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I would like to thank the Indian Institute of welding for bestowing the Prof. Placid
Rodriguez Memorial Award and Lecture in recognition of my contributions to Welding
Science and Technology. | consider it as a great honour and rare privilege for me to deliver
Prof Placid Rodriguez memorial lecture. During the early 1990’s Prof. Placid Rodriguez
guided and nurtured young scientists and engineers at Metallurgy and Materials Programme,
Indira Gandhi Centre for Atomic Research, Kalpakkam. | happen to be one among them.
During my early research career, he was my mentor and motivator. | always looked up to
him. He is still a role model for many of us. It was Prof. Placid Rodriguez who initiated and
nurtured the materials joining research activities at IGCAR, Kalpakkam. Therefore, | felt it
would be a fitting tribute to Prof. Placid Rodriguez if | talk about the recent advances we
have made in the welding technologies at Materials Joining Laboratory. As my research
contributions for the last ten years has been in arc welding technology of austenitic stainless
steels, | shall be talking in this lecture on the Recent advances in the arc welding technology
of austenitic stainless steels and how these new technologies could help us in achieving the
desired weld attributes of austenitic stainless steels.

Austenitic stainless steels form the major class of materials used in the energy
systems. The main fabrication method employed for structural components is arc welding.
TIG welding process is one of the candidate process for fabrication of the various
components in the nuclear industry. The principal disadvantages of TIG welding lie in the
limited thickness of material which can be welded in a single pass, poor tolerance to some
material composition (cast to cast variations) and the low productivity. Weld penetration
achievable in single pass TIG welding of stainless steel is limited to 3 mm when using argon
as shielding gas. Variable weld penetration has been observed when welding austenitic
stainless steels especially in autogenous TIG welds or the root pass of multiple pass TIG
welds. Poor productivity in TIG welding results from a combination of low welding speeds
and in thicker material the high number of passes required to fill the joint. Advances in arc
welding technology of austenitic stainless steels provided significant breakthroughs in
improving the performance of the TIG welding process and improving the mechanical
properties, and minimizing residual stresses and distortion in the weld joints. These
innovative technologies allow faster welding speed, require reduced joint preparation,
consumes less filler wire and involve reduced distortion correction through lower heat input
and distortion which is achieved by higher joint penetration. The above characteristics are
attributed to the novel variant of the TIG welding process called A-TIG welding process. We
have already demonstrated the suitability of the process for welding of austenitic stainless
steel components and the technology is readily available for commercial exploitation.

A-TIG Welding of Austenitic Stainless Steels

Specific activated fluxes have been developed for enhancing the performance of TIG
welding process for welding of austenitic stainless steels. The use of activated flux produced
a significant increase in penetration of 10 — 12 mm in single pass TIG welding of type 304LN
and 316LN stainless steels. Fig. 1 shows the typical variation in the depth of penetration of
type 316 L SS during A-TIG welding as a function of increasing current. There was a
significant increase in depth of penetration by 200-300% in single pass welding.
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Fig. 1 Typical variation in depth of penetration in type 316LN stainless steel weld produced
by A-TIG welding in single pass as a function of current [1]

The effect of variation in welding current on depth of penetration and weld bead width for
304LN and 316LN stainless steels are shown in Fig. 2 (a-d). The depth of penetration value
saturated at 3 mm with increasing current beyond 150 A for 304LN and 316LN stainless
steel welds produced without flux. However, with flux, depth of penetration increased with
increasing current and more than 6 mm depth of penetration could be achieved with a
current value of 240 A in single pass.
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Fig. 2 (a-d) Effect of activated flux on depth of penetration and weld bead width as a function
of current for type 304LN and 316LN stainless steels [1]

