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OBITUARY
Born in 1934, Shri Sheo Raj Jain obtained B.E. (Mech.) degree from Birla Engg.
College, Pilani in 1956 and received training in Mechanical Maintenance of Steel
Plants in USSR.
Shri Jain began his career at Bhilai Steel Plant of the then Hindusthan Steel Limited
in the construction, maintenance and operation departments. Shri Jain rose to the
position of Chief Mechanical Engineer and later of General Superintendent. He was
elevated as the Chief Executive of the plant in 1975. He continued in this position
till 1980 before being appointed as the Chairman-cum-Managing Director of Heavy
Engg. Corporation. Shri Jain was deputed as Chairman-cum-Managing Director of
Coal India Ltd in November 1982. Shri Jain finally held the position of Chairman of
Steel Authority of India Limited.
Late S R Jain (1934 – 2019)
A very active technologist, Shri Jain had also served in the boards of different
IIM President 1988 - 1989
organisations, e.g., MECON, Central Coal-fields Limited, Belpahar Refractories
Limited, Almora Magnesite Limited, Hindustan Zinc Limited, Bharat Aluminium Co. Limited and Birla Institute of
Technology, Ranchi.
Shri Jain had been associated with IIM for over two decades. He was elected as Vice-President of the Iron & Steel
Division in 1986, and became President of IIM during 1988-89.

Dr. Kamla Prasad Singh left for his heavenly abode on 31st January 2019. Dr. Singh was a
physical metallurgist having expertise in thermodynamics and corrosion. Dr. Singh joined IIT
Kanpur in 1963 as Assistant Professor in the Metallurgical Engineering Department, was head
of the Department from 1972 to 1977. Dr. Singh, a life member of IIM was instrumental in
establishing the IIM Kanpur Chapter. He was a technocrat and able administrator. IIM Kanpur
Chapter is deeply indebted to his contributions to the Metallurgical society.

Dr. Kinkar Prosad Gupta breathed his last on 12th March 2019. He was a passionate
experimental physical metallurgist. Dr. Gupta joined IIT Kanpur as Assistant Professor in 1963
in the Department of Metallurgical Engineering. He was head of the Department from 1967 to
1972, head of ACMS (Advanced Center for Materials Science) from 1976 to 1982, and head of
Materials Science Program from 1982 to 1987. Dr. Gupta was a life member of IIM. IIM Kanpur
Chapter will always be indebted to him for his kindness, mentorship and inspiration.

*********
EDITORS

CORRESPONDENTS

Dr Manojit Dutta
Prof J Dutta Majumdar
Dr R Sandhya
Dr R Raghavendra Bhat
Dr N Eswara Prasad
Prof Sudhanshu Shekhar Singh
Dr Mithun Palit

Sri S K Basu (Kolkata)
Dr Chiradeep Ghosh (Jamshedpur)
Sri Rishabh Shukla (Pune)
Sri N K Kakkar (Delhi)
Sri M N V Viswanath (Hyderabad)
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G D Birla Gold Medal Lecture 2019
Joining of Advanced Materials for Defence Systems
G Madhusudhan Reddy

Outstanding Scientist and Associate Director,
Defence Metallurgical Research Laboratory, Hyderabad
E-mail : msreddy@dmrl.drdo.in
Keywords : Fusion welding, solid-state welding, dissimilar
metal welds, ballistic resistance, microstructure.
1. Introduction
Material joining encompasses fusion welding, solid state
welding, brazing and soldering. In fusion welding the
materials undergo melting and subsequent solidification.
Fusion welds are prone to segregation, porosity and
solidification cracking.
Segregation influences post
solidification phase transformations.
The extent of
these changes is dependent on weld thermal cycle and
the alloy’s response to the thermal cycle. Segregation,
porosity, solidification cracking and solid state cracking
are the problems associated with fusion welding. Some of
these problems need to be addressed during the course of
material development, as these are composition dependent.
For example to overcome the problem of solidification
cracking the compositions of austenitic stainless steel filler
are tailored to have some delta ferrite and similarly Al-Li
alloy compositions were modified in respect of Cu/Li ratio
to address the problem of solidification cracking. In order
to solve the problem of sensitization in austenitic stainless
steels carbon levels were reduced and further developments
in this direction led to stabilized stainless steels. In order
address the problem of strain age cracking in precipitation
hardening nickel base alloys an alloy with slow response to
ageing was to be developed that led to the development of
Inconel 718, which is weldable. Segregation during melting
can lead to heterogeneous phase transformations in solid
state. Porosity leads to scatter in fatigue properties.
Dissimilar metal welding is prone to problems related to
metallurgical incompatibility as well as problems related
to differences in physical properties. In addition, some
of the welds are prone to delayed cracking subsequent
to welding and this is predominant in high and ultrahigh
strength steel welds. Solidification and delayed cracking
tendencies of materials can be studied by weldability tests.
Fusion zone microstructure is influenced by the parent metal
microstructure immediately adjacent to the fusion zone.
This can result in property differences based on parent metal
microstructure. Some of the problems attributed to fusion
welding can be addressed by solid state welding processes
like friction welding, friction stir welding and diffusion
bonding. Ceramics are inert in nature and they are brittle.
Certain strategic applications demand the use of ceramics
either alone and / or in combination with metals. Since

Abstract
Metal joining processes consisting of fusion welding,
solid state welding, brazing and soldering are employed
to join many of materials in similar and dissimilar metal
combinations. Many applications of conventional and
modern engineering materials are limited by their ability to
be joined. Steels constitute the most widely used category
of metallic materials for defence hardware. Availability of
new steels with increased strength and toughness as a result
of innovative improvement over the last few decades, has
aided the defence hardware designer to achieve improved
reliability. Cr-Mo, Ni-Cr-Mo and Si-Mn steels are some of
the steels employed for armour applications in battle tanks as
well as personnel armour. The weldments of these steels are
required to exhibit resistance to projectile penetration and
also should have the ease of fabrication. The main problem
that is encountered is reduced ballistic immunity due to heat
affected zone softening, arising out of the weld thermal cycle;
hydrogen assisted cracking and reduced ballistic capabilities
of the fusion zone. Effect of heat input and welding process
on ballistic behaviour of heat affected zone of armour steel
welds and improvement ballistic properties of soft welds
with hard surfacing and development of carbide-free bainitic
filler metal with resistance to delayed cracking in armor steel
welds are outlined. The outcome of these basic studies has
been gainfully employed to establish fabrication technology
for manufacture of components for armour applications.
The problems in joining are related to metallurgical
characteristics influenced by the welding processes. Weld
zone grain refinement with inoculants and advanced welding
techniques to improve weld zone properties also form a part
of this paper. Effect of electron beam oscillation patterns
on the structure and properties of titanium, Inconel-718
and aluminum alloys are discussed. In dissimilar metal
combination metallurgical compatibility is the main issue.
Joining aspects of incompatible materials such as aluminium
to titanium alloys, titanium to nickel, titanium to stainless
steel and aluminium to stainless using fusion and solidstate welding processes are also described. The science of
joining by the friction stir welding route was established in
variety of materials of interest to industrial applications, and
an elaborate understanding about the influence of material,
tool and process parameters on achieving successful joints
through extensive experiments are also outlined in this
paper. The interfacial reactions in ceramics-metal brazing
with active braze alloys are also discussed.
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ceramics are brittle and exhibit low thermal coefficient of
expansion they are in general not amenable to conventional
welding processes. Brazing is extensively employed in the
joining of ceramics to ceramics and ceramics to metals. As
ceramics are inert they do not take part in electron exchange
that is necessary in brazing. For this reason conventionally
ceramics are subjected to metallization to enable them to be
brazed with conventional braze alloys. Recent research work
on ceramic joining is focused on active metal brazing. In
active metal brazing, an active metal like Ti, Zr, Cr, Hf etc.,
is added to the braze alloy. These active elements react with
the ceramic to form bridge compounds that enable brazing.
The talk is focused on some of the salient observations in
the joining of steels, titanium alloys, aluminium alloys and
ceramics to metals. The joining processes covered are fusion,
solid-state welding processes and active metal brazing. A
few of these findings are being highlighted.
2. Weldability of Special Steels for Various Defence
Applications
These steels are grouped into (i) Armour steels, which call
for ballistic immunity, and ease of fabrication, (ii) Ultra
high strength steels used in missile applications, whose
requirement is weld joint efficiency as high as 100%, (iii)
High Nitrogen Steel.
2.1 Armour Steels
In recent years, there has been an increasing need for armour
grade quenched and tempered (Q &T) steels for use in highlystressed structures, including many critical applications
in defense such as construction of the hull and turret of
combat vehicles. Welding is the major fabrication route
adopted in combat vehicle fabrication. Performance and
safety requirements in those applications demand adequate
strength and toughness as well as resistance to hydrogen
assisted cracking (HAC) of welded joints for improved
structural integrity [1]. The majority of armour fabrication
is performed by fusion welding processes. Shielded metal
arc welding (SMAW), gas metal arc welding (GMAW),
gas tungsten arc welding (GTAW) and the flux cored arc
welding (FCAW) processes are widely used in fabrication
of combat vehicle construction [2]. Cr-Mo, Ni-Cr-Mo and
Si-Mn steels are some of the steels employed for armour
applications in battle tanks as well as personnel armour. In
order to keep the weight to as minimum as possible for easy
maneuverability of the combat vehicles an ease of carrying
by persons in case of personnel armour these steels are heat
treated to maximum strength levels.
Armour steels are invariably welded in Q&T condition.
Fusion welds in these steels typically show a harder near
heat affected zone (HAZ) and over tempered far-HAZ
[3]. Both these HAZ sub-zones are problematic. The nearHAZ with martensitic microstructure is vulnerable to cold
cracking or hydrogen induced cracking, while the over
tempered far-HAZ dictates the achievable joint efficiency.
The higher the strength of the armour steel, the greater is the
difficulty [3]. Risks of hydrogen assisted cold cracking and
weld solidification cracking preclude the use of matching
fillers and other high-strength fillers for welding of armour
steels [4]. Post-weld heat treatments of any kind are not
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practicable, given the overall situation in which armour
steels are usually welded. In most cases, armour designs are
such that the joints are subjected relatively high stress levels
as they are welded. To combat this problem to a certain
degree, austenitic welding consumables having tolerance
for dilution and which retain the hydrogen in their structure
without causing embrittlement problem are employed [5,6].
However, the weld region in such a case exhibits least
resistance to projectile penetration [7]. To some extent
ballistic performance can be taken care of by proper design
of the weld with respect to the angle of attack [8]. During
welding the areas adjacent to the fusion zone are exposed
to temperatures approaching inter critical region. Therefore,
these regions get softened due to the decomposition of
metastable martensite. It has been reported that softening
phenomena occur in the HAZ of the weldments of quenched
and tempered as well as thermo-mechanically-controlled
process (TMCP) steel. However, it will be more meaningful
to establish welding technique/procedures to minimize HAZ
softening and to establish techniques to increase hardness
of the fusion zone to improve the ballistic performance of
weldments.
The influence of (i) filler alloy composition on cold cracking
behaviour of quenched and tempered armour grade low
alloy steels (ii) welding processes on HAZ softening and its
effect on projectile penetration, efforts made to mitigate the
problem of poor ballistic performance of austenitic welds
through hardfacing techniques, and the concept of carbidefree bainitic weld metal are covered.
2.1.1. Influence of filler metal composition on cold cracking
behaviour of armour steel weldments
Even with austenitic stainless steel consumables under high
dilution the risk of HAC prevailed. A comparative evaluation
of three austenitic stainless steel consumables namely, 20Cr9Ni-3Mo, 23Cr-13Ni and 30Cr-10Ni by Gooch [9, 10]
established that 30Cr-10Ni (E312) is the right choice as it has
more tolerance for dilution. In all these studies the argument
in favour of selecting austenitic consumable E312 was (i)
solubility of hydrogen in austenite is high (ii) diffusivity of
hydrogen in austenite is low (iii) the ductility of austenite
is high thereby an ability to overcome restraints and (iv) an
ability to tolerate heavy dilutions without the risk of forming
martensite microstructure that is susceptible to HAC [10,
11]. In addition, it is reported that undermatching fillers
mitigate the problem of hydrogen-assisted cracking [11].
Studies by Rowe et al [12] on hydrogen induced cracking in
the welds of A36 steel with ER308, ER309L and ERNiCr-3
indicated that all the three fillers are prone to HAC due to
the formation of high hardness martensite at the interface.
However, ERNiCr-3 has the least tendency to cracking as it
has very high nickel equivalent as high as 76%. This study
has given a guideline for the selection of consumables to
mitigate the problem of hydrogen induced cracking.
Dissimilar metal joining between austenitic steels and ferritic
steels is extensively employed in power plants [13]. In these
situations because of the high temperatures involved carbon
migration from ferritic steel to austenitic steels is an inherent
problem. The carbon migration leads to a carbon-depleted
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MPa and further stressing only led to the yielding of the and
breaking of the specimen by shearing along the walls of the
recess in the base plate. In all the implant test specimens with
E312 filler failure occurred at the interface in Cr-Mo welds
while with other fillers the failures occurred away from the
interface. The low critical stress to failure of Cr-Mo and NiCr-Mo steel welds with E 312 filler is found to be mainly due
to the nature of the interface/fusion boundary microstructure.
The interface is the hardest in the weld joint in Cr-Mo steel
weld. It consists of a white phase at the grain boundaries
that is rich in Cr and C and crack path in the interrupted
implant specimen followed this microstructural feature (Fig.
3) and finally exhibited intergranular fracture. Notch tensile
test results indicate that the interface region is brittle. Thus,
the low critical stress of Cr-Mo and Ni-Cr-Mo steel welds
with E 312 filler can be attributed to hard and brittle interface
microstructure that is notch sensitive and may not be related
to hydrogen assisted cracking as times to failure are too short
and HAC requires incubation period for hydrogen to diffuse
and cause failure.

