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Electron beam additive manufacturing is a novel method of manufacturing 
parts directly from digital STL file by using layer by layer material build-up approach. 
This is tool less manufacturing methodology to produce fully dense metallic parts in 
short interval of time, with high precision. Features of additive manufacturing like 
freedom of part design, part complexity, light weight, part consolidation and design 
for function are depositing particular interests in metal additive manufacturing 
for aerospace, oil & gas, marine and automobile applications. This research paper 
presents overview of sciaky's electron beam 30 metal printing technology, materials, 
applications. 

1. Introduction 

3D printing also known as Additive manufacturing 
is a process of joining materials to make objects 
from 3D model STL file data, usually one layer over 
the layer, as opposed to subtractive manufacturing 
methodologies. This tool less manufacturing 
approach can give industry new design flexibility, 
reduce energy use and shorten time to market. 
Main applications of metal additive manufacturing 
include rapid prototyping, Parts made faster 
with less material waste, reduced machining 
time and shorter time-to-market, direct part 
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production and part repairing of metallic 
materials. The two main parameters of any 
metal AM process are type of input raw material 
and energy source used to form the part (Bhavar 
et al., 2014). Input raw material can be used in 
the form of metal powder or wire whereas laser/ 
electron beam or arc can be used as energy source 
shown in the Figure 1. 

Metal 3D printing processes can be broadly 
classified into two major groups, - Powder Bed 
Fusion based technologies (PBF) and Directed 
Energy Deposition (OED) based technologies. 

OUTPUT 

30 Printed Metal Parts 

Fig. 1. 30 Metal printing process. 
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Fig. 2. (a) Electron beam metal 3D printing process model, (b) Electron beam metal 3D printing. 

Both of these technologies can be further 
classified based on the type of energy source 
used (Bhavar et al., 2014). With the addition of 
metallic 3D printing manufacturing technologies 
into the industry is of great interest currently. It 
can be seen by the investments made by various 
countries such as China, U.S. and Singapore (Sun, 
2013; Anderson, 2013). Electron beam melting 
has a capacity of producing usable parts with 
high mechanical properties more rapidly and 
efficiently as compared to laser based metallic 
additive manufacturing technologies, such as 
selective laser melting (Chua, 2010). 3D printing 
of complex industrial parts such as turbine blades, 
pump impellers, fuel nozzles, turbocharger 
wheels, etc., has been carried out around the 
world recently (Quail et al., 2009; Lu et al., 2013). 
Due to the inherent advantages compared to 
conventional manufacturing technologies, such 
as investment casting, additive manufacturing 
is being explored for the manufacturing of 
such complex parts. As additive manufacturing 
technology matures, the challenge to directly 
produce large scale complex parts that surpasses 
the manufacturing capabilities of conventional 
forming processes can be seen by objectives 
mentioned by the U.S. Naval Research Laboratory 
in wanting to create thin wall (~2 mm) and large 
scale (~2 m) parts with complex internal geometry 
(Cooper, 2014). Nanyang Technological University, 
Singapore has also invested in large scale 
additive manufacturing technology in the form 
of Arcam A2XX EBM which has a built volume of 
350 x 380 mm3 (Arcam, 2014). In addition to the 
advantages such as the 3D printing process and 
high energy efficiency, electron beam melted 
parts are also reported to have minimum residual 
stresses as compared to laser based 3D printing 
methodologies (Chua et al., 2010). Thus, after 
printing finishing and heat treatment may not be 

necessary for the EBM built usable parts. Moreover, 
EBM has no challenging issues with reflection in the 
molten pool, as a result that some certain 
materials which were not able to print by laser 
based processes can be manufactured easily by 
EBM (Chua et al., 2010). This paper explains about 
processing methodology of sciaky's electron beam 
additive manufactuing, materials, applications 
etc. 3D Printing is growing rapidly and had an 
undeniable impact on manufacturing technology. 