The weld bead width decreased by more than half when produced with flux compared to that

of the welds produced without flux. There was an improvement in weld bead profile due to

the use of activated flux. The variable weld penetration i.e inconsistency in weld penetration
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with increasing welding current was observed (Fig. 2c) when the 316LN stainless steel welds
were produced without flux. It can be seen from the fig. 2c that the depth of penetration
decreased with increasing current when welded without using activated flux. The same
welds when produced with activated flux, exhibited consistent variation in the depth of
penetration with increasing current (Fig. 2d). This observation implies that the use of
activated flux has mitigated the variable weld penetration caused by low sulphur content in
316LN stainless steel. Overcoming the variable weld penetration using activated flux during
autogenous TIG welding of austenitic stainless steels is considered as significant
achievement.

v Activator

a b
Fig. 3 Comparison between the penetration mechanisms of autogenous TIG and A-TIG
welding processes

The significant improvement in penetration achieved using the activated flux developed in
the present work was attributed to the constriction of the arc and as well as reversal of
marangoni flow in the molten weld pool (fig. 3). The constriction of the arc during A-TIG
welding could be seen clearly from the IR thermal images of the arc column (fig. 4) and was
also evident from the decrease in weld bead width by half compared to that of conventional
TIG welding. The dissolved oxygen content of 500 ppm in the weld from the flux would
change the temperature coefficient of surface tension to a positive value and lead to reversal
of Marangoni flow in the weld pool. So, combined operation of the above two mechanisms
only lead to increased penetration by as much as 300% in 304LN and 316LN stainless
steels produced by A-TIG welding in the present work. Figure 5 shows the cross sections of
the 304LN stainless steel welds produced by A-TIG and multi-pass welding. It shows
complete penetration for the joint thickness of 10 mm. Multi pass weld on 10 mm thick
304LN stainless plates with V-groove was produced using conventional TIG welding with
308L filler wire. Ten passes were required to complete the weld joint. The cross sections of
the 316LN stainless steel welds produced by A-TIG and multi-pass welding is shown in fig.
6. It shows complete penetration for joining thickness of 12 mm produced by A-TIG welding.
The multi pass weld on 316LN stainless steel was produced using 316L filler wire. Twelve
passes were required to complete the joint. The A-TIG weld joints produced in the present
work were sound and passed radiographic examination and bend tests without any defects.
There was residual fused flux layer produced on the face of the A-TIG welds that had to
removed using wire brush. The use of activated flux was found not to cause any significant
change in the chemical composition of the weld metals compared to that of the base metals.

Mechanical Properties of A-TIG Weld Joints of Austenitic Stainless Steels

The tensile properties of the base metal, A-TIG weld joint and multipass weld joints of type
304 LN and 316 LN stainless steels are given in Table 1- Table 4 [1-2]. The transverse
strength properties of the 304LN and 316LN stainless steel welds produced by A-TIG
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welding exceeded the minimum specified strength values of the base metals. Improvement
in toughness values were observed in 316LN stainless steel produced by A-TIG welding due
to some refinement in the weld microstructure in the region close to the weld center. Typical
microstructure of the 316 LN stainless steel weld produced by A-TIG welding process is
shown in fig. 7. There was no degradation in the microstructure and mechanical properties of
the A-TIG welds compared to that of the welds produced by conventional TIG welding.
Stress-rupture tests were carried out at various stress levels at 923 K and it was found that
the creep rupture life of 316 LN A-TIG weld joints enhanced by 75% compared to that of the
conventional TIG weld joints (fig. 8). This is a significant achievement. So activated flux
developed in the present work has greater potential for use during the welding of structural
components made of 304LN and 316LN stainless steels.