zone that exhibits poor creep resistance in the ferritic steels
[14]. Ni-Cr fillers are reported to mitigate this problem to
some degree. Recent studies on carbon migration suggest
that carbon migration exists even in the as-welded condition
although not extensive [15]. Some studies have indicated FeMn-Ni is a cheap alternative to the high Cr-Ni filler [16].
The experience of the author is that cracking persists in the
heat-affected zones of high strength Q&T steels even with
austenitic stainless steel (E312) welding consumables. The
risk to this cracking problem has been addressed to some
degree by reducing the hardness of starting parent metal,
thus compromising on the use of full potential of the high
hardness in ballistic application. Hither to all the delayed
cracking studies on high hardenable quenched and tempered
steels are confined to self-restraint cracking tests namely,
Tekken ‘Y’ groove test, controlled thermal severity test etc.
In such tests the restraint stresses are limited. For example
the maximum restraint stresses in Tekken ‘Y’ groove test is
of the order of 700 MPa [17]. These tests only provide a
simple “crack or no crack” outcome for a specific material/
process/restraint combination with the assumption that
restraint stresses in normal engineering structures are below
700 MPa. However, failures continue to occur though, the
consumable selection is based on these “crack or no crack”
tests. Thus, there is a need to determine absolute value of
critical stress below which no HAC could occur. One such
test is implant test [18].
Implant test data of the selected steels namely Cr-Mo, NiCr-Mo and Si-Mn steels welded with austenitic stainless
steel filler (E312) are presented in Fig. 1 [19]. Si-Mn steel
exhibited highest critical stress of 700 MPa, Ni-Cr-Mo and
Cr-Mo steel did not exhibit endurance stress. However,
Ni-Cr-Mo steel exhibited higher stress than Cr-Mo steel,
probably due to the presence of nickel in Ni-Cr-Mo steel as
nickel is known to impart toughness.
1000

matching filler (equivalent to 4130)

1200

Stress (MPa)

1000

Nickel base filler

Low alloy low carbon filler

800
600
400

Mild steel filler

200
0

E312 filler
0.1

1

10

100

1000

Time (min.)

Speciemen did not fail

Fig.2. Implant test data of Cr-Mo steel weldments with various fillers

Cr-Mo steel
Si-Mn steel
Ni-Cr-Mo steel

800

Stress (MPa)

1400

600

specimen did not fail

400

200

0

0.1

1

10

100

Fig.3. Interrupted implant test samples of Cr-Mo steel weldment
(austenitic stainless steel filler –E312)
Note : Crack initiated in carbon depleted zone

1000

Time (min.)

The brittle nature of the interface may be linked to the
formation of carbides in such welds [20] and these carbides
are also reported to be prone to micro-cracking [21]. The
aligned microstructure observed in this case could have
aided in speeding up the fracture process.
The high hardness at the interface (Fig. 4) is thought to be
due to martensitic microstructure coupled with the presence
of carbides. A schematic showing the mechanism for the
formation of Cr and C rich phase at the interface is shown
in Fig. 5. This is similar to carbide formation in sensitized

Fig.1. A comparison of austenitic stainless steel (E-312) welds of the
three steels in implant test

The implant test data on Cr-Mo steel with different fillers in
the form of stress vs. time to failure are presented in Fig. 2
[19]. Stainless steel filler (E312) exhibited life of less than
60 minutes even at a stress as low as 200 MPa. Mild steel
filler also exhibited very low life at these stress levels. Nickel
filler exhibited a critical stress of 650 MPa while matching
filler exhibited a critical stress of 1000 MPa. The low alloy
low carbon steel filler exhibited a lower critical stress 700
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In an unique study on the behaviour of weld joints against
ballistic threats, the influence of alloy chemistry, welding
process and heat input on heat affected zone (HAZ) softening
and residual stress distribution were investigated [27-29].
In an earlier work the authors have reported that increasing
heat input lead to wide soft heat affected zone (HAZ) and
that the ballistic performance is inversely proportional to
the width of HAZ [30]. The thermal cycle is dictated by
the welding process as well as heat in put in a particular
welding process. Influence of welding process on ballistic
performance of weld and HAZ regions are presented in Fig.
6 [30]. The targets included the various zones of weldment in
the three welding processes that have been chosen for their
effect on ballistic performance of 6 mm thick armour steel
(nearly equivalent to AISI 4130) austenitic weldments (Figs.
7-9) [30]. The deformation in the target has been classified
as: plugging/discing when the projectile passes through the
target by plastically deforming only the zone of attach and
its surrounding; and soft plugging when penetration occurs
with a consequent ejection of material from the area of attack
and where only plastic flow occurs. Inability of the projectile
to penetrate is indicated by denting in the area of attack.
From Fig. 6, it may be noted that all of the welds had a
poor ballistic limit. However, it is observed that the SMAW
weld had the best performance and FCAW the least. In
respect of coarse HAZ, SMAW showed the highest ballistic
limit, whilst FCAW exhibited the lowest ballistic limit. In
the intermediate and distant HAZ, SMAW exhibited its
superiority over the other processes. HAZ of GTAW showed
the lowest resistance.

stainless steels [22]. Absence of white grain boundary phase
coupled with not so high hardness at the interface of Si-Mn
welds with E312 might have resulted in tough interface
leading to better performance under implant conditions. The
absence of Cr and C rich phase might be due to the role of
silicon in suppressing carbide formation [23-26].

Fig.4. Hardness of various zones in Cr-Mo steel weld with filler E312

Fig.5. Schematic diagram of carbon depletion from the parent metal
and chromium migration from the austenitic stainless steel weld
towards Cr-Mo steel base

The better performance of Cr-Mo steel welds with Ni base,
matching and low alloy low carbon steel fillers appears to
be due to the absence of white intergranular phase at the
interface coupled with low hardness of this region. These
features imparted improved toughness and resulted in high
energy fracture. The poor performance of mild steel filler
weld can be attributed to its inherent low strength.
2.1.2. Ballistic behaviour of softened heat affected regions of
armour steel weldments
Armor steels are employed in high hardness condition for
better projectile penetration resistance. In the assembly of
these armors welding is extensively employed. During
welding the areas adjacent to the fusion zone are exposed
to temperatures approaching inter critical region. Therefore,
these regions get softened due to the decomposition of
metastable martensite. The extent of this softening is
dependent on the weld thermal cycle to which these regions
are exposed. The presence of soft zone in a welded structure
may limit the design strength to a lower value and may also
influence the ballistic behaviour of weldments.

Vol.23 No.1 JANUARY 2020

Fig. 6. Effect of welding on ballistic performance of different weldment
zones

Fig. 7. Ballistic performance of Cr-Mo weldment
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increased as the benefits of using such an approach have
been realized. It has been shown that a hard surface layer
to resist impact indentation, backed-up by a tough, ductile
inner layer to absorb the kinetic energy of the projectile is
an efficient combination of layers to resist projectile impact
[32]. In the realm of metal joining, hardfacing technology
has been the subject of extensive research over the years.
Hardfacing is a type of surface treatment for the extension
of service life of worn parts or structures and only limited
number of studies has been conducted to explore its response
to impact. Hardfacing techniques have been applied to the
processing of multi-layered armour plates since it provides
excellent properties, fabricability and weldability [33]. In
fact, the multi-layered hardfacing or hardfacing to various
thickness and various combinations of hardfacing materials
or hardfacing sequences can be readily achieved for potential
armour plates [34].
An attempt has been made to improve the ballistic immunity
of austenitic welds through a hardfacing technique by a
shielded metal arc welding process, a quenched and tempered
steel (nearly equivalent to AISI 4340) with a ballistic limit
of 820 m/s is selected. A 30Cr-4C-2Mo-0.5 V-balance Fe
hard facing alloy has been selected for the evaluation of its
effect on the ballistic performance of the weld region. The
effect of welding with austenitic filler, with only hard facing,
root pass with austenite filler followed by hard facing,
sandwiching the hard face layer between austenitic weld
and in this fourth combination, the effect of hard faced layer
thickness has been studied. The study involves correlation
of interface microstructure, and hardness distribution across
different weld combinations on cracking tendency and its
influence on ballistic performance. Welds with complete
hardfacing shattered under ballistic impact. An overlay of
hardfacing alloy over austenitic weld disintegrated due to
extensive cracking in the hardfacing layer. Sandwiching of
the hardfacing alloy weld between austenitic welds served
the dual purpose of weld integrity and ballistic immunity
due to the high hardness of hardfacing alloy and the energy
absorbing capacity of austenitic weld deposit. However,
for full ballistic immunity equivalent to the base metal a
minimum thickness of hardfacing weld layer was found to
be essential. The observed trends are explained on the basis
of microstructural features and cracking behaviour in the
hardfacing alloy [35]. Through our detailed investigations
we have been able to address this problem. The solution
that is found is to incorporate hard material between the soft
austenitic weld layers as a sandwich [35]. This can be done,
either, by depositing hard facing material as weld deposit
or by in situ hard layer formation. For in situ hard layer
formation aluminium filler is deposited over stainless steel
weld facilitating formation Fe3Al or Ni3Al and such other
hard intermetallics [36].
Combination of hard facing electrode and softer austenitic
stainless steel electrodes, though provided improved
ballistic performance, might not satisfy main design criteria
such as strength and toughness due to non-homogeneous
microstructure of weld metal. In order to satisfy improved
ballistic performance as well as other design parameters, it