Sciaky's electron beam additive manufacturing 
technology 

The electron beam melting (EBM) technology 
uses a heated powder bed of metal in a vacuum 
that is then melted and formed layer by layer 
using an electron beam energy source similar to that 
of an electron beam welding/electron microscope 
(Herderick, 2011). In this process 3D printer 
takes input data as CAD solid model. It converts 
into STL file. By the application of G-codes 
printing, sciaky's electron beam (EB) gun deposits 
the metal layer by layer one over the other via 
the dual wire feed stock and an electron beam 
as a heat source to produce a required part 
inside a vacuum chamber. Once the part reaches 
required shape, it will be going to finish heat 
treatment and machining process. The process 
itself is measurable for components from 
minimum thickness from millimeters to max 
multiple meters in size, but it would be only 
limited by the size of the vacuum chamber. 
The diagrammatic representation and real 
model of electron beam gun and wire feeder 
shown in the Figure 2. 

Sciaky's electron beam 
technology is special 

metal 3D printing 
kind metal additive 
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Fig. 3. (Source: sciaky.com). 

manufacturing processes. It produces large-scale, 
high value metal parts. It can take so many months 
to complete and produce high quality products 
made of titanium, tantalum and nickel based 
alloys in a matter of days with very little material 
waste. It is starting with the 3D solid model 
from a CAD program. Sciaky's electron beam gun 
deposits metal layers one over other, until the 
part reaches final shape and is ready for finish 
machining. It inter layer real time imaging and 
sensing system ensures process repeatability 
and traceability (real-time adaptive control) 
provides consistent part geometry, mechanical 
properties, microstructure, metal chemistry 
and more from the initial stage of printing to 
the final. The gross deposition rates range from 
3.18 to 11.34 kg of metal per hour. As compared 
to other metal 3D printing technologies, 
sciaky's Electron beam 3D printing technology 
is the best and unique benefits with dual wire 
feed system producing large, high quality metal 
parts. It is cost effective with high deposition 
rate. This technology provided to combine two 
different metal alloys into a single melt pool, 
managed with independent program control 
to create 'custom alloy' parts or ingots. It is also 
have the option to change the mixture ratio of the 
twomaterials,dependingupontherequiredfeatures 
of the parts and structures (Sciaky.com) . Sciaky's 
brings together both quality and control in one 
step with IRISS. It is the Inter layer Real-time 
Imaging and Sensing System. IRISS is the only 
real -time adaptive control system in the market 
and it can sense and digitally self adjust metal 
deposition with precision and repeatability. The 
IRISS real-time closed-loop control is integrated 
with Sciaky's EBAM 3D-printing systems. Digital 
parameter control and adjustments are made in 
response to real-time measured data, without 
the process disruption. It records every second 
of deposition, so that the entire build can be 
reviewed, verifying consistency and keeping a 
record for later review. Prevents surprises by 

dynamically adjusting parameters to maintain 
part integrity. Better insures net shape fabrication 
and reduces post processing time and costs 
such as machining and inspection. 30 printed parts 
shown below Figure 3. 

Build volume 

The build volume of final parts and structures 
may be up to 19 ft. x 4 ft. x 4 ft . (5.79 m x 
1.22 m x 1.22 m) or round parts up to 8 ft . 
(2.44 m) in diameter can be produced with 
Sciaky's electron beam 30 printing machines. 
It can also be effective for smaller scale parts 
starting around 8 in 3 (203 3 mm). 

Materials 

The best materials for electron beam 30 printing 
metals are available in wire feed stock. These 
materials includes, niobium, inconel 718, 625, 
tantalum, tungsten, stainless steels, 2319, 4043 
aluminum, titanium alloys, 4340 steel, 70-30 
copper nickel and 70-30 nickel copper, 

Applications 

Sciaky's electron beam additive manufacturing 
methodology reduces lead times, material costs 
and machining times up to 80% as compared 
to conventional manufacturing. It is the fastest 
most cost-effective additive manufacturing 
process in the market for producing large metal 
parts. Inter layer real time imaging and sensing 
system is a patented with closed loop control 
technology. It ensures process repeatability and 
traceability {real-time adaptive control). The 
widest range of material options for large scale 
metal applications. Sciaky offers the greatest 
build envelope in the world for 30 printed metal 
parts. EBAM's solely dual wire feed process 
permits you to cater two different metal alloys 
into a single melt pool to create parts made 
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Material Physical Characteristics Molding Performance Chemical Composition 