Table 1 Tensile properties of type 304LN SS base metal, A-TIG weld and the multi-pass

weld
Material 0.2% Yield Tensile strength, | %Total
strength, MPa | MPa Elongation
304LN Base metal 205 515 40
304LN A-TIG Weld 286 £ 4 528 + 2 36+2
304LN Multipass Weld | 379 +4 621+ 3 38+ 1

Table 2 Comparison of Impact toughness values between conventional TIG and A-TIG
welds on type 304LN Stainless steel

Material Impact toughness,
Joules

304LN SS A-TIG Weld 70

304LN SS Multi-pass Weld 80

Table 3 Comparison of Tensile Properties of type 316LN stainless steel Base metal, A-TIG
weld and multi-pass weld

Material 0.2% Yield Ultimate Tensile % Total
Strength, MPa | Strength, MPa Elongation

316 LN Base Metal 205 515 40

316 LN A-TIG Weld 327+ 2 578+ 3 271

316 LN Multipass Weld 4382 644 £ 1 25+ 3

Table 4 Comparison of Impact toughness values for A-TIG welds with multi-pass welds for
type 316LN stainless steels
Material & Condition

Impact Toughness,
Joules

316 LN A-TIG welds

111

316 LN Multi-pass welds

77

(b)
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Fig. 4 Infra Red Thermal images of the arc column for (a) conventional TIG (b) A-TIG
welding [1]
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Fig. 5 Cross-sections of the type 304LN stainless steel weld (10 mm thick) produced by (a)
A-TIG welding (b) Multi-pass TIG welding [1]
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Fig. 6 Cross sections of the type 316 LN Stainless steel weld (12 mm thick) produced by (a)
A-TIG welding (b) Multi-pass TIG welding [1]

Fig. 7 Typical microstructure of the 316LN stainless steel A-TIG weld [1]
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Fig. 8 Variations of creep rupture life with stress for 316 LN stainless steel Base Metal and
A-TIG, MP-TIG weld joints [3]
Fabrication of Stainless Steel and Steel Components using A-TIG Welding Process
A-TIG welding process has been used during TIG welding of long seam of hexagonal
sheets of 3 mm thickness made of type 304 L SS required for fabricating 110 dummy fuel
subassemblies (DFSA). The DFSAs is being used for core mechanics experiments
simulating PFBR conditions. Figure 8 shows the dummy fuel assemblies of type 304 L SS
fabricated using A-TIG welding.

Fig. 8 Stainless steel and steel components fabricated by A-TIG welding with a significant
reduction in cost and enhanced productivity [4].

The flux has also been used for welding DM water storage tanks made of 304 SS, storage
container for fuel pin magazine of PFBR made of carbon steel and plugs for PFBR fuel sub-
assembly storage container made of carbon steel. The properties of weld metal produced by
A-TIG welding are comparable to that of the weld metal produced by conventional TIG
welding. It has been demonstrated that use of A-TIG welding process enhanced the depth of
penetration in a single pass with higher welding speed, thereby considerably increasing
productivity. This process is found to be best suited for large scale mass production of long
and circular seam welding of rolled shells. Activated flux developed in house has now been
used for regular production of various components made of steel and stainless steels with
enhanced productivity. The use of activated flux reduces the requirement for welding
consumables and the edge preparations associated with large thickness (greater than 6 mm)
welding of a austenitic stainless steels. Therefore use of activated flux has good potential for
reduction of costs up to 50% compared to that of conventional TIG welding of structural
components made of austenitic stainless steels.

Measurement of Residual stresses in austenitic stainless steel weld joints using an
ultrasonic technique