Fig. 8. Ballistic performance of the Cr-Mo weldment (GTAW)

Fig. 9. Ballistic performance of the Cr-Mo weldment (FCAW)

The trends observed in respect of the austenitic weld zone
ballistic performance are supported by the microstructural
features and are substantiated by the hardness tests. The
superior ballistic limit of the SMAW weld is due to the finer
grain size, whilst the inferior performance of FCAW is due
to coarse columnar grains, the grain boundaries of which are
vertical and along the line of ballistic attack. The intermediate
behaviour of the GTAW weld is due to the equiaxed grain
pattern observed with these welds. These microstructural
features appear to be conducive for the GTAW weld to have
the advantage over the FCAW weld.
Additionally, GTAW is the least energy efficient process
[31] amongst the three processes investigated. Therefore
it appears that the heat content of the GTAW weld pool is
low compared to that of the other two welding processes.
The difference in energy transfer efficiency has been
reflected in the width of the heat-affected zones as well as
in the coarse HAZ region. SMAW (high energy efficiency
process) showed the least narrow coarse HAZ, whilst GTAW
exhibited the widest HAZ, correspondingly the ballistic limit
of the HAZ of SMAW was the highest. The intermediate and
distant HAZ of SMAW as well as of FCAW were better than
those of GTAW in respect of ballistic performance, where
only punching was observed. In respect of GTAW, soft
plugging, an indication of poor ballistic performance, was
observed. The poor performance of the coarse HAZ region
of FCAW can only be attributed to its prior coarse austenite
grain size and grain boundary ferrite, the presence of these
features having been supported by the lowest hardness in this
region of FCAW.
2.1.3. Enhancement of ballistic capabilities of welds
Since it is a practice to weld armor steels with austenitic
stainless steel consumables, the welds are soft and
therefore exhibit poor ballistic properties. The possibility of
improving the penetration resistance of a target by layering
it with materials having different properties has been known
since the late 1800s, when ballistic performance of armour
plating was first improved by hardening its surface [32].
Since then the use of multi-layered armour plating has
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is highly desirable to develop coated electrode which will
attribute more homogeneous microstructure in weld metal
similar to high strength armour steel plate. Pramanick et
al., [37, 38] have attempted to obtain martensite, bainite
and some amount of retained austenite in the weld metal by
proper design of alloying elements in the coating of SMAW
electrode based on metallurgical index. Three different
electrodes attributing different combination of microstructural
constituents in armour steel weld metals exhibited excellent
ballistic performance combined with other design criteria
such as strength and toughness at −40°C. However, among
the different microstructural constituents lower bainite along
with retained austenite showing maximum toughness both at
room temperature and at −40°C could be considered as most
desirable microstructure in armour steel weld metal.
2.1.4. Welding of armour steels with carbide-free bainitic
fillers
Carbide-free bainite is a relatively recent development in
steel microstructures. In contrast to conventional bainite,
it is made up of extremely thin plates of bainitic ferrite
(down to 20 nm in thickness) dispersed in a matrix of stable
carbon-enriched austenite. This unique microstructure
develops when cementite precipitation is retarded during
bainitic transformation, typically by judiciously alloying the
steel with silicon [39, 40]. While the carbide-free version
of bainite is known for a long time, it is only recently that
it could be engineered to realize its full potential, mainly
due to Bhadeshia and co-workers at Cambridge University
[41-42]. The microstructure exhibits an excellent combination
of strength and ductility. The strength comes from the fine
scale of the structure while the ductility is related to the
texture of austenite and bainitic ferrite. These characteristics
make it well-suited for weld metals.
Krishna Murthy et al. [43] explored the potential of CFB
weld metal, considering, as test case, welding of an armour
grade quenched and tempered steel (nearly equivalent to AISI
4340). After a series of trails with filler metal composition
and shielded metal arc welding procedures, single pass
groove welds with CFB microstructures in the weld fusion
zone were successfully produced in this steel (Fig. 10).
These welds were produced using preheat temperature
of 350°C and were also subjected to post heating at the
same temperature for 6 hrs. The armour steel plates were
also welded using austenitic stainless steel fillers (without
using any preheat) for one-to-one comparison with CFB
weld. In the near HAZ, while the austenitic welds showed
a martensitic microstructure, the CFB welds developed a
regular bainitic microstructure.

Both welds showed some over tempering in the far-HAZ. In
transverse tensile tests, the CGB weld specimens failed in
the over tempered far HAZ, while the austenitic welds failed
in the weld metal (Fig. 11). The CFB welds were found to
be significantly stronger than the austenitic welds with an
impressive joint efficiency of 77% (Fig. 12).

Fig.11. Location of tensile fractures: (a) CFB weld, (b) Austenitic
stainless steel weld

Fig.12. Typical Stress strain plots

In transverse face bend tests, the CFB welds performed at
par with the base metal, while austenitic welds showed better
bend ductility. The CFB welds showed very superior ballistic
performance (Fig. 13) compared to those produced, as per
the current industrial practice, using austenitic stainless steel
fillers. Importantly, the CFB welds showed no vulnerability
to cold cracking, as verified using oblique Y-groove tests. The
concept of carbide-free bainitic weld metal thus promises
many useful new developments in welding of high-strength
steel.

(a)

(b)

Fig.13. Photographs of austenitic (a) and CFB (b) weld coupons of
6 mm thick Cr-Mo steel weldments after ballistic testing

2.2. Maraging Steels
Maraging steels are highly alloyed Fe-Ni alloys with very
low carbon content possessing an excellent combination of
several important engineering properties e.g. strength, fracture
toughness, dimensional stability during heat treatment etc.
Typically, the alloys are solution annealed at 815°C and
will transform completely to relatively soft martensite upon
cooling to room temperature (even air colon). The ductile

Fig.10. (a) TEM microstructure of CFB weld metal (b) Electron
diffraction pattern confirming the presence of ferrite and austenite in
CFB weld metal
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martensite can be readily fabricated and then hardened by
aging at about 480°C. The strengthening effect in these steels
is achieved by the precipitation of substitutional elements
such as Ni, Ti and Mo, which occurs during ageing process.
Maraging steels have good weldability and most common
welding processes employed are fusion welding processes
such as gas tungsten arc welding and electron beam welding.
The principal microstructural change in the weld fusion zone
is the transformation of austenite to martensite on cooling.
Post weld heat treatment results in age-hardening of the
martensite through the precipitation of phases that occurs
as a function of weld metal composition and heat treatment
conditions. However, it is possible that the martensite could
revert to austenite on reheating either by shear or by diffusion,
depending on temperature. During prolonged holding
at temperature below the As temperature, the martensite
eventually decomposes by a diffusion-controlled reaction to
ferrite and austenite. The austenite is enriched in Ni and thus
stable on cooling to room temperature. While such reversion
to austenite usually follows precipitation during aging, it has
been precede precipitation of intermetallic compound. The
reversion to austenite is partially responsible for softening
at long aging times and it has been suggested that it may
be significant to fatigue, toughness and stress corrosion
cracking. There has been a revival of interest in the topic of
reverted austenite because of its effect on material behaviour.
In similar metal welds of maraging steel the main concern
has been toughness of the fusion zone. It is interesting to note
that in maraging steel weld metal, the presence of reverted
austenite decreases toughness. Formation of reverted austenite
is particularly enhanced when alloying elements such as
nickel, molybdenum and titanium segregate to the cell and
dendrite boundaries. Sufficient segregation has been found
in the fusion zone to produce reverted austenite on heating
to the normal aging temperature of 480°C, but it forms most
readily at 650°C. For the elimination of reverted austenite in
the fusion zone, the weldments were subjected various post
weld heat treatment viz. (i) direct aging (ii) solution treatment
followed by aging and (iii) homogenization followed
by aging. Homogenization at 1150°C led to a decrease
in the content of nickel, molybdenum and titanium at cell
boundaries. Elements which had segregated to the grain
boundaries during weld solidification were found to be redissolved into the matrix during homogenization treatment.
Post weld aging and post weld solution treatment + aging
led to improvement in tensile strength. The improvement in
tensile properties is due to precipitation hardening effect of
aging treatment. Low ductility is thought to be due to the
presence of reverted austenite. There is an increase in UTS,
0.2%YS and %El observed after homogenization treatment
followed by aging treatment as compared with properties
obtained through direct aging and solution treatment +aging
due to homogenization of the weld metal. Welds exhibited
lower toughness as compared to parent metal irrespective
of the post weld heat treatments. The impact toughness is
in the order (Homogenization + aged) > (solution treated
+ aged) > directly aged conditions. These observations
suggest that post weld homogenization treatment that results
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in elimination of micro segregation leading to elimination
of reverted austenite, is required to improve the impact
toughness of welds [44].
2.3. High Nitrogen Steel
Demand to reduce the weight of armoured structures with
improved ballistic efficiency has been ever increasing.
Weight reduction can be achieved by using newer materials
having better ballistic performance and/or by changing the
design of armour systems. Traditionally, ultra high strength
low alloy steel with tempered martensitic microstructure has
been widely used in various armour applications. Apart from
high strength low alloy steels, studies have also been carried
out on other class of steels such as secondary hardening steels,
auto tempered steels, maraging steels and super-bainitic
steels for potential ballistic applications. Nitrogen alloyed
(0.6 to 0.8 wt%) nickel free steels, i.e. steels, which are
intentionally alloyed with a considerable amount of nitrogen,
are a comparatively recent group of materials of this class
exhibiting a versatile set of properties. In addition to savings
associated with absence of Ni, these steels display a unique
combination of strength, toughness, corrosion resistance,
wear resistance and high strain hardening ability. Another
advantage of these steels is that they are non magnetic (antimagnetic) in nature. Among many other applications, high
nitrogen steels are also emerging as candidate materials for
armour applications. This material cost is about half that of
currently produced RHA steels of CDA99 grade. DMRL
has developed technology for production of high nitrogen
steel (HNS) for armour applications and achieved improved
ballistic performance compared to Rolled Homogenous
Armour (RHA).
Welding is the main fabrication method for joining structural
components. The majority of structural fabrication is
performed by fusion welding processes. Problems during
fusion welding of nickel-free high nitrogen steel is nitrogen
desorption, solidification cracking in the fusion zone and
poor mechanical properties. Solidification cracking can
be avoided by using suitable welding consumables which
produces required amount of delta ferrite in the weld metal.
There are currently no matching filler metals commercially
available for welding nickel-free high nitrogen steels. High
nitrogen steels can be joined successfully using range of
commercially available stainless steel electrodes, but the
weld metal mechanical properties are generally inferior
to those of the base metal. Duplex stainless steel welding
consumables (E2594-15) were selected keeping the
following requirements (i) resistance to solidification
cracking during welding (ii) adequate mechanical properties
of the weld metal (iii) concerns the solubility of nitrogen
in the weld metal. 15 mm thick nickel-free high nitrogen
stainless steel (hot rolled and quenched) was employed in
this investigation. Single ‘V’ butt joint configuration was
prepared to fabricate the joints by shielded metal arc welding
process. The chemical composition of all-weld metal is
listed in Table 1. The weldments were characterized on the
basis of transverse tensile, bend test and metallography.
The presence of significant amount of delta ferrite in the
weld microstructure suggests that these welds fulfill the
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requirements for solidification cracking resistance (Fig. 14).
The transverse tensile properties of the welds however are
lower than that of base metal. Fracture of transverse tensile
test samples occurred in the weld region (Fig. 15). Bend
tests (face-bend and root-bend) were conducted in a threepoint bend test fixture; bending through 180° with no visible
defects/cracks (Fig. 16) [45].