Fe (Balance) Cr (16~18%) 
Relative Density~99%, Ni (10~14%) 

Grain Size 1s~s3µm, Shape 
Density 7.89 g/cm3

, Tensile Mo (2~3%} 

Spherical, Mobility 40S 
Strength~560 M Pa, Yield Mn {S2%) 

strength~480 M Pa, Si {Sl%) 
Stainless Steel {316L) (Hall flow meter), Apparent 

Elongation at break10~20 %, C (S0.03%} 
density 3.9 g/cm3 

Elastic Modulus 180 G Pa, P (S0.0045%) 
Hardness 158 HB H {Sl20ppm) 

S {S0.03%} 0 {S0.13%) 

Relative Density~99%, Density 
8 g/cm3

, Tensile Strength~1090 

Grain Size 1s~s3µm, Shape 
M Pa, Yield strength~l000 M 

Fe (Balance), Cr (8.5~9.5%), 
Spherical, Mobility 40S 

Pa, Elongation at breaklO % 
Ni (17~19%) , Mo (4.2~s.2%), 

Die Steel (MSl) (Hall flow meter), Apparent 
(thermal process : 4%), Elastic 

Mn (s0.1%), Ti (so.8~0.9%), 
density 4.3 g/cm3 Modulus 160 G Pa (thermal c (s0.03%) Al (so.os~o.1s%), 

process : 180 G Pa), Hardness 
S (S0.01%) 0 (S0.15%) 

323 HB (thermal process : 
585 G Pa) 

Relative Density~99.9%. 

Grain Size 1s~4sµm, Shape 
Density 4.51 g/cm3

, Tensile Ti (Balance), Al (5~6.75%), 

Spherical, Mobility 455 
Strength~l00O M Pa, V {3.5~4.5%), Fe (S0.3%), C (S0.1%), 

Titanium Alloy (TC4) (Hall flow meter), Apparent 
Yield strength~900 M Pa, Si (S0.12%), 0 (S1300ppm), 

density 2.5 g/cm3 Extensibility~4~1Q%, Elastic N (S400ppm),H (S120ppm), 
Modulus 100~120 G Pa, Other (S0.4%) 

Hardness 294 HB 

Relative Density~95%, 
Al (Balance), Si (9~10%), 

Grain Size 1s~s3µm, Shape Density 2.67 g/cm3
, Tensile 

Mg(o.2~0.45%), Cu (SO.OS%), 
Aluminium Alloy 

Spherical, Mobility lS0S Strength~330 M Pa, Yield 
Mn (S0.45%), Ni (SO.OS%), 

(AI-Si,oMg) 
(Hall flow meter), Apparent strength~245 M Pa, Elongation 

Fe (S0.55%), Ti (S0.15%), 
densityl.45 g/cm3 at break6 %, Elastic Modulus70 

G Pa, Hardness120 HB 
O(S0.15%) 

Relative Density~99%, 
Grain Size 1s~s3µm, Shape Density 4.2 g/cm3

, Tensile 
Spherical, Mobility 45S Strength~lOOO M Pa, Yield Co (Balance), Cr(22~23%}, 

Co-Cr Alloy (MPl) (Hall flow meter), Apparent strength~900 M Pa, Elongation Mo (s~10%), W (s~10%), Si (Sl.5%), 
density 4.2 g/cm3 at break 10 %, Elastic Modulus: C (S0.03%), 0 (S0.13%) 

200 G Pa, Hardness 323~428 HB 

Relative Density ~99%, 
Density 8.15 g/cm3

, Tensile 
Strength~980 M Pa (thermal Ni(S0-55%,,Fe(Balance, Cr(l 7~22%), 

Grain Size15~53µm, Shape process : 1240 M Pa), Nb{4.75~5.5%0, Mo(2.8~3.3%), 
Ni-base Super alloy Spherical, Mobility 45S Yield strength~700 M Pa Ti(0.65~1.15%) 

