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Abstract: Materials with high hardness are usually pre-
ferred in armour applications and are difficult to weld due
to high Carbon Equivalent (C.E). In this investigation, an
attempt was made to weld Ultra-high Hard Armour (UHA)
steel (having C.E of 0.91) by Shielded Metal Arc Welding
(SMAW) process using three electrodes (i) austenitic stain-
less steel (ASS- E307-16), (ii) super duplex stainless steel
(SDSS-E2594-16) (iii) low hydrogen ferritic (LHF-E12018M-
low-alloy steel electrode). The mechanical properties (ten-
sile, impact toughness, and microhardness) were evalu-
ated and correlated with microstructural features along
with Creq/Nieq ratio of weld metal. The joints fabricated
using LHF electrodes showed superior strength of 962 MPa
and hardness of 341 HV. The joints made using ASS elec-
trode showed superior impact toughness of 72 ] and Notch
Strength Ratio (NSR) of 1.32 due to the higher energy absorp-
tion capability of the austenitic phase. At the weld interface,
joints fabricated using ASS and SDSS electrodes show the
unmixed zone (UMZ) and martensitic band (MB) due to sud-
den change of crystal structure (Face Centred Cubic (FCC)
/ Body Centred Tetragonal (BCT)). It is also found that the
strength property increases (651 MPa to 856 MPa) with an
increase in Creq/Nieq ratio (1.87 to 3.2) of weld metal and
with a decrease in ductility.
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Abbreviations

UHA Ultra high Hard Armour

SMAW Shielded Metal Arc Welding

C.E Carbon Equivalent

ASS Austenitic Stainless Steel

SDSS Super Duplex Stainless Steel

LHF Low Hydrogen Ferritic

UMZ Unmixed Zone

MB Martensitic Band

FCC Face Centered Cubic

BCT Body Centered Tetragonal

AFVs Armour Fighting Vehicles

MBTs Main Battle Tanks

RHA Rolled Homogenous Armour

GMAW Gas Metal Arc Welding

K-TIG Keyhole Tungsten Inert Gas

HIC Hydrogen-Induced Cracking

HAZ Heat-Affected Zone

EDM Electric Discharge Machining

WPS Welding Procedure Specification

WPQR Welding Procedure Qualification Record

ASME American society of mechanical engineers

SUUA Joints made by SMAW process using ASS elec-
trodes

SUUD Joints made by SMAW process using SDSS
electrodes

SUUF Joints made by SMAW process using LHF elec-
trodes

VT Visual Inspection

PAUT Phased Array Ultrasonic Testing Machine

ASTM American Society for Testing & Materials

NSR Notch Strength Ratio

SEM Scanning Electron Microscopy

BM Base Metal

FGHAZ Fine Grain Heat Affected Zone

CGHAZ Coarse Grain Heat Affected Zone

ICHAZ Inter-Critical Heat Affected Zone

OES Optical Emission Spectrometer
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1 Introduction

The weight reduction in armour fighting vehicles (AFVs)
is attained through materials engineering and design op-
timization. Weight reduction by materials engineering de-
livers structural efficiencies (improve mobility in the high
terrain region), reduces material usage, and benefits cost re-
duction. Currently, rolled homogenous armour (RHA) used
in the Main Battle Tanks (MBTs) [1] have crossed a total
weight of 60 tonnes, which reduces mobility and trans-
portability. Hence, designers have developed ultra-high
hard armour (UHA) steel with 600 BHN hardness and 2100
MPa ultimate tensile strength, which is twice the hardness
and strength of RHA steels. UHA steels attain their strength
and toughness through control over chemical composition
and heat treatment. Due to the high hardness of these steels,
the welding processes and welding consumables decide the
microstructure of the weldment. These steels are welded
using commonly known processes such as Gas Metal Arc
Welding (GMAW) and Shielded Metal Arc Welding (SMAW)
to attain high quality and cost-effective methods for the
fabrication of AFVs [2].