softening phenomena in the weds of AA6061 alloy, a study
has been taken up to improve the properties in as-welded
condition by resorting to pulsed current and magnetic arc
oscillation techniques. This study assumes significance as
the influence of innovative techniques such as pulsed current
and arc oscillation in the welds with filler addition has been
attempted for the first time. This study established a route
to obtain acceptable mechanical properties in the as-welded
condition it-self [51].
3.3. Al-Zn-Mg-Cu Base Alloys
Commercial 7000 series aluminium alloys are based on
medium strength Al-Zn-Mg and Al-Zn-Mg-Cu systems.
The medium strength alloys are weldable, whilst the Cu
containing alloys are non- weldable. This is because; Cu
additions in excess of 0.3 wt% give rise to hot cracking
during the solidification of welds, where, joining of
components by welding is an essential step. Investigation
were carried out on the influence of scandium bearing filler
materials on the weldability of an Al-Zn-Mg-Cu base 7010
alloy using conventional gas tungsten arc welding process
and known Varestraint and Houldcroft tests for weldability.
It is observed that the hot cracking tendency is pronounced
for the welds deposited without scandium containing AlMg filler (AA5356). On the other hand, the hot cracking
tendency is greatly minimized for the welds deposited
with scandium containing filler. The beneficial role of the
scandium containing filler is found to be associated with the
significant micro-structural refinement of the welds in terms
of both the grain size as well as the morphology of the second
phase particles present as solidification products. Role of
trace additions of Ag (0.1at %) in increasing the nucleation
frequency and stability of a variety of phase precipitates in
several Al alloy systems is well known. However it is not
known whether or in what ways such small additions of Ag
could affect the weldability of Al alloys. The presence of
Ag in the filler alloy has the noticeable effect of equiaxing
and refining the grain size of the fusion zone. Studies were
carried out on solidification cracking behaviour of 7010+Ag
using varestraint test. Results indicated that solidification
cracking resistance is comparable to the commercially
welded 7020 Al alloys [52-53].
4. Welding of Superalloys
Niobium (Nb) segregation and consequent formation of
laves phase is a major problem in fusion welding of IN 718.
Laves phase is detrimental to the mechanical properties of
the weldments. In an attempt to overcome Nb segregation
leading to Laves phase formation in IN 718 fusion welds, a
comprehensive study was undertaken using (i) electron beam
welding with and without beam oscillation (ii) Laser beam
welding (iii) Pulsed current (PC) and magnetic arc oscillation
(MAO) techniques of gas tungsten arc (GTA) welding. This
work has conclusively proved that electron beam oscillation
technique (Fig. 17) and pulsed laser technique and the pulsed
arc technique in GTA welding reduce niobium segregation
very effectively. Elliptical electron beam oscillation and
pulsed laser weld techniques are the best from the point of
view of reducing the Nb segregation, Laves content and
the continuity of Laves phase. The elliptically oscillated

Fig. 14. Microstructure of fusion zone

Fig. 15. Appearance of transverse
weld tensile tested specimens

Fig. 16. Transverse weld bend
ductility test specimen

3. Welding of Aluminium Alloys
3.1. Aluminium-Lithium Alloys
In a major research effort studied welding of Al-Li alloy
sheets using alternating current gas tungsten arc welding
(AC-GTAW) process. This work established for the first
time that hot-crack free autogenous welds of aluminiumlithium alloys could be made by applying the pulsed current
(PC) and arc oscillation (AO) techniques. An altogether new
technique involving a combination of pulsed current and
arc oscillation was developed for the first time for refining
the microstructure and improving the weld properties. The
study showed for the first time that combination of pulsed
current and arc oscillation resulted in welds with much more
uniform and fine microstructure than that possible with
these techniques individually. The work showed that these
techniques also reduce significantly the micro-segregation of
the major solute elements in the solidified structure leading
to substantial improvement in their corrosion resistance.
The fatigue crack growth resistance in PC and AO welds
was found to be the best. The effects of various filler metal
compositions (including new compositions) on macro/
microstructure, hot cracking, mechanical properties and
corrosion behaviour of the welds have been investigated. A
mechanism has been proposed for the absence of epitaxial
growth in Al-Li alloy welds [46-50].
3.2. AA6061 (Al-Mg-Si)
Although Al-Mg-Si alloys are readily weldable, they suffer
from severe softening in the heat affected zone (HAZ)
because of reversion (dissolution) of (Mg2Si) precipitates
during weld thermal cycle. To address heat affected zone
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electron beam welds and pulsed laser beam welds exhibited
the best response to post weld ageing treatments. Through
these studies, indicated that application of electron beam
oscillation and pulsed laser beam are powerful techniques
in reducing the Laves phase at the welding stage itself and
in improving the response to post weld ageing treatment and
thereby improving the mechanical properties [54-59].

grain refinement in weld fusion zones has been the subject
of several investigations in the recent past. The application
of these techniques in reducing grain size and improving
mechanical properties of some of the alloys used in defence
application are discussed in some details in this paper.
5.1. Titanium Alloys
Weld fusion zones in α − β Ti alloys are known to exhibit
poor ductility compared to the base material. This is usually
attributed to an acicular, at least partially martensitic
intragranular microstructure and large prior-beta grain size.
The as-welded ductility cannot be improved by altering
merely the weld energy input because a high heat input
promotes coarsening of the prior β grains, while a low heat
input accelerates cooling and increases the aspects ratio of
the matrix microstructure. In an attempt to refine the weld
solidification structure without adversely influencing the
intragranular microstructure in α − β Ti alloys, Magnetic
arc oscillation (MAO) and current pulsing (CP) have been
used (Fig. 18). Various oscillation frequencies from 1-20 Hz
were studied at constant amplitude of 0.6 mm. Maximum
grain refinement was observed at a frequency of 2 Hz. In CP
studies, both DC and AC were employed. Pulse frequencies
were varied in such a way that the total heat input is same
in all cases. Maximum grain refinement was observed at a
frequency of 6 Hz [60-61].
Poor impact toughness is the main problem in the conventional
electron beam welds of Ti-6Al-4V. Beam oscillation welding
technique has been investigated with a view to alleviate this
problem. Microstructure and mechanical properties of the
welds were evaluated in the as-welded and post weld heattreated conditions. Beam oscillation in the electron beam
welds exhibited improved impact toughness and ductility as
compared to conventional welds. Post weld heat treatment
in the sub-transus as well as super-transus regions led to
improvement in impact toughness of conventional as well
as beam oscillated welds. The observed impact toughness
trends are well correlated to crack path deflection and
deviation in that, increased crack path deviation results in
enhanced toughness. In the as-welded condition residual
stress was found to be compressive and is attributed to
the predominantly martensitic microstructure. Post weld
heat treatment that led to the decomposition of martensite
to equilibrium α + β exhibited tensile residual stress as
a result of accompanying volume expansion during α to
α + β transformation [62].

Fig. 17. Electron beam weld fusion zone in IN718 (a) continuous beam
(b) elliptical oscillated beam

5. Fusion Zone Grain Refinement Techniques
Weld fusion zones typically exhibit coarse columnar
grains because of the prevailing thermal conditions during
weld metal solidification. This often results inferior weld
mechanical properties and poor resistance to cracking.
While it is thus highly desirable to control solidification
structure in welds, such control is often difficult because of
the high temperatures and highly thermal gradients in welds
in relation to castings and the epitaxial nature of the growth
process Nevertheless, several methods for refining weld
fusion zone have been tried with some success in the past:
inoculation with heterogeneous nucleants, micro-cooler
addition, surface nucleation induced by gas impingement
and introduction of physical disturbance through techniques
such as torch vibrations. The use of inoculants for refining
the fusion zone was, as a matter of fact, not as successful
as in castings because of the extremely high temperatures
involved in welding and also due to the undesirable affects
of the inoculating elements on weld mechanical properties
at the levels required for producing grain refinement.
Other techniques like surface nucleation and micro-cooler
additions were also turned down because of the complicated
welding set-ups and procedures associated with their use. In
the process, two relatively new techniques- current pulsing
and magnetic arc oscillation have gained wide popularity
because of their striking promise with minor modifications to
the existing welding equipment. The use of current pulsing
(CP) and magnetic arc oscillation (MAO) for producing