{IN718) (Hall flow meter), Apparent (thermal process : 1000 M Pa), Co{Sl%) 
density 4.4 g/cm3 Elongation at break12~30 %, Al(o.2~0.8%), Si(S0.35%), C(s0.08%), 

Elastic Modulus140~180 G Pa, P(S0.015%) 
Hardness283 HB 

(thermal process : 455 HB) 

Relative Density~98%, Density 
Grain Size1s~53µm, Shape: 8.9 g/cm3, Tensile Strength 300 

Chromium Spherical, Mobility SOS M. Pa, Yield strength 200 M Pa, Cu(Balance), Cr(o.5~1.5%), 
Bronze(QCrl) (Hall flow meter), Apparent Elongation at break Zr(o.04~Q.l%), Mg(0.04~Q.08%) 

density 4.8 g/cm3 5 %, Elastic Modulus 90 G Pa, 
Hardness 110~200 HB 
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of custom alloys. It also permits designers to 
varying alloy mixtures to manufacture different 
graded parts. Graded parts can also be produced 
by switching from thin wire for fine deposition 
and to thick wire for gross deposition feedstock. 
EBAM works exceptionally well with refractory 
alloys and produces notably less material 
waste. The wire feedstock is importantly less 
expensive than powder feedstock. It is easier 
to store, and it isn't highly flammable like some 
powder feed stocks. With EBAM's pure vacuum 
environment, the process does not require the 
use of Argon or any inert gas for part shielding. 
Start 3D printing parts in as little as 12 minutes; 
While EBAM pump down times can vary by 
chamber size and application, it is still, by far, the 
fastest metal AM process in the market when 
you consider EBAM's industry-leading high 
deposition rate. 

2. Conclusions 

1. Sciaky's electron beam additive manufacturing 
reduces the time and cost associated with 
traditional manufacturing. 

2. It reduces lead times, material cost by up to 
80%. 

3. It is world's fastest metal deposition 3D printing 
technology with high deposition rate. 

4. It is the best methodology to provide good 
quality products and true scalability for part 
sizes. 
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Surfaces of structural members usually degrade under corrosion causing reduction 
in service life. This results in increased cost involving preventive methods or/and 
rework. Cladding is one such method for preventing this problem to some extent. 
Desired weld quality for gas metal arc welding process, a well-accepted method 
for developing clad layer and overlays, can be achieved by selecting appropriate 
process parameters. In the present investigation, gas metal arc welding is applied 
to develop 316 y stainless steel clad layer on E350 constructional steel base plate 
with varying welding current and torch travel speed. Results indicate lowering 
of corrosion rate with increasing welding current and arc travel speed at a 
constant travel speed and constant current respectively. No clear trend of change 
in corrosion rate with the variation of heat input is seen. However, austenitic 
stainless steel cladding is found to improve corrosion resistance remarkably to 
apply to industry effectively. 

1. Introduction 

High strength and corrosion resistant structural 
members are the basic requirement in many 
engineering applications. Cladding is a popular 
surfacing technique used for improving corrosion 
resistance of structural members, which are 
exposed to hostile environment. It is a process 
of depositing thick layer of corrosion resistant 
material on corrosion prone mother materials 
layer by layer fashion. In recent years, weld 
cladding processes have been developed rapidly 
and are now applied in numerous industries 
such as chemical, fertilizer, nuclear and steam 
power plants, food processing, and petrochemical 
industries (Saha & Das, 2016; Saha & Das, 2018; 
Liu et al., 2017; Gorunov et al., 2018; Walters 
et al., 2018; Lailatul et al., 2017). 

Various welding processes employed for cladding 
are shielded metal arc welding, submerged arc 
welding, gas tungsten arc welding, plasma arc 
welding, laser beam welding, gas metal arc welding, 
flux cored arc welding, electroslag welding, 
oxy-acetylene welding, explosive welding, etc. 
Among the processes employed for weld cladding, 
GMAW is widely accepted by the industries due 
to its various advantages over the other processes 

•corresponding author, 

E-mail: sdas.me@gmail.com 

i.e. high reliability, capability in performing in all 
positions, high rate of deposition, high productivity, 
no flux, low cost, etc. (Prajapati et al., 2018; Joseph 
et al., 2019; Balan et al., 2018; Saha et al., 2012; 
Mondal et al., 2016; Kannan & Murugan, 2006; 
Prabhu & Alwarsamy, 2017). 