Some studies were carried out using Keyhole-Tungsten
Inert Gas (K-TIG) welding to weld 9 mm thick plates in a sin-
gle pass (welded without edge preparation). The bainite in
the weld metal improved the weld joint efficiency than the
conventional welding processes and consumables [3]. Hy-
brid welding (Laser and TIG) was used to weld 15 mm thick
armour steel in two passes. The joints showed 1.6 times
higher strength than the base metal by altering the me-
chanical properties and chemical composition [5, 6]. Weld
thermal cycle (heating and cooling) during welding pro-

motes significant changes in weld metal microstructure [7].

These steels are affected by Hydrogen-Induced Cracking

(HIC) and Heat-Affected Zone (HAZ) softening issues [8].

The problem with the SMAW is process is the use of coated
electrodes. Selection of electrode and its coating is impor-
tant to be consider to avoid cold cracking. Some studies
are carried to understand the effects of different hydropho-
bic coatings on the surface of covered basic electrodes on
the quality of wet welded carbon steel joints. The water-
proof coatings laid on covered electrodes decreasing the
Vickers hardness by 10 HV in heat-affected zone (HAZ) and
decreasing the diffusible hydrogen content in deposited
metal, which minimalize possibility of cold cracking [9]. In
another study rutile-based electrode were used to study the
effect of storage time of electrode in cold cracking. Results
shows that storage time of the electrodes does not have a
significant influence on the content of diffused hydrogen
in the deposited metal [10]. Presence of high hydrogen con-

Welding consumables on shielded metal arc welded ultra high hard armour steel joints =—— 9

tent in the weldment can change the mode of failure from
ductile + brittle to complete brittle failure [11].

ASS consumables are one solution to control the HIC
problem due to the higher solubility of hydrogen in the
austenite phase [12]. Another important factor for consider-
ing ASS consumable is the reduction of thermal stresses,
migration of carbon towards weld metal [13], and to ob-
tain impact toughness 15 J at -40°C (min requirement) in
welding of armour steels.

The matching high strength electrodes can’t satisfy
the above-said problems, and more over-development of
such electrodes which match the base metal properties are
still under development. An alternative way to improve the
structural properties (mechanical properties) by addressing
those issues to some extent is modifying the Creq/Nieq ratio
[14]. SDSS electrodes are one such solution by improved
Creq/Nieq ratio, which can produce an equal amount of fer-
rite and austenite and improves the strength properties. Use
of an alternative low-cost consumable, LHF, an alternative
to ASS electrode in the welding of armour steel, and high
tensile strength with no occurrence of HIC is possible [15].
Proper selection of electrodes for welding of armour steels
reduces welding problems and improves mechanical prop-
erties [16, 17]. Solidification cracking in the weld metal is
controlled by a minimum of 3% delta ferrite in the weld
metal [18]. The small amount of delta ferrite determines
the service requirements [19, 20]. Ni based electrodes are
not cost effective along with they need to justify the other
important properties such as ballistic performance. These
electrodes (ASS, SDSS, LHF) are already ballistic proven
electrodes (Stopped the Armour piercing (AP) projectile).
Softening can be controlled effectively using a low heat
input process, reducing the HAZ width [21].

From the above literature, it is understood that welding
consumables have a significant effect on the performance of
the joints. Research works focussed on welding of armour
steels are very few in numbers, especially on UHA steels. To
eliminate the research gap on welding of high hardness, ar-
mour steels, and the data on the fabrication of joints in the
real-time application (MBTs and AFVs) are needed. Hence,
in this investigation, the effect of welding consumables on
mechanical properties of shielded metal arc welded ultra-
high hard armour steel joints is investigated and the results
are discussed in details.