a

c

b

0.4 mm

Fig. 18. Weld microstructure of (a) Continuous current (b) pulsed current (c) magnetic arc oscillated gas tungsten arc Ti-6Al-2Sn-4Zr-2Mo welds
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5.2. Intermetallics
Intermetallics of titanium such as Ti3Al (α) and TiAl (γ)
that exhibit extraordinary properties at high temperature are
being introduced in aerospace applications. However, owing
to their low ductility at ambient temperature they have to
be fabricated with great care. Processes like gas tungsten
arc welding, electron beam welding are generally employed
to fabricate components of these materials. Ti3Al has been
found to be weldable by friction welding [63].
5.3. Aluminium Alloys
One of the major problems in the welding of heat-treatable
aluminium alloys is hot cracking or solidification cracking.
In an attempt to control hot cracking, these alloys are
commonly welded using non-matching filler materials like
Al-Si and Al-Mg alloys which are not heat-treatable. As a
result, the weld metal does not respond to post-weld aging
treatments and thus its strength properties far significantly
below that of the base material. However, if the hot cracking
propensity is controlled by some means which would
allow the use of matching fillers during welding heattreatable aluminium alloys, weld metal properties could be
significantly improved. Refinement of the fusion zone grain
size is a definite means to achieve this objective. Also, the
formation of fine equiaxed grains, by itself can improve
weld metal properties. The possibility of refining the fusion
zone grain size in a Russian origin Al-Li alloy 01441 using
magnetic arc oscillation (MAO) and current pulsing (CP)
has been investigated. The application of CP and MAO has
resulted in substantial refinement of the fusion zone grain
structure. Similar observations were also reported in another
Al-Li alloy AA2090 using MAO and CP [64-65].
5.4. Ferritic Stainless Steels
A major problem in the welding of ferritic stainless steel
is grain growth in the welds, which leads to degradation
in mechanical properties. Refinement of grain size is not
possible during post weld solidification due to absence
of phase transformation/allotropic modifications. In an
effort to refine the fusion zone fusion grain structure in
AISI 430 ferritic stainless steel, gas tungsten arc welding
(GTAW) was performed which included optimisation of
pulse frequency, type of welding current, heat input and
modifying the weld chemistry by the addition of alloying
elements such as copper and titanium. Refinement in grain
size has led to an improvement in the tensile strength and
ductility in general. Addition of 2% O2 to the shielding gas
resulted in a grain refinement at the fusion zone. Addition
of copper and titanium led to an improved strength over
that of the base alloy. It was observed that the structure in
the as-solidified weld was predominantly columnar in the
case of conventional GTA welding process. Magnetic arc
oscillation results in columnar to equiaxed transition in the
grain structure; under optimum condition of at oscillation
frequency and amplitude, the grain size of the weld bead was
finer than in conventional welds. This could be attributed
to the factors that include enhanced fluid flow, reduced
temperature gradients and continually changing weld pool
size and shape due to the action of imposed magnetic field.
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An oscillation variable, which resulted in maximum grain
refinement in the fusion zone, was employed to evaluate
longitudinal all-weld tensile properties and residual stresses
across weldments. The tensile properties of arc oscillated
welds were found to be superior to those of conventional
welds. Arc oscillated welds exhibited low tensile residual
stresses in the fusion zone compared to conventional gas
tungsten arc welds [66-68]. Extensive grain refinement was
observed in electron beam oscillated welds.
6. Dissimilar Metal Welding
Dissimilar metal welding is one of the important areas in
welding particularly in defence and aerospace applications.
These include welding of dissimilar metals i.e. low carbon
alloy steels to medium carbon alloy steels, low alloy steels to
stainless steels, high alloy maraging steels to medium carbon
medium alloy, titanium to stainless steels, stainless steels to
aluminium, low alloy steels to maraging steels, low alloy
steels to nickel base alloys etc. Fusion welding of some of
this dissimilar metal combination does not yield desirable
properties and some are not amenable to fusion welding due
to metallurgical incompatibility. Fusion welding of low and
medium alloy steels containing low to medium levels of
carbon to stainless steels and maraging steels is faced with
the problem of carbon migration towards high alloy maraging
steel and stainless steel. The dissimilar combinations do not
favorably respond to post weld heat treatments designed for
both the class of steels. The properties obtained are only
of compromise. Buttering of the steels with high nickel
fillers solves the problem of carbon migration. However
the properties of the weld are dictated by the interlayer
properties. Carbon migration problem is prevalent even in
friction welding. Incorporation of interlayer material like
Ni as a diffusion barrier has been able to eliminate carbon
migration.
6.1. Dissimilar Metal Fusion Welds
6.1.1. Maraging steel to low alloy steels
In many of the defence and aerospace applications maraging
steels are employed in combination to other steels especially
high strength low alloy steels. These steels exhibit their best
mechanical properties in respective heat treated conditions.
Depending on the requirement, the steels are heat treated and
then welded or subjected to post-weld heat treatment.
The main objective of the study presented in this work is
to understand the structure-property correlation and residual
stress distribution of similar and dissimilar metal weld
joints of maraging steel and medium alloy medium carbon
steels, which are widely employed in aerospace and defence
applications, by employing gas tungsten arc welding and
electron beam welding. The work could successfully bring
out the dissimilar metal welding of the steels with optimized
post-weld heat treatments, filler materials, residual stresses
and mechanical properties. This study assumes special
significance as the data on these steels are scarce and hitherto
no data has been published on the dissimilar combination of
these steels. The detailed study that is carried out in this work
is as follows: The effect of filler material variation on the
structure-property correlation and residual stress distribution
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such as electron beam (EB) and gas tungsten arc welding.
Development of solidification microstructure with and
without interlayer was studied. The achieved mechanical
properties proved that EB welding with ‘Ta’ interlayer is
suitable for the manufacture of crack free joints [76-77].
6.2. Dissimilar Metal Solid-State Welds
6.2.1. AISI 304 to AA6061-Effect of electroplated interlayer
This dissimilar combination is un-weldable by conventional
fusion welding due to the tendency for brittle intermetallic
formation. Solid- state welding processes like friction
welding are reported to be employed in such situations.
Direct welding of this combination resulted in brittle joints
with 00 bend angle due formation of Fe2Al5. To alleviate this
problem friction welding was carried out by incorporating
Cu, Ni and Ag interlayer to act as diffusion barrier. The
interlayer was incorporated by electroplating. Welds with Cu
and Ni interlayer were also brittle due to presence of CuAl2
and NiAl3. Silver acted as an effective diffusion barrier for
iron avoiding the formation of Fe2Al5. Therefore welds with
Ag interlayer were strong and ductile and could be bent to an
angle of 1000 [78].
6.2.2 C103 Niobium Alloy to C263 Nimonic Alloy
Published literature is scarce on weldability aspects of
Nimonic alloys to refractory metals. However, the necessity
of joining C103 to C263 alloy would be encountered in
practical production of aerospace components such as scram
jet engine walls. Successful joining of C103 to C263 alloy is
crucial in the fabrication of aerospace components. Studies
carried out at DMRL, Hyderabad highlighted dominant role
played by brittle intermetallic phases in the solidification
cracking of weldments. Extensive work has been carried out
at DMRL, Hyderabad to establish the joining technology
through the solid state routes, such as explosive bonding.
Microstructural characterization and evaluation of
mechanical properties such as shear, ram tensile and bend
ductility were carried out. The high temperature shear
strength of the dissimilar joint was investigated to evaluate
its service temperature limit [79].
6.2.3 Titanium to stainless steel
Friction welding studies have been carried out on
commercial pure titanium (CP Ti) to stainless steels (AISI
316) dissimilar metal combination. These studies involved
the effect of friction welding parameters such as burn-off
and friction force on hardness and tensile properties. It has
been observed that the maximum strength of the friction
welds that is achievable is equivalent to that of CP Ti.
However, all the welds exhibit no macroscopic deformation
and hence no ductility. The interface regions of the welds
contain intermetallics like FeTi, Fe2Ti, Cr2Ti, NiTi, NiTi2
and sigma phases in addition to βTi. The hardness and
strength are observed to vary in a narrow band at varying
burn-off as well as friction force. However, a definite trend
showing the influence of burn-off as well as friction force is
noted. Lowest burn off and friction force yielded maximum
strength and low hardness. This particular weld contained
higher volume fraction of β Ti and lower volume fraction
of intermetallics. In addition, this weld did not contain the
intermetallic Fe2Ti while, all other welds contain low volume

of the similar metal welds of gas tungsten arc maraging steel
weldments. The influence of parent material strength on
the micro-structure, mechanical properties and the residual
stress distribution of similar and dissimilar metal welds
maraging steel and medium alloy medium carbon steels.
Study on variation of the microstructure and mechanical
properties when the welds are subjected to post-weld heat
treatments [69-73].
Residual stresses play a major role in the structural integrity
of any weldment. Generally tensile residual stresses are
considered to be detrimental in most of the applications. An
innovative and cost-effective technique of altering the nature
of residual stresses from tensile to compressive, through
surface re-melting has been developed and presented in this
work. This technology is now being implemented in the
manufacture and altering the nature of residual stresses in
the rocket motor casings [74].
6.1.2. Titanium to aluminum
Commercially pure aluminium and titanium alloy Ti-6Al4V were welded by gas tungsten arc welding process using
AA4047 Al-Si filler material. The chemical composition of
reaction layer at the interface of titanium alloy and weld zone
were determined by electron probe micro analyzer (EPMA)
showed that continuous layer of intermetallic compound of
TiAl base phase was formed and aluminum is partly replaced
by silicon. Transmission electron microscopic examination
confirmed formation of (AlSi)3Ti intermetallic compound
formed at the interface of Ti alloy and weld. In the weld zone
intermetallic phases containing Fe and Si were identified
by EPMA analysis. These intermetallics were confirmed by
X-ray diffraction technique. No intermetallic compound was
found at the interface of weld and aluminium. A practical
implication of this work is that strong joints between titanium
alloy and commercially pure aluminum via gas tungsten
arc welding process can be produced using AA4047 Al-Si
filler material. The microstructure at the interface between
Ti and weld showed formation of a continuous layer of the
intermetallic compound of (AlSi)3Ti and no intermetallic
was found at the interface of weld and aluminium. Silicon
segregation at the interface of Ti alloy and weld acts as a
diffusion barrier between them, preventing the diffusion of
Al into titanium alloy. Micro-hardness values of the reaction
layer formed between Ti alloy and the weld are around
350 HK. This reaction layer is harder than the Ti alloy and
weld zone, due to the presence of intermetallics. Transverse
tensile test failure shows that the joint is stronger than the
weaker base material. The presence of intermetallic phase at
the interface of Ti-6Al-4V and weldment has only a minor
influence on the mechanical properties of the joint [75].
6.1.3. Titanium to Nickel
It is difficult to weld the dissimilar metal combination
of Ti to Ni using fusion and solid state welding processes
an account of formation of brittle intermetallic compound
phases. Interlayer metals are used to enhance transition
joint properties. The observed results indicated that a thin
tantalum interlayer between titanium and nickel is effective
in achieving good strength. Extensive work has been
carried out in joining of Ti-Ni by fusion welding processes
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to a substrate. In the present investigation a HSLA steel,
which is used for marine applications, was explosively clad
with commercially pure (CP) titanium because of its superior
corrosion resistance over stainless steels. Microstructure and
mechanical properties of the HSLA steel, CP titanium and
bond interface were evaluated and presented.
Microstructure of the HSLA steel was found to be tempered
bainite/martensite as the steel plate was initially quenched and
tempered. CP titanium has exhibited α-phase as it contains
hardly any β-stabilizers. The bond interface was found to be
way in nature with melt zones at wave crests (Fig. 3). X-Ray
diffraction studies carried out on HSLA steel, CP titanium
and the interface have confirmed the presence of bainite
in HSLA steel, α-phase in CP titanium and no compounds
formed at the interface. From quantitative electron probe
microanalysis, it was found that Ti and Fe have diffused to
HSLA steel and CP titanium respectively over a distance
of 50-75 µm at the interface. However, the other alloying
elements such as Si, Cr, Mn, Ni, Cu and Mo present in the
HSLA steel in lower concentrations were found to diffuse
into CP titanium only over a distance of 5-10 µm.
Tensile properties and shear strength of the HSLA steel & CP
titanium and shear bond strength of the interface (335 MPa)
were evaluated. Micro-hardness studies across the bond
interface have shown that the hardness on the interface is
230 HV and increased upto 306 HV on HSLA steel-side over
a distance of 50-100 µm due to strain hardening. However,
the hardness was found to be uniform on CP titanium which
is about 215 HV. The clad joint exhibited good formability
at room temperature without any sign of visible cracks
when face bend and root bend tests (up to 135º bend angle)
were conducted with a 2T diameter mandrel (Fig. 21). SEM
fractography was carried out on shear tested HSLA steel, CP
titanium and shear bond strength-tested interface samples.
All the samples failed in ductile mode revealing fibrous and
dimpled fracture. From these results, it is concluded that
HSLA steel could successfully be explosive clad with CP
titanium [82].