A methodology has been developed using a non-destructive ultrasonic technique for
measuring surface/sub-surface residual stresses in 7 mm thick AISI type 316LN stainless
steel weld joints made by A-TIG and multipass TIG welding processes. Measurement of
residual stresses using an ultrasonic technique is based on the effect of stresses on the
propagation velocity of elastic waves. Quantitative values of the longitudinal residual
stresses across the weld joints were estimated from the measured transit times and pre-
determined value of acoustoelastic constant (AEC) for AISI type 316LN stainless steel.
Critically refracted longitudinal (Lcg) wave mode was employed and accurate transit time
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measurements were made across the weld joints. The technique has brought out clearly the
reduction in residual stresses in weld joints due to A-TIG welding compared to that of
conventional TIG welding. The reduction in maximum tensile residual stress value from 225
MPa in TIG welded joint to 45 MPa in A-TIG welded joint for an austenitic stainless steel is
attributed to the lower volume of weld metal in A-TIG weld joint compared to that of
multipass weld joint. The nature of the residual stress profile and their variations across the
A-TIG weld joint is shown in fig. 9. This residual stress measurement method has several
advantages including high spatial resolution for longitudinal residual stresses across the
weld joints, easy and simple to use, cost effective and non-destructive. Therefore, the use of
the critically refracted longitudinal (Lcg) ultrasonic waves for the assessment of surface/ sub-
surface longitudinal residual stresses in AlSI type 316LN stainless steel welded joints made
by A-TIG and TIG welding processes has been successfully demonstrated.
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Residual stress profiles of the multipass and A-TIG weld joints of type 316 LN
stainless steel measured using an ultrasonic technique [5]

Fig. 9

Optimization of A-TIG welding process using Genetic Algorithm

Genetic algorithm based computational models have been developed to optimize the
A-TIG process parameters to achieve the target weld bead geometry for welding of
austenitic stainless steels. In this methodology, first artificial neural network models
correlating weld-bead shape parameters, viz. bead width, and depth of penetration with A-
TIG process parameters, viz. current, voltage, welding speed and arc gap have been
developed independently for the austenitic stainless steels. Good correlation was obtained
between the measured and calculated weld bead shape parameters using the ANN models
(fig.10). Then genetic algorithm code was developed in which objective function was
evaluated using the ANN models. The objective function in genetic algorithm was defined as
the sum of least-square error estimates of the weld-bead shape parameters, viz. depth of
penetration, bead width and reinforcement height. To minimize the error in the predicted
weld-bead geometry, the genetic algorithm parameters such as the population size,
crossover rate and mutation probability were optimized by trail and error method. Close
agreement was achieved between weld-bead geometry obtained using the genetic algorithm
optimized process parameters and the target weld bead geometry (fig. 11). The present
work has also shown that genetic algorithm has the capability to determine the alternative
paths to achieve the target weld bead geometry by estimating the various sets of process
variables that can all produce a target weld bead geometry. Thus, a methodology using
genetic algorithm has been developed for optimising the A-TIG process parameters to
achieve target weld-bead geometry for austenitic stainless steels.
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Fig. 10 Comparison between the measured and predicted (a) weld bead width (b) depth of
penetration using the ANN models [6]

Fig. 11 Comparison between the target and actual weld bead width and depth of penetration
obtained using GA optimised process parameters [6]

Ferrite Number Prediction in austenitic stainless steel welds using advanced neural
networks

The most accurate composition only dependent Bayesian neural network model on
Ferrite Number has been developed using the data which was used for generating the WRC
— 1992 diagram and our laboratory data. The accuracy of Ferrite Number prediction using
the Bayesian neural network model has been found to be 63% more accurate than the WRC
— 1992 diagram and 40% more accurate than the FNN — 1999 model. This is certainly a
significant improvement over the existing methods currently available for Ferrite Number
prediction. Model perceived significance of the individual elements showed that Mn and Nb
are insignificant in influencing the ferrite number. This was a new observation and reported
for first time. The role of the alloying elements in influencing the Ferrite Number was found
to change when the base composition was changed. For example, silicon was found to
stabilize austenite in 316L austenitic stainless weld while it was found to stabilize ferrite in
309 stainless steel welds. Titanium was found to stabilize austenite in austenitic stainless
steel welds while it was found to stabilize ferrite in duplex stainless steel welds. Cobalt
exhibited a varying behaviour in 316L stainless steel welds while it was found to stabilize
ferrite in duplex stainless steel welds. Copper was found not to influence the ferrite number
in austenitic stainless steel welds while it stabilized ferrite in alloy 255 duplex stainless steel
weld. Thus, neural network analysis has overcome the limitation exhibited by the WRC-1992
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diagram that the Cr,q and Ni coefficients do not change as a function of the alloy
composition. Interaction between the elements such as C and Ti in influencing the Ferrite
Number could be studied from the analysis of combined effect of alloying elements. The
generalized Bayesian neural network model on Ferrite Number has been tested with data
from different sources which were not used during the training. Figure 12 (a-d) compares the
generalized neural network model predicted Ferrite Number with the measured Ferrite
Number for the different datasets obtained from various sources. The RMS error determined
for all test datasets has been always less than 2.0. It implies that the model developed in the
present work is robust and best suited for accurately predicting the Ferrite Number in
stainless steel welds.