The desirable characteristics of cladding alloy 
are reasonable strength, weldability, resistance 
to corrosion, etc. The material, which possesses 
good corrosion resistance, oxidation resistance, 
erosion resistance property, is used for cladding 
on corrosion prone low alloy steel substrate 
for better mechanical properties and long life. 
Duplex stainless steel, super duplex stainless steel 
shows better corrosion resistance properties as 
well as mechanical strength, though they are the 
costly alternative cladding materials. However, 
due to high amount of chromium, nickel and 
molybdenum, austenitic stainless steel also 
exhibits good corrosion resistance in chloride 
environment (Saha et al., 2018; Eghlimi et al., 2014; 
Kaushal et al., 2018; Saha et al., 2018; Verma et al., 
2013). Moreover, cost involves against austenite 
cladding is comparatively less. 

Welding parameters play an important role 
on corrosion resistance characteristics. The 
main problem faced in cladding with austenitic 
stainless steel is the selection of the appropriate 
process parameters for achieving the required 
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quality of cladding. Process parameters such as 
welding current, arc voltage, torch travel speed, 
tip-to-nozzle distance, torch angle, gas flow rate, 
composition of shielding gas, heat input, etc. for 
a particular welding method for a particular set 
of work materials (base and cladding materials) 
play most vital role for physical and chemical 
and metallurgical properties (Chakraborty et al., 
2013; Sabiruddin et al., 2013; Besliu et al., 
2017; Om & Pandey, 2013; Gharibshahiyan 
et al., 2011; Khamari et al., 2019). Thickness of 
the workpiece also plays an important role in gas 
metal arc welding process (Elmer et al., 1989). 
To control quality of cladding engineers are 
very much curious to know the effect of these 
process parameters on the desired properties. 
To minimize the corrosion rate of y steel cladding 
on E350 constructional steel, it is important to 
know the effect of heat input and its main 
contributor parameters namely welding current 
and arc travel speed on corrosion rate of 
clad part. Minimization of corrosion rate can 
minimize maintenance and rework, increase 
service life of the component and so also the profit. 

In this work, an experimental study is carried 
out on corrosion resistance performance of 
austenitic (y) stainless steel (316) cladding on 
25 mm thick E350 steel plate with three 
different sets of welding currents and three 
different sets of travel speeds keeping constant 
welding voltage in gas metal arc welding process 
with 100% CO

2 
as shielding gas. 

2. Experimental Work 

In this work, cladding was performed with 
ESAB India Ltd. made GMAW setup of Model 
No. Auto K 400 with 60% duty cycle. Austenitic 
stainless steel (316) filler wire is used as wire 
electrode material for cladding on low alloy 
structural steel (E350) plate of size 70mm x 
60mm x 25mm. 316 y stainless steel contains 
70.95% Iron, 15.05% chromium, 9.94% nickel, 
2.09% molybdenum, 1.102% silicon, 0.34% 
copper, 0.076% carbon with small amount of 
phosphorus, sulfur, cobalt, niobium, titanium, 
vanadium, tungsten, selenium, strontium, etc. 
On the other hand E350 low alloy steel contains 
98.95% iron, 0.412% manganese, 0.192% 
silicon, 0.146% carbon with trace amount of 
phosphorus, sulfur, chromium, molybdenum, 
nickel, cobalt, copper, niobium, titanium, 
vanadium, tungsten, lead, tin, tantalum, boron, 
etc. Carbon equivalent, C for the base material 

eq 

E 350 is found to be nearly 0.235.Carbon equivalent; 

Technical Paper 

C for austenitic stainless steel (316) is found to be 
eq 

nearly 4.38. 