2 Experimental work

The base metal (BM) used in this investigation was 15
mm thick high strength, low alloy ultra-high hard armour
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Table 1: Chemical composition (wt %) of base metal and electrodes (deposited metal)

Material C Si Mn P S Cr Mo Ni Fe
BM 0.346 0.240 0.56 0.007 0.007 1.26 0.54 1.27 Bal
ASS 0.076 0.43 1.24 0.022 0.008 18.31 2.41 9.23 Bal

SDSS 0.026 0.72 1.76 0.018 0.006 24.3 3.45 7.12 Bal
LHF 0.041 0.342 1.42 0.025 0.004 0.153 0.215 2.41 Bal
Table 2: Mechanical properties of base metal and electrodes (deposited metal)
Material 0.2% Yield Ultimate tensile Elongationin 50  Impact toughness Hardness at 0.5
strength strength mm gauge length atRT kg load
(MPa) (MPa) (%) 0] (HV)
BM 1451 2151 11 42 602
ASS 633 702 23 66 225
SDSS 764 873 21 55 286
LHF 838 975 18 48 312

Figure 1: Micrograph of base metal; (a) Optical microscopy image of BM; (b) Scanning electron microscopy image of BM

steel (UHA) (Armox 600T closely conform to AISI 4340) in
quenched and tempered condition (Q&T). The base metal
chemical composition and mechanical properties are listed

in Tables 1 and 2, respectively. The base metal microstruc-

ture consists of tempered martensite in the ferrite matrix
(shown in Figure 1). Rolled plates were machined to 300 x
150 mm by cutting, and a single ‘V’ groove butt joint was
made using wire cut electric discharge machining (EDM)
process, as shown in Figure 2a. The joints were fabricated
using the shielded metal arc welding (SMAW) machine
(Make:Lincoln Electric (USA)). The welding parameters

and welding conditions used to fabricate the joints are pre-

sented in Table 3. Welding procedure specification (WPS)

and welding procedure qualification record (WPQR) estab-

lished for these steels in our centre according to sec IX
ASME (American society of mechanical engineers) were
used as welding parameters. In total, seven passes were

deposited to fabricate the joints using the SMAW process.
No welding pads are used. The electrode used in this inves-
tigation are:

(i) Basic coated austenitic stainless steel (ASS) consum-
able closely conforms to AWS E307
(ii) Basic coated super duplex stainless steel (SDSS)
closely conforms to AWS E2594
(iii) Basic coated low hydrogen ferritic (LHF) closely con-
forms to AWS E12018M

To understand better, joints fabricated are referred as

(i) SUUA (joints made by SMAW process using ASS elec-
trodes)
(if) SUUD (joints made by SMAW process using SDSS
electrodes)
(iii) SUUF (joints made by SMAW process using LHF elec-
trodes)
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Table 3: Welding parameters used for fabrication of joints
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Parameter Unit SUUA Joint SUUD Joint SUUF Joint
Electrode specification AWS SFA 5.4,E307-16 SFA5.4,E2594-16 SFA 5.5,E12018M
Electrode drying °C 150 for 1hr 150 for 1hr 200 for 3hr

temperature

Current and Polarity DCEP DCEP DCEP

Welding position PA flat-1G PA flat-1G PA flat-1G
(EN 1S0O 6947)

Preheat temperature °C 150 150 150
Interpass temperature °C 200 200 200
Thermal efficiency (K) 0.80

For Filling Pass
Electrode diameter mm 4.00 4.00 4.00
Welding current A 140 160 150
Arc voltage Vv 28 28 27
Welding speed mm/min 205 195 210
Average heat input/pass k) mm™! 1.14 1.37 1.15

Figure 2: Welding details; (a) Joint configuration; (b) PAUT scanner
used for the soundness of weld

The soundness of the joints was tested using visual in-
spection (VT) and phased array ultrasonic testing machine
(PAUT) scanner (Make: OLYMPUS, USA Model: HST-LITE-
KITO1). Visual examination of weld joint is an important
activity, carried out to check the integrity of the weldment.
Visual inspection is carried out before and after welding in
illumination of 500 Lux with the inspector eye of within the
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Figure 3: Dimensions of the specimens a) Smooth tensile specimen,
b) Notch tensile specimen c¢) Impact toughness specimen

radii of 600 mm of the surface and viewing angle of greater
than 30 degrees.