@ (b)

() (d)

Fig. 12 Comparison between the Predicted and Measured Ferrite Number for (a) Entire
dataset used in the training (1020 nos) (RMS error = 2.1 ) (b) Test dataset (265 nos)
(RMS error = 2.03) (c) Data obtained from M/s Avesta, Sweden (582 nos) ( RMS
error = 1.85) (d) Test dataset (28 nos), (RMS error = 0.65) [1].

Table 5 compares the RMS error for Ferrite Number prediction using the different neural
network techniques. The accuracy of Ferrite Number prediction using the Bayesian neural
network model is found to be better than that of the Back Propagation neural network model.
The development of the most accurate composition only dependent neural network model is
a significant improvement over conventional constitution diagrams and the other models that
are currently available. The trends identified by the model for the role of various alloying
elements such as nickel, chromium, carbon, nitrogen, molybdenum, vanadium on the Ferrite
Number was consistent with the role of these elements expected metallurgically. The above
knowledge gained through this study for various austenitic stainless steel alloys is quite
useful during the alloy design of the welding consumables for obtaining the desired Ferrite
Number in stainless steel welds used in the nuclear, power and chemical industries.
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Table 5 Comparison of the root mean square (RMS) errors for prediction of Ferrite Number
in stainless steel welds using different Neural network techniques [1]

Prediction method RMS

RMS error error

(training (test

database) database)
Bayesian Neural Network (BNN) model 2.1 2.0
FNN-1999 (Back Propagation Neural Network model 3.2 2.3

Solidification mode Prediction in austenitic stainless steel welds using an advanced
neural network

Bayesian classification neural network model for predicting the solidification mode in
austenitic stainless steel welds has been developed. The developed model is first of its kind.
Nickel was found to exhibit a clear pattern in influencing the solidification mode in austenitic
stainless steel welds (fig. 13). Analysis of combined effect of nickel and other alloying
elements showed that in addition to nickel, chromium, manganese and nitrogen were the
other alloying elements whose concentrations determine the solidification mode in austenitic
stainless steel welds. Combined analysis of nickel and other alloying elements on the
probability of ferritic solidification mode showed that increase in chromium, molybdenum and
silicon content promoted primary ferritic solidification mode while increase in nitrogen
content promoted primary austenitic solidification mode. Increase in manganese content
beyond 6% promoted primary ferritic solidification mode in austenitic stainless steel welds.
Combined effect of Cr.4/Nigq ratio and the nickel content on the solidification mode is shown
in fig. 14.

Fig. 14 Effect of nickel content on the Fig. 15 Combined effect of Creq/Nieq ratio
Probability of primary ferritic and the nickel content on the
Solidification mode [1] probability of PF solidification mode [1]

The model was validated by making type 316 LN SS electrodes with varying nickel
contents and depositing them on substrate to study its microstructure. The predictions of the
model were in good agreement with the experimental results and the model predicted the
real behaviour of austenitic stainless steel welds very well. With close control of nickel,
chromium, manganese and nitrogen, it is possible to obtain primary ferritic solidification
mode and hence reduce the tendency for solidification cracking and eliminate slag formation
in austenitic stainless steel welds produced by arc welding processes. This model in
combination with the ferrite number model could be used effectively during the alloy design
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of composition of welding consumables for arc welding of austenitic stainless steels
commonly employed in nuclear, power and chemical industries.