2.1 Experimental procedure 

First, the base materials are made rust free and 
clean. During cladding with 316 filler wire, 50% 
overlap of the beads was taken using GMAW 
setup. This is done by positioning the filler wire 
at the toe of the previous bead. The heat input of 
welding is calculated by using the equation (1). 

Vx l x60 
Q = Sx l000 X TJ (1) 

Where, V is Welding voltage (V), I is Welding 
current (A), S is Travel speed (mm/min), Q is Heat 
Input (kJ/mm) and 'l is efficiency of GMAW and in 
the current work, it is taken as 0.8. 

Fig. 1. Schematic diagram of 50% overlap. 

2.2 Sample preparation 

After cladding test, samples are cut by an abrasive 
cutter with approx. 10x10mm2 surface area of 
cladded face. Then the cladded faces are made 
flat with grinding. Then these samples were 
used for hardness test, corrosion test and 
microstructural study. 

2.3 Corrosion test 

First, the samples are polished and weighed by 
digital weighing machine (Model: M K lOOE, Petit 
Balance) with capacity of 100g and a readability 
upto 0.001g. Then, the test samples are coated 
by the Teflon tapes, leaving only the cladded 
area exposed and each sample is immersed in 
a corrosive medium for 24 hours. The corrosive 
medium is prepared with 29g ferric chloride, 
24 cc HCI and 76 cc distilled water. After removing 
from the corrosive medium, the test samples 
are cleaned with water and then weighed again. 
The weight losses by the corrosive medium are 
found by the difference of initial and final weight 
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Table 1 
Process parameters of cladding done by austenitic stainless steel electrode [316) . 

Test Sample Weld Current Travel Speed (mm/ Weld Voltage Corresponding Heat 
No. (A) min) (V) Input (kJ/mm) 

1 140 392 0.462 

2 140 362 0.501 

3 140 325 0.558 

4 170 392 0.562 

5 170 362 0.608 

6 200 392 0.661 
27 

7 170 325 0.677 

8 200 362 0.716 

9 200 325 0.797 

Table 2 
Results of corrosion test of base plate E350. 

SI. No. Base Plate Area (mm2
) Weight Loss (gm) Corrosion Rate (gm/m2hr) 

1 Low alloy steel E350 10.8x10.7 1.257 453.22 

Table 3 
Results of corrosion test of austenitic stainless steel cladded test samples of two replications. 

1st Replications 

Heat (Test Duration= 24 hr) 

Sample input Weight Corrosion 
kJ/mm Exposed 

Loss Rate 
Area (mm2

) 
(g) (g/m2hr) 

1 0.462 10x10.1 0.365 150.57 

2 0.501 10.2x9.8 0.380 158.39 

3 0.558 10.3x10.5 0.468 222.34 

4 0.562 10.5x10 0.402 159.52 

5 0.608 10.1x9.8 0.413 173.85 

6 0.661 10.4x10.5 0.385 146.90 

7 0.677 10.5x10 0.482 191.26 

8 0.716 9.5x10 0.347 152.19 

9 0.797 10.lxl0.8 0.414 158.14 

of the test samples. Corrosion rate is found by 
weight loss (wing) from unit cross section exposed 
area (A in m2

) per unit time (Tin hr). 

2.4 Microstructural study 

Test samples are ground on a belt grinder using 
60, 80 and 120 grades of emery belts. Then, 
these samples are polished by using five different 
grades of emery paper (180, 400, 800, 1000 and 
1200} and finally on velvet cloth using alumina 

10 

2nd Replications 
(Test Duration= 24 hr) Average 

Corrosion 
Corrosion Rate Exposed Weight 

Rate (g/m2hr) Area (mm2
) Loss (g) 

(g/m2hr) 