Before welding the base metal and electrodes are in-
spected along with joint preparation and alignment are
checked with weld gap gauge, vernier calibre and magni-
fying glass. After welding using welding gauge complete
visual inspection is done on surface defects and PAUT scan-
ner was used to find the internal defects as shown in Fig-
ure 2b. American Society for Testing & Materials (ASTM),
guidelines were used to evaluate the tensile and impact
toughness properties of base metal and welded joints. The
smooth (unnotched) tensile specimens were prepared (Fig-
ure 3a) to evaluate the yield strength, tensile strength, and
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elongation. To evaluate the joint’s notch tensile strength
and notch strength ratio (NSR), notch tensile specimen
were used as shown in Figure 3b. The tensile test was car-
ried out in a 1000 kN, electro-mechanical controlled univer-
sal testing machine (Make:FIE-BLUESTAR, Capacity:1000
kN). The specimen was loaded at the rate of 1.5 kN min™" as
per specification (ASTM E8M-04) so that the tensile speci-
men undergoes uniform deformation. The specimen finally
fails after necking, and the load versus displacement was
recorded. The 0.2% offset yield strength was derived from
the diagram.

The Charpy impact test was conducted at room tem-
perature using a pendulum-type impact testing machine. A
Vickers microhardness testing machine was employed for
measuring the hardness across and along the weld. Hard-
ness was measured at the distance of 0.5 mm with a 500 g
load for all joints. Optical emission spectroscopy (OES) was
used to determine the chemical composition of the diluted
weld metal. X-ray diffraction (XRD) was used to analysis
the phases present in the weld metal of the joints.

The microstructure analysis of the weldments was car-
ried out using a light optical microscope. The specimens
were etched with a 2% Nital reagent to reveal the microstruc-
ture of the weld region of the LHF joint, BM, and HAZ re-
gions. Aqua regia and Kalling’s reagent were used to reveal
the microstructure of the ASS weld and SDSS weld regions,
respectively. The tensile and impact specimen’s fractured
surface was analyzed using a scanning electron microscopy
(SEM) to study the nature of the fracture.

3 Results

3.1 Tensile properties

The tensile properties of base metal and deposited metal
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of three results is presented and Figure 4 shows the stress-
strain curves recorded during tensile test.

From the above results, (i) All the tensile specimen
failed at weld metal (WM) region only, irrespective of weld-
ing consumables; (ii) The SUUF joints exhibited the highest
tensile strength of 962 MPa, 47% of base metal strength;
(iii) The SUUA joints exhibited the highest elongation (duc-
tility) of 24% (iv) The SUUA joints showed the highest
NSR (ductility parameter) of 1.32. (v) In comparison, SUUA
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are shown in Table 2. In comparison, the transverse tensile Strain
prop‘ertles of welded ]91nts are Sho.\/\(n in Table 4. Three Figure 4: Stress-strain curves of welded joints; (a) Engineering
specimens were tested in each condition, and the average stress-strain curve (b) Equivalent true plastic stress-strain curve.
Table 4: Transverse tensile properties of the welded joints
No. Joint 0.2% Tensile Elongation in 50 mm Flow Notch Notch Failure
Type Yield Strength gauge length (%) Strength Tensile Strength Region
Strength (MPa) (MPa) Strength Ratio
(MPa) (MPa) (NSR)
1. SUUA 452 651 24 279 864 1.32 WM
. SUUF 886 962 16 631 1127 1.16 WM
3. SuuD 712 856 20 447 1052 1.23 WM
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joints showed superior ductility properties, and SUUF joints
showed superior strength properties.