Artificial Neural Network approach for estimating the weld bead width and depth of
penetration from Infra Red Thermal image of the weld pool

Artificial neural network based model has been developed to estimate the weld bead
width and depth of penetration from the Infra Red Thermal image of the weld pool in real
time. IR Thermal images were recorded online during autogenous welding of 316 LN
austenitic stainless steel at different current and torch speeds. The features derived from the
IR thermal images formed the input variables of the neural network while the measured weld
bead width and the depth of penetration were taken as out put variables. Fig. 15 compares
the measured weld bead width and depth of penetration with that of the ann model predicted
values. There was good agreement between the two values. The developed ANN model is
an intermediate step towards online control of weld bead geometry.

Fig.15 Comparison between the measured and predicted weld bead geometry using the
ANN model trained with IR Thermal image of the weld pool [7]

Assessing slag detachability of electrode coatings for austenitic stainless steel welds
using slag detachability tester and Prediction of slag detachability using neural
network model

It is essential and important that slag which protects the molten metal from
atmospheric contamination during Shielded Metal Arc Welding (SMAW) process gets
removed as the weld metal gets solidified. Till date, slag detachability has been assessed on
gualitative terms only. Hence, it is necessary to develop test procedures and methodology
for assessing the slag detachability in quantitative terms. A novel slag detachability testing
technique called slag detachability tester and a methodology for quantitative assessment of
slag detachability has been developed [8]. Testing parameters were standardized and using
these data, an expression is proposed for assessing the slag detachability in quantitative
terms called as slag detachability index as given in equation 1. This expression is the first of
its kind to quantify the slag detachability.

Slag Detachability Index (SDI)

SDI =[(A- a)/A® (1)
Where  A- Total weld area, a- Total slag area.
The test procedure and the methodology have been tested first on austenitic stainless steels
with various coatings by carrying out experiments. The formula found to be effective and

Page 11 of 13



consistent in various austenitic stainless steel weld samples. The index arrived using the
formula distinguishes the slag detachability property among the samples and confirms the
existing theory that rutile coating has better slag detachability than that of the basic coating.
Using this expression the slag detachability calculated for various coatings are as follows:
SDI for Rutile slag is 0.941. SDI for Semi basic slag is 0.866. SDI for Basic slag is 0.715.

There are no models currently available for predicting slag detachability in austenitic
stainless steel welds. The relationship between the coating composition and the slag
detachability is not known. Artificial neural networks are typically used to learn an input-
output mapping of a set of example patterns. Artificial neural network model for predicting
slag detachability in austenitic stainless steel welds has been developed. The model was
developed from the data generated using the novel slag detachability tester. Fig.16 (a)
compares the measured slag detachability index with that of the ann model predicted slag
detachability index. There was close agreement between the two values indicating the model
is quite good. The sensitivity analysis revealed that the slag detachability index is most
sensitive to the change in the value of SiO, closely followed by that of TiO,. The least
sensitive variable is CaCOj; (fig.16(b)). Using the generated model, the effect of variations in
the coating composition on slag detachability is also determined.

Fig.16(a) Comparison between the predicted and measured slag detachability index (SDI)
for austenitic stainless steel welds made by SMAW process (b) Significance of the
input variables on the SDI [9]

I have so far presented the advances we have made in the arc welding technology of
austenitic stainless steels. | sincerely believe that our group will continue to make
advancements in welding science and technology of austenitic stainless steels in the coming
years and the recognition of our earlier contribution through this award is a great motivation.

I would like to conclude this memorial lecture by quoting Albert Einstein, the eminent
scientist of the 20™ Century :

“To raise new questions, new possibilities, to regard old problems from a new angle,
requires creative imagination and marks real advance in science”

Albert Einstein
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