10x10.5 0.450 178.57 164.57 

10.Sxl0.5 0.497 187.83 173.11 

10.5x10.8 0.489 179.67 179.98 

10x10.1 0.372 153.46 156.49 

10.8x10.9 0.462 163.52 168.69 

10.3x10.7 0.407 153.87 150.38 

10x10.9 0.412 157.49 174.38 

10.2xl0.2 0.397 158.99 155.59 

10.5xl0.5 0.408 154.19 156.16 

suspension as abrasive to obtain mirror finish in 
the rotating disc grinding machine. The samples 
are etched by combination of Waterless Kalling's 
reagent {100cc ethanol, 100cc HCI and 5g CuCl 2} 

and Ralph's reagent {100cc water, 200cc Methyl 
Alcohol, 100cc HCI, Sec HN0

3
, 2g CuCl

2
, 7g FeCIJ 

Waterless Kalling's reagent reacts with austenitic 
stainless steel to reveal the fusion boundary of 
cladded specimens. These samples are observed 
under metallurgical microscope (Make: Meitzer, 
India, Model: BM/MIEZS) at 200x magnification. 
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cladding on low alloy steel in different heat input. 

200 

190 

; 180 
E --.! 170 .. • a: 

Ii 160 

8 
t: 150 0 

V 

140 

130 

120 150 

--At travel speed of 392 mm/ min 
... At travel s ed of 362 mm/min 
--At travel speed of 325 mm/min 

180 

Weld current (A) 

210 

Fig. 3. Plot of average corrosion rate with welding 
current at constant travel speed of austenitic stainless 

steel cladded test samples of two replications. 

; 
E --.! 
" • .. 
C 
.!! 
g 
0 u 

220 

200 +------------

180 

160 • 
140 

120 

100 

320 340 360 380 400 

Travel Speed (mm/min) 

--At140Amp 

... At170Amp 

--At ZOO Amp 

Fig. 4. Plot of average corrosion rate with travel 
speed at constant welding current of austenitic 

stainless steel cladded test samplesof two replications. 

The process parameters selected for cladding are 
shown in Table 1. 

3. Results and Discussion 

Table 2 and Table 3 show the results of corrosion 
test obtained from base plate (E350) cladded test 
samples respectively. 
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Table 3 shows corrosion rate of austenitic stainless 
steel cladded test samples of different welding 
parameters. The corrosion rate found at base 
plate E350 is 3 times the least corrosion rate 
found in the austenitic stainless steel cladded 
test sample, and 2.7 times the average corrosion 
rate of austenitic stainless steel cladded test 
samples. Austenitic stainless steel electrode also 
contains appreciable amount of chromium, nickel 
and molybdenum, which can be the main cause 
behind this corrosion resistive property. 

Based on results from corrosion test of clad 
parts during both replications, plot of change in 
corrosion rate against change in heat input 
is constructed in Fig. 2. From Fig. 2, it can be 
stated that heat input does not have substantial 
influence on corrosion rate of austenitic stainless 
steel cladded E350 low carbon steel specimens. 
Fig. 2 also shows that except one case (point 3), 
deviations of corrosion rate during two replicated 
experiment are less. 

The results tabulated in Table 3 are plotted in 
Fig. 3 and Fig. 4 to observe change in corrosion rate 
with weld process parameters such as current 
and travel speed. In this approach, firstly change 
of corrosion rate at three constant travel speeds 
are plotted against change in current, keeping 
arc voltage constant throughout the experiment. 
Secondly, the corrosion rates at three constant 
currents are plotted against torch travel speed, 
keeping arc voltage constant for each time. 

Effects of welding current on corrosion rate are 
shown in Fig. 3. This figure clearly indicates the 
decreasing tendency of corrosion rate with an 
increase in current at a constant travel speed 
within experimental domain . Corrosion rate also 
shows decreasing tendency with increasing travel 
speed. Lowest corrosion rate is observed at highest 
current corresponding to maximum travel speed 
within experimental domain. 

The effects of welding travel speed on corrosion 
rate are shown in Fig. 4. The constant welding 
current line has similar tendency towards 
corrosion rate. Corrosion rate decreases with 
increasing travel speed keeping weld current and 
voltage constant. 

3.1 Microstructure of cladding 

Observation of microstructure of the clad portion 
is made under a metallurgical microscope. The 
Ralph's reagent and Waterless Kalling's reagent 
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Sample 1 Sample 2 

Fig. 5. Microstructure of clad samples of 1st replication (200x) . 

are used as etchant. The magnification is taken 
as 200X except Fig. 5 that contain the photograph 
of corroded surface of duplex and austenitic 
cladded test samples after corrosion test with a 
magnification of 4X. 