3.2 Impact toughness

The room temperature Charpy impact toughness of welded
joints are presented in Table 5. Three specimens were tested
in each condition, and the average of three results is pre-
sented. The SUUA joints showed the highest impact tough-
ness of 72 ], which is 30 J higher than the base metal. SUUF
joints showed the lowest impact toughness of 48 J. In con-
clusion, the SUUA joints exhibited superior impact tough-
ness compared to SUUF and SUUD joints.

Table 5: Impact toughness properties of welded joints

Joint type Charpy Impact Toughness (J) at Room
Temperature
SUUA 724
SuUuD 576
SUUF 48+4
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Scanning electron microscopy (SEM) was used to anal-
yse the mode of failure of tensile and impact toughness
specimen as shown in Figure 5. The fractography shows
all the specimen (Tensile and Impact) failed ductile mode
with fibrous networks and fine equiaxed dimples, which in-
dicates ductile mode of failure [22]. But the size of dimples
varies in the joints. Fracture surface of SUUA joint shows a
greater number of tiny dimples than other joints [23] and
courser dimples with tear edges and shallow dimples with
some flat facets [24] were observed in SUUF joint fractured
surfaces.

3.3 Microhardness

The hardness measurement was carried out at four differ-
ent regions, as shown in Figure 6 to identify variation in
hardness across the joints. More than 10 readings were
taken at close distances in each region. The lowest hard-
ness was recorded in the weld metal region compared to
HAZ, interface and BM regions. The SUUF joint recorded
the highest hardness of 341 HV in the weld metal region.
In contrast, the SUUA joint recorded the lowest of 236 HV.

Figure 5: Fractographs of tensile and impact toughness tested specimens; (a) SUUA Joint-Tensile; (b) SUUD Joint-Tensile; (c) SUUF Joint-
Tensile; (d) SUUA Joint-Impact; (e) SUUD Joint-Impact; (f) SUUF Joint-Impact
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Table 6: Microhardness of various regions

Weld Metal (WM) Interface = CGHAZ FGHAZ ICHAZ Base Metal (BM)
SUUA 236+3 652+8 7566 812+4 8087 601+2
SuUuD 312+5 664+12 741+9  796x2 781+4 598+2
SUUF 34114 512+ 9 532+6 712+3 5647 596+4
Lower hardness is the main reason for failure of tensile
specimen at weld metal irrespective of the consumables. “
Hardness is much higher than base metal in fine grain heat a) IR

affected zone (FGHAZ) in all the joints irrespective of the
consumables. In coarse grain heat affected zone (CGHAZ),
softening occurred appreciably in SUUF joint compared

UHA- Base Matal

with SUUA and SUUD joint. In inter-critical heat affected b) il G e
zone (ICHAZ-(HAZ/BM interface)), the higher softening was 800 - T
observed in the SUUF joint compared with SUUA and SUUD - add o m A SUUA
joints. The reason for softening and hardening is mainly de- £ oo " .
termined by heat input which controls the microstructural 500 Lalietecnys
characteristics of the HAZ. 2 w00 -

B 400 -

£ H - Sese -y e
3.4 Macrographs %00 - i

Aaa
Ao
200 -4

Figure 7 shows the cross-sectional macrographs of welded ‘ ” i i ; .
joints. All the joints are free from macro-level defects such . Distance from the w,_.;fg center l:nml = A
as lack of fusion, lack of penetration, porosity and cracks.

The width of WM and HAZ were measured and presented
in Table 7. Due to variation in the heat input, the width of
the WM and HAZ of the joints are marginally varying. The
joint fabricated using ASS consumable (SUUA) contains the
lowest WM area compared to other two joints. SUUF joint

Figure 6: Microhardness survey; (@) Scheme of microhardness
survey; (b) Hardness across weldment

Table 7: Dimensions of weld metal and HAZ regions

TOP
\M° _/ /
WELD w
Rf)‘E)’T
Weld Metal (WM) Zone Heat Affected Zone (HAZ)
Joint Widthat  Width at mid Width of WMZ area Widthat  Width at mid Width of HAZ
top (mm) thickness root side (mm?) top (mm) thickness root side  area
(mm) (mm) (mm) (mm)  (mm?)
SUUA 20.5 7.2 2.9 142.3 1.2 2.5 3.5 51.2
SuUuD 21 7.8 3.1 156.4 2.5 3.0 3.9 68.3

