling rate has been observed in many
investigations and has been reported that the phenomenon is
very sensitive for cooling rates in the order of 10°°C/s,
comparable to that of cooling rate experienced by the laser
weld experienced in the present study [8]. In our study
stainless steel solidifies in austenitic mode in GTA weld also.
So, cooling rate has a major effect on weld microstructure
rather than solidification mode.

Suutala also concluded that cooling rate has only minor effect
than the composition of the steel in determining the
solidification mode [9]. But his conclusions were based on GTA
welds where cooling rates were about 600°C/s which is much
lower than the weld cooling rates compared in the present
study. It is to be noted that the cooling rate experienced by
Laser weld (x10°) differs from GTA weld (x10°) by order of 3.

L |

TEMPERATURE

Increasing Chromium ——e

=—— Increasing Nickael
COMPOSITION

Fig. 9 : Vertical section of Fe-Cr-Ni phase diagram.

4.2 Effect of Substrate Phase on Solidification Mode

It has been found that the presence of heterogeneous
nucleation sites, which are readily available in larger volume is
kinetically favored phase during solidification of stainless steels
with low Cr/Ni,, ratio similar to that of 316L composition [8].
From the microstructures of GTA weld shown in Fig. 5 it is
quite discernable that since the base metal is predominantly
austenite, the weld started solidifying epitaxially in austenitic
mode and some delta ferrite is retained along the interdendritic
region due to incomplete transformation. As the solidification
progressed, the eutectic delta ferrite acted as precursor for the
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subsequent solidification of the liquid which changed the
solidification mode to primary ferrite as indicated by lacy
morphology in the microstructure. It has been reported that
the substrate phase from which the solidification starts acts as
precursor for the solidifying phase [7]. This should be the
reason for mixed mode of solidification corresponding to
austenite- ferrite (AF) + ferrite-austenite (FA) in GTA weld
microstructure as shown in Fig. 5(a). Similarly, the laser welds
also solidify from the base metal of same composition as that of
GTA weld, the solidification takes place in primary austenite
mode. Under rapid solidification condition, solidification is
predominantly partitionless and that's the reason for only
single phase austenite observed in the laser weld shown in the
Fig. 7(b). The observations are also in agreement with that
reported by Lippold in laser welds [7].

4.3 Effect of Solidification Conditions on
Solidification Mode.

Growth rate (R) can be taken as a representative factor of
solidification condition which significantly changes for GTA and
laser welding processes. Qualitatively, the laser weld which has
higher cooling rate can be considered to have higher growth
rate as compared to GTA weld. The observed solidification
mode of GTA weld is austenite + ferritic (AF) whereas that of
laser weld is primary austenitic which is consistent with the
microstructure map constructed by Lippold summarizing the
microstructures observed in stainless steels of various
composition as a function of solidification rate [7]. It is clearly
shown by the microstructural map that for the given steel
composition, there is tendency for the weld to solidify in
primary austenitic mode at higher growth rate. Therefore, the
effect of solidification rate can be considered to be similar to
that of the effect of cooling rate on solidification mode. In GTA
weld where the growth rate varies with the same order of
magnitude from the interface to the center of the weld,
theoretically there should not be any variation in the
solidification modes. But as observed from the microstructures
it is clear that there is mixed mode of solidification (AF+FA) in
the weld as discussed earlier. It can be stated that kinetics of
nucleation overrides the predictions made from the
constitution diagrams and maps. It can be observed from the
Fig. 5(a) that the solidification of the GTA weld starts as
coarse cellular structure and progressively changes to dendritic
and then to fine dendritic. This shows that the G/R ratio is
decreasing from the weld interface to the center [9].
Fluctuation of growth rate (R) in GTA weld within the same
order could cause only the solidification structure and size but
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not the solidification mode as the initial solidification mode is
primary austenite.

4.4 Effect of Cooling Rate on Hot Cracking

It is predicted from the WRC -92 diagram and observed from
weld microstructures that the weld solidification mode is
primary austenite irrespective of welding process for this steel.
It can be observed from the Fig. 5(c). that laser weld is heavily
cracked along the interdendritic regions whereas the GTA
welds are free from cracks. The susceptibility to cracking for
the composition of stainless steel used in this study was
predicted using weldability diagram which uses Hammer and
Svennson equations for GTA weld as shown in the Fig. 10 and
using modified weldability diagram for laser weld as shown in
the Fig. 4.
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Fig 10 : Weldablity diagram for cracking susceptibility
of 300 series stainless steel.

The classical weldability diagram was designed for arc welding
process and hence it was used to predict the susceptibility of
cracking for GTA welds. It was found that the point
representing the Cr,,/Ni,,of the stainless steel lies at the border
separating cracking and no cracking region with respect to its
Sulphur + Phosphorus (S+P) content. But it has been observed
that the weld microstructure is devoid of any cracks. The
modified weldability diagram was used for predicting the
susceptibility of cracking laser welds. The diagram predicted
that the primary solidification mode of the laser weld is
austenite and it is highly susceptible to cracking. The prediction
is in good agreement with the observed microstructure which
shows several hot cracks in the weld region and HAZ. The
higher cracking susceptibilities of the laser weld as compared
to GTA weld can be attributed to single phase austenitic
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microstructure which in turn can be attributed to rapid
solidification condition. Though it is assumed that there is no
segregation during rapid solidification, low melting elements
such as S and P were found to be 10 times more than the
nominal composition at the crack tips. Presence of high
amount of impurity elements in laser welds caused hot
cracking by forming low melting liquid along the interdendritic
regions as shown by spot EDS analysis at the interdendritic
regions in Fig. 8.

5.0 CONCLUSIONS

The present study was based on comparison of weld
solidification structure of GTA and laser welds prepared using
316L stainless steel of same composition. The following
conclusions have been drawn based on this study.

1. The solidification mode of 316L weld primarily depended
on chemical composition of the stainless steel which
decides the Cr/Ni,, irrespective of welding process.

2. Weld cooling rate is found have profound effect on the final
316L weld microstructure. Since laser welds experience
high cooling rate in the order of 10° °C/s, the formation of
eutectic ferrite along the interdendritic regions are
completely suppressed due to rapid solidification
condition. This gave rise to a single phase austenitic
microstructure in the laser weld. Whereas, GTA weld that
experienced cooling rate in the order of 10° °C/s is
composed of duplex microstructure of austenite and
ferrite.

3. Presence of heterogeneous nucleation sites in the weld
was also observed to have significant role in determining
and changing the solidification mode. In laser weld, high
cooling rate and epitaxial solidification of weld from
austenite phase of the base metal favors austenitic mode
of solidification. In GTA weld, epitaxial solidification of the
weld from austenite phase of base metal favored austenite
solidification mode with eutectic ferrite formed along the
dendrites. Delta ferrite in the weld locally acted as
preferential nucleation sites for ferritic mode of
solidification which led to mixed mode of solidification in
GTA weld.

High cooling rate, Sulphur + phosphorus impurity segre-
gations and single phase austenitic microstructure of the
laser weld led to higher cracking sensitivity than the GTA
weld with duplex microstructure.
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