Formation of different phase in clad portion is 
possible during the phase transformation when 
cooling. The grain growth and final phase mostly 
depend on the solidification rate and alloy content. 
Elmer et al. (1989) described five solidification 
modes of stainless steel alloys as follows: 

Single phase austenite (A) 
Primary austenite with second phase ferrite (AF) 

Eutectic ferrite and eutectic austenite (E) 
Primary ferrite with second phase austenite (FA) 
Single phase ferrite (F) 

Microstructures of austenitic clad specimens 
are shown in Fig. 5. In Fig. 5, sample 1 through 
sample 9 show the cellular and epitaxial growth 
of austenite with intercellular ferrite and form 
primary austenite with second phase ferrite 
(AF) microstructure of austenitic stainless steel 
cladded test samples. Various intermetallic phases 
are also found in the microstructures. 

The austenite equivalent is determined from the 
concentrations of austenite formers Ni, C, and Mn. 
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c) d) 

Fig. 6. (a-d). Photograph of corroded surface of cladded zone after 
corrosion test of austenitic stainless steel cladded test. 

Austenite stainless steel electrode contains 
0.0758% C, 1.01% Mn, 9.93% Ni. Nickel has an 
fee structure, thus favouring the fee structure of 
austenite and known as austenite former. Delong 
(1974) demonstrated nitrogen to be a strong 
austenite former, and refined Schaeffler's (1949) 
equation to evaluate chromium equivalent and 
nickel equivalent as shown in equation (2) and (3) 
respectively. 

Nickel equivalent = % Ni + 30 x ( % C + % N) + 0.5 x 
% Mn (2) 

Chromium equivalent = % Cr + %Mo + 1.5(% Si) + 
0.5(% Nb)+ 2(% Ti) (3) 

For 316 austenite stainless steel electrode, 
chromium and nickel equivalent are 17 .43 and 
12.76 respectively. Due to high nickel equivalent, 
it solidifies as single phase austenite. At higher 

heat input, solute redistribution takes place, 
and ferrite precipitates from austenite. Decrease 
in austenite phase and/or increasing ferrite 
phase decrease corrosion rate as shown in the 
present work. 

Photographs of corroded surface after corrosion 
test of austenitic stainless steel cladded test 
samples are shown in Fig. 6. 

Fig. 6(a-d) show the corroded surface with few 
corrosion pits along with general corrosion 
occurring at the corroded surface. 

4. Conclusions 

On the basis of present experimental investigation 
regarding performance of cladding with austenitic 
stainless steel on low alloy steel by GMAW, 
following conclusions may be drawn: 
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1. Corrosion rate of E350 base plate is observed 
to be more than 3 times than the respective 
minimum corrosion rate conditions and 2.7 
times the average corrosion rate of austenitic 
stainless steel cladded test samples. Corrosion 
test results obtained from austenitic stainless 
steel cladding does not indicate any remarkable 
influence on corrosion rate with heat input. 
The least corrosion rate is found at higher heat 
input of 0.661 kJ/mm applying 200 A weld 
current, 392 mm/min travel speed and 27 V 
weld voltage. 

2. There is no significant change in corrosion 
rate against change in heat input within 
experimental domain. 

3. Microstructural study of austenitic stainless 
steel shows the cellular and epitaxial growth 
of austenite with intercellular ferrite and 
form primary austenite with second phase 
ferrite (AF) microstructure. Austenite stainless 
steel electrode contains 0.0758% C, 1.01% 
Mn, 9.93% Ni. Nickel has an fee structure, 
thus favouring the fee structure of austenite 
and known as austenite former. Due to high 
nickel equivalent, it solidifies as single phase 
austenite with intercellular ferrite structure. 

4. The result indicates that corrosion rate 
decreases with increasing current at constant 
travel speed within experimental. On the other 
hand, there has a decreasing tendency of 
corrosion rate with increasing travel speed at 
constant welding current. 
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