SUUF 24.13 11.6 4.6 205.8 2.8 5.8 5.6 89.1




DE GRUYTER

sSUUA

SUUF

SUUD

Figure 7: Macrostructure of weld joints

contains the highest WM area of (205.8 mm?) among the
three joints. The SUUA joint has the lowest HAZ area of 51.2
mm?, and the SUUF joint has wider HAZ width area of 89.1
mm?. It is necessary to obtain narrow HAZ and WM area to
reduce soft zone width for better ballistic resistance.

3.5 Microstructure

From the microhardness survey, it is understood that weld-
ment consists of five distinct regions (i) Weld Metal, (ii)
CGHAZ (iii) FGHAZ (iv) ICHAZ, (v) BM.

(i) Weld Metal (WM)

Weld metal of SUUA and SUUD joint consists of the plain
austenitic matrix and the secondary phase delta ferrite. The
difference between SUUA and SUUD joint is the percentage
of delta ferrite and its morphology. The weld region of SUUA
joint is composed of vermicular delta ferrite, as shown in
Figure 8a. The WM region of SUUD joint is composed of

the mixture of lacy and vermicular delta ferrite (Figure 8c).

There is a relationship between the volume percentage of

delta ferrite and its morphology discussed in the upcom-

ing section. The orientation of the residual phase depends
on the heat flow direction, which enhances the primary
dendritic growth, and these ferrites are located in the core
of the primary dendritic arm [25]. The WM region of SUUF
joint composed of the non-directional acicular ferrite in the
austenitic matrix [26, 27], as shown in Figure 8e. Usually
oriented (directional) and a large colony of lath structures
are undesirable in weld metal which easily propagates the
cracks [28-31].
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The martensite in the weld metal is distorted. System
energy is reduced to the maximum level, and phase sepa-
ration occurs at interface with similar atomic spacing (re-
sults in unit cell axial ratio to unity-low carbon distort the
martensite). These phases can’t be a grain boundary phase;
hence they separate within the grain boundaries. More-
over, ferrites are intergranular nucleating ferrite with a
non-directional orientation, which gives acicular ferrite
a small grain size, with non-directional lath. However, the
acicular ferrite is the most preferred microstructure in the
weld metal.

(i) Interface

Figures 8b and 8d show the interface (WM-HAZ) of the SUUA
and SUUD joints respectively. In both joints, towards HAZ,
the untempered martensite with a martensitic band (MB)
and white phase (unmixed zone (UMZ)) in the fusion line is
observed. SUUF joints fabricated using low hydrogen ferrite
(LHF) show sufficient dilution and more refined mixing at
the interface due to similar crystal structures.

(iii) Heat Affected Zone (HAZ)

HAZ is divided into three regions (i) CGHAZ, (ii) FGHAZ,
and (iii) ICHAZ. During the weld thermal cycle (heating
and cooling), the CGHAZ region are heated to high temper-
ature. At high-temperature region, coarser austenite grains
retransform into coarser martensite in SUUA and SUUD (Fig-
ure 9a) joints and coarser martensite and bainite grains in
SUUF joints. In FGHAZ, all the joints show martensite as the
predominant phase with smaller grain size. As expected,
the temperature exposed is much less at FGHAZ than the
CGHAZ, which leads to the formation of martensite due to
fast cooling (Figures 9b and 9d). The soft zone is formed at
the interface of FGHAZ and BM (Figures 9e and 9f). At IC-
HAZ, where the hardness drops due to the formation of soft
patches of white ferrite phase along with coarse marten-
site with reduced dislocation density due to exposure be-
tween (AC;-AC3) temperature during heating and cooling
(thermal cycle) [32, 33]. At a particular temperatures dual-
phase (a + v) and the recrystallization mechanism helps
to transform tempered martensite to polygonal ferrite and
martensite towards the base metal. The unaffected base
metal consists of tempered martensitic lath structure.
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Figure 8: Optical micrographs of weld metal and interface of joints; (a) Weld metal of SUUA joint; (b) interface of SUUA joint; (c) Weld metal

of SUUD joint; (d) interface of SUUD joint; (e) Weld metal of SUUF joint; (f) interface of SUUF joint