fraction of β Ti and higher percentage of intermetallics
including Fe2Ti. The poor ductility of the welds is attributed
to the presence of intermetallics. From the strength point of
view, it is opined that the presence of Fe2Ti results in lower
strength. In general, Ti is observed to diffuse more towards
stainless steel (SS). However, in the peripheral regions Fe
and other elements in SS are found to diffuse more towards
Ti. It may be added that the diffusion of elements towards
Ti side is apparent as this phenomena is due to mechanical
transport of SS towards Ti, which is observed in all these
cases. Post weld heat treatments (PWHT), although reported
to improve bend ductility without compromising strength, in
our study, we observe a strength reduction after PWHT with
no improvement in ductility [80].
6.2.4 AISI 304 to pure aluminum
Extensive work has been carried out to assess the
development of solid state joints of dissimilar materials
of pure aluminum to AISI 304 austenitic stainless steel by
magnetic pulse welding process in overlapping pipe joint
configuration. The weld interface was characterized with
moderately varying waviness. An interface phase amounting
to a width of approximately 10 μm was observed to be
formed near the bond line. These microstructural changes
in the interface were a direct consequence of the plastic
deformation developed by the kinetic energy loss at the
interface. The lap shear strength of weld joint is more than
the ultimate tensile strength of pure aluminium which is
weaker of the dissimilar materials involved. The magnetic
pulse weld joint (Fig. 19) has shown high degree of integrity
with fracture located in the pure aluminum base material
during the lap shear strength test. The results of this study
have fundamental importance for the understanding and
comprehension of the main characteristics of magnetic pulse
welding process, the bonding mechanism between dissimilar
materials, and the feasibility of applying this process in the
production of structural joints that will be used in aerospace
industries [81].

Fig. 19. Magnetic pulse welded dissimilar metal joint

Fig. 20. Microstructure of bond interface of HSLA steel explosively clad
with CP titanium.

6.2.5. Explosive cladding of HSLA steel with Cp titanium
Naval structures require high strength low alloy steels
(HSLA) with excellent toughness and resistance to dynamic
fracture to meet the critical requirements in welded hulls. The
increase of the service properties and service life of naval hull
structures is at present one of the most important tasks faced
by the Navy. Surface modification is essential for improving
service properties of components. Explosive cladding is
one of the most widely employed methods for surface
modification. It is a process by which a layer of material,
usually metallic, is mechanically or metallurgically bonded
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Fig. 21. Bend sample tested up to 135º
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7. Advanced Solid-State Welding and Processing of
Metallic Materials
The technology of Friction-Stir welding (FSW), Friction-Stir
Processing (FSP), and Friction Surfacing was successfully
established in a comprehensive manner at DMRL. The
science of joining by the friction stir welding route was
established in variety of materials of interest to defence and
space applications.
7.1. Friction Stir Welding
Since the invention of the Friction-Stir Welding (FSW) by the
Welding Institute UK in 1991, a number of studies have been
carried out on the material flow, microstructural evolution
and mechanical properties of FSW joints. However, not
enough conceptual background was evolved on the FSW
process for physical understanding of the mechanism of
weld formation. In addition, FSW joints of high strength
precipitation-hardenable aluminum alloys suffer from
reduced joint efficiency due to excess aging in the heat
affected zone. In the current study, experimental analysis
has been carried out to understand the mechanism of weld
formation and parameter optimization for the aluminum
alloys AA6061-T6, AA2219-T6, AA7017 and AA2014-T6.
The investigations have been carried out on both process and
material aspects. The process related issues were analyzed
with the objective of interpreting the mechanism of producing
defect-free welds. Experiments have been carried out to
analyze the effect of FSW parameters on material flow and
mechanical properties. Experiments were also conducted on
aluminum alloys with different tool geometries to analyze
the interaction of tool with the base material. Tool geometry
is the most significant parameter which influences material
flow and heat generation, and in turn the quality of weld joint.
But there is not enough conceptual background or published
information on FSW tool design. Many investigators have
highlighted shoulder as the most significant feature of
tool geometry in the generation of heat during FSW. They
concluded that heat generation is almost entirely due to toolmaterial interface friction.
The rapid plastic deformation as an additional source of heat
during FSW, supplementing the frictional heat generation by
the tool shoulder, was investigated. Several researchers have
highlighted the role of tool shoulder in the generation of
frictional heat and suggested that the tool-material interface
friction as the sole mechanism for heating. The tool geometry
involving shoulder diameter and pin profile significantly
influence the material flow during FSW. The configuration
of tool pin profile is seldom studied for its contribution to
welding heat through rapid plastic deformation at high
strain-rates (103/sec). Due to the high strain-rates involved
in FSW, the pin profile may considerably change the
deformation patterns in weld zone especially while welding
thick plates. An attempt has been made to understand the
dependence of deformation heat generation with different
tool pin profiles (conical, triangular, square, pentagon and
hexagon) in welding 5 mm thick AA2014-T6 aluminum
alloy, maintaining identical pin swept volume during the
tool rotation. An attempt has also been made to correlate
the influence of experimentally measured process variables
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such as force and torque acting on the tool pin. To quantify
the physical influence of tool pin profile, temperatures were
measured in the region adjacent to the rotating pin, close to
nugget in the Thermo-Mechanically Affected Zone (TMAZ).
It has been observed that the temperature rises at a relatively
rapid rate in the case of hexagonal tool pin compared to that in
the welds produced with other tool pin profiles. It is observed
that during FSW, extensive deformation experienced at the
nugget zone and the evolved microstructure strongly influence
the mechanical properties of the joint. The influence of tool
profile on the microstructural changes and the associated
mechanical properties were also investigated. The FSW
microstructure was characterized using optical microscopy
(OM), differential scanning calorimetry (DSC), transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), hardness measurement and tensile testing. Tensile
samples tested transverse to the weld direction failed in 45°
shear mode at the nugget /TMAZ boundary due to localized
softening. Hexagonal tool pin profile welds have shown
relatively higher tensile strength, lower TMAZ width and
higher nugget hardness compared to other tool pin profile
welds [83-86].
The friction stir welds of thick (15 mm) AA 2219
precipitation-hardenable aluminium alloys suffer from
reduced joint strength due to dissolution/coarsening of
strengthening precipitates. The work innovatively brings
out a hybrid pin profiled tool (enables enhanced rate of
deformation), that enables sound welds at very high travel
speeds 7-times faster than a conventional conical threaded
tool, without pin breakage, reducing the effective heat input
leading to improved weld properties. The innovative design
of tool (combination of triangular and threaded profiles) has
increased the operating window of FSW parameters, even for
such high thick aluminium alloys. Evolved a comprehensive
scientific understanding of the interaction between material
(physical, metallurgical, mechanical properties), tool
(geometry/design) and process parameters (tool rotation
speed/travel speed) in deciding the material flow (plasticity
& patterns) and thereby joint integrity / defect formation
[87].
FSW has found extensive applications in joining almost all
aluminum alloys. Some of the benefits offered by this solidstate process include high strength defect-free joints and
avoiding solidification cracking. However, while applying
this process to steels and titanium alloys several problems
are encountered. These include high loads on the tool, higher
operating temperatures, severe tool wear and low welding
speeds. Studies have been carried out in welding maraging
steel, ferritic stainless steel, and titanium alloys using inhouse developed tungsten based tools.
7.1.1. Maraging steel
The feasibility of FSW of maraging steel was demonstrated
using W-Mo base tool. The weldments were characterized
using hardness, impact toughness and metallographic
evaluations. The base metal has a microstructure consisting
of martensite and austenite islands. Refined grains of
the martensite and austenite phases observed in frictionstir zone are attributed to dynamic recrystallization. A
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and 12 mm thick rolled plates, employing FSW for joining
in both longitudinal and circumferential seams. Nose-Cap
Shell, the first to be fabricated using FSW in the country, has
successfully met all the structural test requirements and was
cleared for further system integration.

significant improvement in toughness is observed in FSW
joints as compared to the base metal, in both as-welded
and aged conditions. Although more development work is
needed, particularly to improve tool materials, the present
results indicate that FSW indeed has the potential for joining
maraging steels for aerospace applications [88].
7.1.2. Reduced Activation Ferritic/Martensitic Steel (RAFM)
Friction stir welding has been employed to join Indian specific
RAFM steel to eliminate delta-ferrite in the weld zone that
is detrimental to mechanical properties. The optimum
rotational speed required without phase transformation
during FSW has been established. Usage of thermography
to monitor the temperatures developed in SZ as a function
of rotational speed. Irrespective of the rotational speeds
employed, grain boundary carbides dissolved and Fe3C
precipitated in the stir zones. Fe3C could be precipitated
even at lower temperatures, implying that the transformation
to γ is not an absolutely necessary requisite. The plastic
deformation occurring during FSW generates large number
of dislocations and non-equilibrium vacancies and perhaps
the later would cause the accelerated diffusion of solute atoms
promoting Fe3C formation. Some of the M23C6 precipitates
during FSW deformation appear to have been fragmented
making them to be subcritical and further leading to solid
state dissolution, thereby resulting in a matrix supersaturated
with carbon. High rotational speeds promoted martensite
occurrence in the stir zones with a drastic reduction in
impact toughness. Impact toughness is close to base metal
in the as-welded state for low rotational speed welds as the
peak temperatures achieved were below transformation
temperature in the stir zone. Distribution of Grain Size in
stir zones varied as a function of rotational speed. Post weld
re-austenitization and tempering treatment is necessary for
obtaining the homogeneous distribution of strengthening
precipitates in optimum size and distribution. This work on
FSW of INRAFM steel provides a breakthrough in adopting
a suitable welding technology which eliminates delta-ferrite
in the weld zone and minimize HAZ that are detrimental to
mechanical properties [89-92].
7.1.3. Ferritic stainless steel
Optimised tool profiles and machine parameters were
developed for production of sound welds using W-Mo tools.
Potentio-dynamic polarisation test was used to evaluate
pitting corrosion resistance of the welds. FSW joints
exhibited fine equiaxed grain structure. Investigations clearly
revealed that pitting resistance of FSW zone was inferior to
that of the parent metal [93].
The science of joining by the friction stir welding route was
established in variety of materials of interest to DRDO,
as evidenced by numerous publications and an elaborate
understanding about the influence of material, tool and
process parameters on achieving successful joints. Starting
from developing a fundamental understanding of the
process through lab-level experiments, it was scaled-up for
fabrication of Nose Cap Shell for an underwater launched
K4 Missile Program of DRDO. The Ø 1400 mm x L:
2500 mm sized Nose Cap Shell (Fig. 22) was successfully
fabricated out of AA2219 aluminium alloy forged sectors
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Fig. 22. Friction stir welded AA2219 Nose Cap Shell