Table 8: Chemical composition (Wt%) of weld metal measured by OES
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Figure 9: Optical micrographs of welded joint HAZ; (a) CGHAZ of SUUA joint; (b) FGHAZ of SUUA joint; (c) CGHAZ of SUUD joint; (d) FGHAZ of
SUUD joint; (e) ICHAZ of SUUA joint; (f) ICHAZ of SUUD joint

Table 9: Creq/Nieq ratio

Joint Creq Nieg Creg/Nieq
SUUA (Schaeffler diagram) 22.97 12.27 1.87
SUUD (Schaeffler diagram) 28.88 8.86 3.2
SUUA (WRC-92) 22.24 11.12 2

SUUD (WRC-92) 28.11 8.56 3.28
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3.6 Chemical composition

The main difference between the SUUA and SUUD joint is
the volume fraction of delta ferrite in the weld metal. It
is vital to understand the chemical composition of weld
metal after dilution (a small portion of base metal and a
large portion of electrode). The dilution is depending on
parameters heat input, base metal, welding consumables,
type of welding joint (groove, fillet or weld overlay), joint
edge preparation (square or V groove) and bevel angle. An
optical emission spectrometer (OES) was used to analyze
the weld metal chemical composition and the average val-
ues are presented in Table 8. The chemical composition
was used to calculate the Creq/Nieq ratio using the Egs. (1)
and (2) and presented in Table 9. Based upon the Creq/Nieq
ratio, the mode of solidification changes can be derived (di-
rectly affecting the mechanical properties of joints). X-ray
diffraction (XRD) analysis (Figure 10a) shows austenite and
ferrite in the weld metal of SUUD and SUUA joint. Whereas
the SUUF joint mainly consists of ferrite phase. Schaeffler
diagram (Figure 10b) and Welding Research Council-1992
(WRC-92) diagram (Figure 10c) was used to calculate the
volume percentage of delta ferrite present in the weld metal
of SUUA and SUUD joints. Calculated Nieq and Creq in both
diagrams are nearly same.

Nieg = Ni + (30 x C) + (0.5 x Mn) )}
(Schaeffler diagram)
Creq = Cr+ Mo + (1.5 x Si) + (0.5 x Nb) 2
(Schaeffler diagram)
Nieg = Ni+ (35 x C) + 20N + (0.25 x Cu) 3)
(WRC-92)
Creq = Cr + Mo + (0.7 x Nb) (4)
(WRC-92)
L-L+8§—-86+y—~ 1.48-1.95 (5)
(FA mode)
LoL+8—-6+y—~ <1.95 6)
(F mode)

4 Discussion

The joints fabricated using austenitic stainless steel (ASS)
and super duplex stainless steel primary consist of plan
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austenitic matrix with residual delta ferrite irrespective of
the process.

Nevertheless, grain size, morphology, solidification
mode differs. When comparing SUUA and SUUD joints, sec-
ondary residual phases, delta ferrite percentage is higher
in the SUUD joint. A high percentage of nickel and man-
ganese can eliminate the formation of delta ferrite, and di-
rect solidification of austenite is possible. The solidification
completely changes from FA mode to F mode in SUUD with
a Creq/Nieq ratio of 3.2. This difference in the ratio alters the
mechanical properties between these two joints. The core of
dendrite is delta ferrite which formed at high temperature
during solidification begins which are rich in chromium.
As solidification proceeds further, the chromium content
reduces. The delta ferrite present at room temperature re-
duces toughness and ductility due to the minimum solubil-
ity of a carbon atom at its atomic lattice. Hence the presence
of austenite in the WM is essential to improve ductility and
toughness. The austenitic phase is characterized by low
hardness and low strength, whereas, ferrite is character-
ized by high strength and low ductility. HIC is a significant
issue faced during the welding of armour steels. ASS con-
sumables are useful to a great extent to dissolve the higher
amount of hydrogen in its austenitic phase.

In joints fabricated using low hydrogen ferrite, weld
metal predominately consists of acicular ferrite in the
austenitic matrix in a non-directional way. It is known for
interweaving ferrite plates, which cover a large proportion
of the austenite matrix and imparts high strength and high
toughness. Heat input controls acicular ferrite; as the heat
input increases, the acicular ferrite decreases. Ferrite in the
acicular form is mostly high angel boundaries, which de-
flect cracks due to non-directionally placed ferrite. Whereas
the SUUF joint shows a finer acicular structure, which im-
proves hardness and strength. The acicular structure was
the main reason for obtaining high hardness along with
strength in the weld metal of the SUUF joint. Dilution of
weld metal to HAZ is an essential factor that determines the
mechanical properties, cooling rate, and M temperature
of the HAZ. Hence it is necessary to find the distribution
of elements that alter the mechanical properties. Usually,
in armour steels, each element has a different effect on the
mechanical of the joint.

At interface, manganese improves hardenability and
weak carbide former. Ni improves reliable solution
strengthen, grain refiner, and strongly decreases the
Ac; temperature. Along with carbon and molybdenum,
chromium also has strong influences on hardenability [34].
In the SUUA joint at the interface, the centre of the fusion
line is enriched with Cr, C, Mn, and Mo. Dilution was more
significant (Cr, Mn, and Mo) in the interface. The migra-
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tion in the elements towards the UHA interface favours the
excessive formation of the martensitic band at the fusion
line in the SUUA joint (interface) and increases hardness
(Section 3.4). At the same time, Cr delays the softening from
Fe;C hardenability.

Chromium stabilizes the ferrite phase and delays the
transformation temperature. The delta ferrite at the core
of the dendrites, which form at the beginning of solidifi-
cation, is very rich in chromium. However, the chromium
content decreases as the solidification proceeds. The high
amount of delta ferrite in welds reduces the toughness and
drastically increases strength [35]. 3-20% of delta ferrite is
essential in controlling the solidification cracking in the
weld. Ni has a vital role in determining toughness. Nickel re-
duces the percentage of delta ferrite and stabilizes austenite
in the SUUA joint. Future analysis exhibits a significant ad-
dition of manganese to determine the nickel advantage over
stabilizing austenite. Another outcome of manganese as an
alloying element increases the strength of the austenitic
phase by substantial solution strengthening. These alloy-
ing elements control the solidification processes.

5 Conclusions

Ultra-high hard armour (UHA) steel are welded using
shielded metal arc welding (SMAW) processes using three
different consumables. From this investigation, the follow-
ing conclusions are made.

1. Of the three joints investigated, the SUUF joint (fabri-
cated using low hydrogen ferritic) exhibited supe-
rior strength properties (962 MPa) to other joints.
High strength is associated with the presence of non-
directional orientation of acicular ferrite in the weld
metal region.

2. The SUUA joint (fabricated using austenitic stainless-
steel electrode) exhibited more excellent ductility
(higher percentage of elongation and NSR) and
higher impact toughness (72]) than other joints. This
may be associated with the presence of high percent-
age of austenitic phase and vermicular delta ferrite
in the weld metal region.

3. The tensile strength, notch tensile strength (NTS),
and weld metal hardness of welded UHA steel joints
revealed a directly proportional relationship with the
Creq/Nieq ratio of diluted weld metal. The ductility
(elongation) showed an inversely proportional rela-
tionship with the Creq/Nieq ratio.
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