The mission accomplished all the flight test requirements
successfully. Subsequently, eight Nose-Cap Shells were
fabricated thro FSW at DMRL and delivered to user team
for further evaluation. Each of these subsequent prototype
missiles were also successfully flight tested, thereby proving
the application of FSW for fabrication of large aerospace
structures in shop floor environment. Multiple numbers
of this component are being manufactured to meet the
programme requirements.
7.2. Friction Stir Processing
Friction stir processing (FSP) is an allied process of FSW
and is a generic technology for localized modification and
control of microstructure.
7.2.1 Cast A356 aluminum alloy
Investigations were carried out on the feasibility of locally
modifying the surface properties of cast aluminum alloy A356
using friction stir processing (FSP) using friction surfacing
unit. The FSP zone was characterized by metallography,
electron micro probe analysis, hardness, dry sliding wear,
and potentio-dynamic polarization testing. The FSP of
cast A356 alloy exhibited excellent wear resistance, which
is attributed to the break-up of coarse silicon rich eutectic
particles, dendrite structure, and homogenous distribution
of fine Si particulates throughout the Al matrix caused by
intense plastic deformation and mixing during FSP. The FSP
zone was also found to possess good corrosion resistance.
This work demonstrates that FSP is an effective strategy
for enhancement of wear and pitting corrosion resistance in
as-cast aluminum alloys [94-96].
7.2.2. Production of surface composites on magnesium,
aluminum, and titanium alloys
Investigations were carried out on the feasibility of locally
modifying the surface properties of magnesium, aluminum,
and titanium alloys through the FSP route. The FSP zone was
characterized through metallography, electron micro probe
analysis, hardness, dry sliding wear and potentio-dynamic
polarization testing. FSP was applied to incorporate SiC/
B4C particles into surface layers of magnesium, aluminum
and titanium alloys to form surface composites in-situ. The
reinforcement powder particles were packed in surface
grooves/holes in the plate and subjected to FSP. Surface
composites exhibited a marked improvement in the wear
resistance (100 times compared to substrate), far exceeding
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that observed in common engineering materials (such as
mild steel, stainless steel, and low alloy steels) [97-98]. The
friction stir processing of AA7075 alloy with born carbide
powder significantly improved the wear resistance over that
of the base metal. Particle size of boron carbide was found
to affect the wear resistance of substrate. Addition of solid
lubricant molybdenum disulphide into boron carbide has
further improved the wear resistance of the alloy. Significant
improvement in ballistic performance has achieved after
friction stir processing of AA7075 alloy along with boron
carbide particles and molybdenum disulphide. Observed
result is attributed to the improvement of hardness and wear
resistance, and very low friction coefficient. For the first
time, the friction stir processing technique was successfully
used to improve the ballistic resistance of armour grade high
strength AA7075 alloy [99].
Combining FSP with rapid cooling, samples with grain
sizes ranging from 0.5 to 3.5 µm have been produced in
commercial AA2014 aluminum alloy by controlling cooling
rates. Microstructure characteristics of the processed
material were investigated. The ultrafine grain structures
formed in the sample processed with the highest cooling rate
(liquid nitrogen cooling) consist of high angle boundaries,
and dislocation-free cell structures. High temperature
discontinuous dynamic recrystallization is the mechanism
responsible for the generation of ultrafine grain structure.
Dislocations and recovery structures were observed in the
large grains of samples with relatively slower cooling rates
(water cooled) [100].
7.3. Friction Stir Spot and Seam Welding of AA2014
Friction stir spot and seam welding procedures have
been developed for 3 mm thick sheets of Al-Cu-Mg alloy
AA2014. Hook geometry is a crucial consideration in
friction stir spot and seam welds. The current study provided
some useful insights into the effects of tool geometry and
process parameters on weld microstructures and properties.
The mechanical performance of friction stir spot and seam
welds is mainly governed by their geometrical features
(bond width, hook height and orientation). Friction stir spot
welds exhibit significantly higher strength levels compared
to standard riveted joints. Friction stir seam welds are nearly
twice as strong as friction stir spot welds. Microstructures
of friction stir spot and seam welds are comparable to those
of standard friction stir butt welds. Heat-affected zone plays
no role in spot and seam friction stir welds. Weld nugget
microstructures of spot and seam friction stir welds are
not influenced by the base material temper. Spot and seam
friction stir welds show very fine grains in the weld nugget.
Weld nuggets do not show proper strengthening precipitation.
Friction stir spot and seam welding processes can be used in
place of riveting for fabrication of aerospace aluminum sheet
metal structures [101].
7.4. Friction Surfacing
Solid-state ferrous and non-ferrous coatings were deposited
on steel substrate for wear and corrosion resistant applications
using friction surfacing process. This is an important result
because the currently used thermal spray coatings suffer from
lower coating/interface bond strength and weld cladding
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suffer from high dilutions values. Studies are taken up on
various ferrous and non ferrous coatings. Consumable rods
used to coat steel and aluminum substrate. Coating materials
included tool steel, Al-metal matrix composites, aluminium
alloy (AA6061), stainless steel (304, 347), copper, and CP
titanium. The friction surfacing process parameters were
varied within the maximum and minimum possible ranges of
the machine. Parameter windows were developed to deposit
coatings of required dimensions. Optimum bond strength,
wear and corrosion resistance of coatings were arrived at
by an optimization of process parameters. Coatings were
characterized for their microstructural aspects. The bond
integrity of the coatings was evaluated using mechanical
tests such as shear and three point bend tests. Pin–on-disc
test was conducted to analyze the wear performance of steel
and aluminum metal matrix deposits. Sensitization and
pitting corrosion tests were carried out to understand the
corrosion resistance of friction surfaced coatings. Extensive
friction surfacing experiments were carried out in a water
bath to study the effect of the surrounding medium on the
characteristics of the process and deposit. Austenitic stainless
steel was used as the coating material and DMR-249A
low alloy steel as the substrate. The mechanism of friction
surfacing has been analyzed and the results showed that an
uniform hardness distribution and refined microstructure
can be achieved in the transverse section of the underwater
friction surface deposit. As a result of the cooling effect of
water, deposition efficiency of the consumable material was
greater in underwater than in air [102-110].
8. Brazing of Ceramics-Metals
Ceramic-metal combinations are employed where high
dielectric strength of ceramics as well as conductive
properties of metals is required. The most widely employed
joining technique employed to join in this metal –non-metal
combination is brazing. Conventional brazing alloys cannot
wet ceramics as ceramics do not have free electrons and
therefore nonconductive. The oldest method is to metallise
the ceramic with moly-manganese coating, which involves
sintering in wet hydrogen to get a metallic coating on the
ceramic surface. Conventional brazing fillers employed to
braze metals can wet the metallized ceramics. However,
metallisation is time consuming and is inconsistent and
the joint properties are also dependent on the quality of
metallisation. Recently research is concentrated on active
metal containing fillers. The active metals like Ti, Zr, and Hf
etc in the filler react with the ceramics to form a conductive
bridge layer that is wettable and hence brazing is achieved
without the need for metallisation.
Different metals were brazed to alumina as well as SiC
ceramics employing Ag-Cu-Ti and Cu-Ag-Ti brazing fillers
[111-112]. Some salient observations were made during
these studies. In the brazing of alumina to AISI 304 stainless
steel with Ag-Cu-Ti it was observed that titanium reacted
more with the metal member and reaction of titanium was
weak with ceramic). Replacing the AISI 304 SS with Ti
stabilized stainless steel resulted in even interaction of
titanium with ceramic as well as metal member and similarly
active metal in Cu-Ag-Ti containing higher amount of Ti
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reacted evenly with both the ceramic and metal member.
When austenitic stainless steel was replaced with ferritic
stainless the active metal in Ag-Cu-Ti reacted favourably
with ceramic as well as metal member. Thus. It was noted
that the active element has a tendency to combine with the
metal member containing Ni as long as the available Ti is
in low concentration. Supplementing Ti from metal member
by employing stabilized stainless steel altered the situation.
Brazing studies on alumina with other metal members also
substantiated this behaviour. In the brazing of SiC to AISI
stainless with Ag- Cu-Ti the active element reacted equally
with both ceramic and metal. Thus the reactivity of the active
element is dictated by the stability of the ceramic as well as
the activity of active element. Since SiC carbide is a weak
ceramic even low concentration of Ti in the brazing filler
could serve the purpose of forming bridge compounds while
a higher level of active element was needed to braze stable
alumina with austenitic stainless steel.
9. Concluding Remarks
Welding aspects of various advanced materials, discussed in
this review, serve to show how the welding metallurgy is
continually evolving to meet the most up-to-date challenges.
As materials and welding processes have become more
complex, a thorough understanding of the materials
behaviour under highly non-equilibrium conditions becomes
essential.
Attempted to point out how the type of welding consumables
and processes can and often do affect the ballistic behavior
of armour grade low alloy steel weldments. The various
types of armour grade low alloy steels on cold cracking
behavior of weldments were discussed and some associated
metallurgical and mechanical observations described. A
method to improve the ballistic immunity of austenite
welds through hardfacing is described. Sandwiching of the
hardfacing alloy weld between austenitic stainless steel welds
improves ballistic resistance by a way of possible reduction
in projectile velocity coupled with crack blunting behaviour.
The thickness of the hardfacing layer dictates the level of
resistance to projectile penetration i.e., higher the thickness
greater is the resistance to projectile penetration. Hardfacing
layer imparted resistance to projectile penetration, while
soft austenitic weld acted as energy-absorbing medium. In
armour steels, the use of carbide-free bainitic weld metals
can help to reliaze substantial gains in weld joint efficiency
and ballistic performance without any risk of cold cracking.
Developed suitable post weld heat treatments and
understanding their role in promoting the suitable
microstructures for deriving the optimum mechanical
properties in steel, aluminum and titanium alloy weldments.
Our current understanding of fusion zone grain refinement,
weldability, material flow and tool pin profile during friction
stir welding are still lacking. There are ample opportunities
to develop these understandings and establish relationship
between process parameters, microstructures and properties.
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IIM CHAPTER ACTIVITIES
Mumbai Chapter

simulation techniques
was
given
with
chosen examples to
illustrate the success
of these techniques,
e.g. in describing
phenomena
of
primary
radiation
damage effects, sputtering from a metal surface, inert gas
bubble formation from fission products in nuclear reactors,
and the growth of thin metal films. The examples were
illustrated with computer movies which made the talk
very comprehensible to both practicing engineers as well
as scientists well-versed in theoretical techniques. The
talk was well received by enthusiastic 100 participants
from various organizations. Finally, a long and lively
question-answer session was held.

1) The Indian Institute of Metals, Mumbai Chapter
organised an Evening Lecture at Multipurpose Hall,
Anushaktinagar, Mumbai on November 1, 2019. Shri
C. K. Asnani, Chairman & Managing Director, Uranium
Corporation of India Limited (UCIL), gave a scintillating
lecture on the topic of "Uranium Mining & Milling
in India: Resources, Demand, Production, Projects,
Issues & Technical Cooperation". The lecture covered a
range of issues and aspects of mining of uranium; and
technological endeavour put up by UCIL to surmount
challenges. Shri Asnani informed that the country has
sufficient resources of to meet the demand of uranium for
the nuclear reactors planned by Department of Atomic
Energy. He covered various aspects including different
types of mining, currently mines under operation, new
focus regions for additional mining, milling, disposal
of tailings, cost of uranium production and projected
requirements from planned nuclear reactors. About 100
participants from various institutes across the city attended
the talk. A memento was handed over by Dr. A. K. Suri,
Former Group Director, Materials Group, Bhabha Atomic
Research Centre.

- Report from IIM Mumbai Chapter
Durgapur Chapter
A technical talk was organised by IIM Durgapur
Chapter on “Solidification processing of light alloys and
composites: Fundamental studies and Industrialisation
efforts” on 29th November 2019 at Dhatu Bhawan. The
talk was delivered by Dr. Prosenjit Das, Senior Scientist,
Design & Manufacturing Research Centre, CSIR-CMERI,
Durgapur. The Chapter Secretary Shri L Badu steered the
whole programme.

2) The IIM Mumbai Chapter organized a presentation on
November 8, 2019 at Multipurpose Hall, Anushaktinagar,
Mumbai as part of its evening lecture series. Prof. Roger
Smith from Loughborough University, UK, delivered the
lecture on “Modelling Radiation Effects in Metals”. In
his presentation Prof. Smith highlighted broad aspects of
theoretical development in the field of radiation damage.
He elucidated how radiation effects in metals have been
investigated from the early work of Niels Bohr to modern
computer simulation methods. A brief overview of
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Vijayanagar Chapter : Metallurgists’ Day Celebration
IIM Vijayanagar Chapter celebrated National
Metallurgists’ Day on 30th November, 2019, and also
organised “O P Jindal Memorial Lecture” during this
event. Dr. U. Kamachi Mudali, Chairman & Chief
Executive of Heavy Water Board, Dept. of Atomic
Energy and Present President of IIM, delivered the
Lecture on “Materials – Past, Present and Future”. He
highlighted the ancient Indian knowledge of metals and
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RBI are: Corporate Debt Restructuring (CDR) system;
Strategic Debt Restructuring (SDR); Scheme for
sustainable structuring of stressed assets; 5- 25 Flexible
restructuring scheme. The talk was attended by about 25
participants. There was a lively question-answer session
after the talk.

materials, and introduced new materials being explored
as replacement of present metals and alloys. Mr. L R
Singh, Secretary, IIM Vijayanagar Chapter, welcomed
guests and shared Vijayanagar chapter’s activities during
the year. President, IIM felicitated the young outstanding
practising Metallurgists / Engineers and Metals and
Materials Quiz winners of the Chapter. Dr. Mudali also
visited R&D Centre and major production units of the
JSW Vijayanagar plant.

- Report from IIM Delhi Chapter
Hyderabad chapter
As a part of the distinguished
lecture series of IIM
Hyderabad chapter, Dr.
Warren
Oliver,
Senior
Scientist, KLA Corporation
and Adjunct
Professor,
Materials
Science
&
Engineering, University of
Tennessee, USA delivered
an invited talk on ‘Recent
Advances
in
Materials
Characterization
Using
Instrumented Indentation Tests’, at International
Advanced Research Centre for Powder Metallurgy &
New Materials (ARCI) on 12th December, 2019. Dr.
Oliver, the co-inventor of the nano-indentation technique,
is a world-renowned material scientist and his seminal
paper on nano-indentation has close to 25000 citations.

Delhi Chapter
Shri K K Mehrotra,
Chairman, IIM Delhi
Chapter delivered a talk on
“Restructuring Schemes
for Stressed Assets” on
November 30, 2019. At
the outset, he stated that
distressed assets in the
context of bank loan is
inability of the borrower
to pay the interest and principal in time. It was informed
by him that RBI has constituted a body named “Central
Repository of Information on Large Credit” (CRILC).
Banks report credit information to CRILC about their
borrowers where the exposure of loan is Rs. 5 crore
and above. Banks also report about Special Mention
Account (SMA) status of the borrowers to CRILC. This
status is denoted as SMA-0, SMA-1 and SMA-2 which
correspond to default of payment of interest within 30
days, 31-60 days and 61-90 days and above, respectively.
He mentioned that the steel industry has been suffering
from major portion of distressed assets. RBI has come out
with a number of schemes to deal with the problem of
distressed assets. Banks have been advised that as soon
as an account is reported by any of the lenders to CRILC
as SMA-2 category, they should mandatorily form a
committee called Joint Lenders Forum to explore the
possibility of resolving the stress in the account. Lenders
have also the option of forming a JLF even when the
account is reported to be of SMA-0 or SMA-1 category.
The various schemes from time to time introduced by
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Dr. Oliver’s talk focused on high temperature creep
measurements using state of the art nano-indentation based
techniques that can provide significant insights in a timely
and cost-effective way, compared to the conventional high
temperature mechanical property measurements, which
are usually time consuming and expensive. In addition to
high temperature creep measurements, recent advances
in high speed mechanical property mapping on multiphase materials was presented. The application of this
mapping technique to a complex material system such
as thermal barrier coatings was discussed, wherein the
capability of the method as a potent small-scale materials
characterization tool was demonstrated.
Scientists, faculty, students and Directors of several
laboratories including DMRL, ARCI, RCMA, C-MET,
NFC, AMTL, JNTU, MGIT, University of Hyderabad
etc., attended this talk. After the talk, the speaker and the
audience were engaged in a lively interaction, wherein,
several students also actively participated. The speaker
was felicitated by Dr. Madhusudhan Reddy, Director,
DMRL & Vice-Chairman, IIM Hyderabad Chapter, who
aptly summarized the talk and highlighted its potential
impact on materials research.
- Report from IIM Hyderabad Chapter
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SEMINARS & CONFERENCES
Past Events
13th India Energy Summit
Indian Chamber of Commerce (ICC) organised the 13th
India Energy Summit during 6-7 November, 2019 in New
Delhi titled “Way Forward for India’s Energy Transition”.
The India Energy Summit (IES) is one of the prime initiatives
of ICC in the Energy Sector. Some salient points which
were discussed are : Energy is one of the major drivers of
a growing economy like India, and is an essential building
block of economic development; Economic growth in India
being largely associated with increased energy consumption,
it is necessary to focus on the management of energy
demand and supply as a means to abatement; For sustained
economic growth, long-term availability of adequate energy
at affordable cost is crucial. The Summit was attended by
about 150 participants from various organizations. Some
members of the Executive Committee of IIM Delhi Chapter
also attended the Summit.
Conference on “Stainless Steel and Sustainability - Vision
2030”
Indian Stainless Steel Development Association (ISSDA)
celebrated its 30th Anniversary on 18th November, 2019 by
organising a Conference on ‘Stainless Steel and Sustainability
- Vision 2030’ at Asoka Hotel, New Delhi. Shri Faggan
Singh Kulaste, Hon’ble Union Minister of State for Steel,
was the Chief Guest. At the outset Shri K K Pahuja, ED,

ISSDA, welcomed the participants. Shri Ratan Jindal, CMD,
Jindal Stainless Steel Ltd, delivered the opening remarks,
stating that ISSDA is playing an important role to promote
the applications of stainless steel in India. He mentioned that
India is the 2nd largest producer of stainless steel in the world.
About 40% of the stainless-steel supply goes to MSME
sector. Shri Faggan Singh Kulaste, Hon'ble MoS stated that
the growth rate of stainless steel is 7.8%, and applications
are increasing in railway wagons, building and construction,
infrastructure as well as for safety. Swatch Bharat Abhiyan
Projects use stainless steel in toilets. Use of stainless steel
will increase in smart city and infrastructure projects, water
supply, waste purification, furniture, bus stop etc. No doubt
stainless steel is expensive, but it is durable, maintenancefree and enjoys long life circle. Smt. Rasika Chaube, Addl.
Secretary, MoS, stated that our per capita consumption
of stainless steel is 2 kg, and efforts are needed to reach
global figure of 6 kg. She stated that stainless steel is 100%
recyclable and environment friendly. It was also informed by
her that Ministry of steel has written to Jal Shakti Ministry
about usage of stainless steel in water tanks. Efforts are on
to do away with 25% of duty on Nickel / Chromium. She
mentioned that life cycle aspect of a tender relating to steel
should be one of the criteria in deciding L1.
- Report from IIM Delhi Chapter

*********

MEMBERS’ NEWS
Professor B. R. Sant, Life Member of IIM, was honoured by SOA University, Bhubaneswar,
at the three-day International Conference on Nanomaterials for Energy, Environment and
Sustainability [ICNEES-2019] held during 20-22 December 2019, by the Chief Guest,
Professor Sourav Pal, Director of Indian Institute of Science, Education and Research
[IISER], Kolkata. Prof. Sant delivered his Guest of Honour oration on the theme of “Living
With Honour”.
Dr. Varadarajan Seshadri, Life member of IIM has published a book on "Termodinamica Metalugica" in
Portugeuse language as coauthor. The book has been published by Blucher Publishers and Brazilian Association
of Metals (ABM). At present he is Professor Emeritus in the Department of Metallurgical Engineering and
Materials at Federal University of Minas Gerais (UFMG), Belo Horizonte, Brazil.
Metallurgical Thermodynamics : Energy balances, solutions and chemical balance in metallurgical systems
Authors : Carlos Antonio da Silva , Itavahn Alves da Silva , Luiz Fernando Andrade de Castro, Roberto Parrieras Tavares
and Varadaran Seshadri. 2018 - 1st edition , ISBN: 9788521213314
Synopsis
Intended for students of Materials Engineering, Mechanical and Metallurgical, this book deals with the application of
thermodynamic principles in order to achieve a better understanding of metal and alloy manufacturing processes. It is based
on the extensive experience of its authors, who for decades have been conducting research and teaching in related fields. As the
text focuses on the application of principles, the authors assume that the reader has already had contact with the content of the
thermodynamic discipline. Metallurgical processes are naturally complex and involve energetic aspects, substance behavior
in solutions of diverse physical nature and chemical affinity of their constituents. Addressing these aspects simultaneously
can be hard work, so applications have been segmented into the following chapters: “Mass and Energy Balances”, “Solution
Theory”, “Chemical Equilibrium”, “Metallurgical Slag Thermodynamics” and “Computational Thermodynamics” (TC) ”.
In addition to in-depth explanations of the topics in question, the book features exercise lists (with answers available on the
publisher's website) and extensive reference literature.

IIM METAL NEWS

30

Vol.23 No.1 JANUARY 2020

Vol.23 No.1 JANUARY 2020

31

IIM METAL NEWS

RANGOLI, 4.5 ft by 4 ft, hand drawn by Amita Kini using coloured sand.
Steel Plant Specialities LLP recognizes and encourages talent.
Prevent scale loss & decarburisation in Heat Treatment, Hot Forging & Hot Rolling

IIM METAL NEWS

32

Vol.23 No.1 JANUARY 2020

