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ABSTRACT

This study highlights the critical importance of electrode selection in ensuring the
mechanical integrity and metallurgical reliability of welded armour steel, contributing
valuable insights for future applications in the defence industry. In this study, plates
produced from Miilux Protection 500 armour steel were joined by the electric arc welding
method with Citochromax and Tenacito 80 shielded electrodes produced by Magmaweld.
To characterise the mechanical and metallurgical performances of the joints, tensile,
hardness and bending tests were performed on the samples taken from the joints and optical
microscope and SEM examinations were performed. When all the results were evaluated
in the shielded electrode electric arc welding applications of Protection 500 armour sheets
of steel, the most suitable metallurgical and mechanical performance electrode was
Tenacito 80.
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1. Introduction

structural protection to personal protection. Within the scope of
personal protection, people have tried to take precautions

Throughout history, humanity has instinctively wanted to
survive and sustain its life. With this instinctive effect, it has
developed itself against various threats from nature. In the early
periods, these developments appear as shelters, caves and
dwellings for shelter. With the impact of harsh living conditions
and harsh conditions, the need for protection has evolved from

® Correspondence
E-mail address: hakanada@gazi.edu.tr

against complex natural conditions and threats such as attacks,
wild animal attacks, bumps, impacts and various injuries by
developing protective clothing, covers, headgear and footwear
(Baykara et al., 2020).
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The materials used for personal protection became unable
to fulfil their primary task with the development of threat
elements, and this situation forced the development of materials
used in personal protection, which are defence materials. The
use of threat elements such as spears and axes made with
complex and sharp-edged rocks revealed the weakness of
defence materials, and with the development of metal
production and processing skills, the era of metallic materials
as personal protection began. With the discovery of alloying,
people saw that bronze was effective in personal protection and
attack materials and applied alloying to threat and defence
materials. In response to various threats, various personal
protective materials have been produced, leading to the concept
of armour (Baykara et al., 2020).

While in the past, sharp axes, spears and arrows constituted
threat members, today, advanced modern weapons, kinematic

and explosive projectiles, grenades, and mines constitute threat
members. Subsequently, the development of armour materials
has become a necessity. Modern armour materials include
metal, polymer, ceramic and composite-based armour. When
the developments are examined, it is seen that threat elements
and armour materials that will eliminate threat elements have
developed in parallel over time (Kara, 2012).

Armour materials must maintain their structural integrity
and resist cracking, fragmentation, and breakage against
various kinematic projectiles that will apply impact loads to
fulfil and continue their mission against the threat element
(Laible, 1980). In this respect, armour materials should be
selected by considering the characteristics of threat elements
and armour materials. Table 1 below shows the armour
materials used against 7.62 and 14.5 mm armour-piercing
ammunition.

Table 1. Armour materials used against 7.62 and 14.5 mm armour-piercing bullets (Karagéz & Atapek, 2007).

Armour Materials

Steel Glass Reinforced E-cam
- RHA (380 HB) - S glass
- High Hardness (550 HB)
- Dual Hardness Armour (440-600 HB)
Aluminum Ceramic
- 5083 alloy - Aluminum oxide
- 7039 alloy - Aluminum oxide + Al
- 2519 alloy - Boron carbide

- Titanium dicarbide

Composite (Multilayer with ceramic surface)
Al + RHA
Steel + RHA
E glass + RHA

Metallic armour has become one of the prominent materials
in modern armour technologies thanks to its wide range of
mechanical properties and high production speeds, compared to
other armour materials that offer different advantages in various
application areas. Metallic armours are produced by alloying
and heat treatment processes and are armour materials that
effectively prevent various threat elements (Laible, 1980).
Metallic armours are preferred to achieve desired mechanical
properties such as hardness, toughness and strength. Thanks to
their excellent formability, ductility and weldability, these
armours can be formed to the desired size and shape and
provide high production speeds. Metallic armours are generally
divided into four main groups: aluminium, magnesium, steel
and titanium (Hazell, 2022). Today, aluminium and steel
metallic armours are prominent in machinability, cost and
weldability to the desired geometry (Hazell, 2022).

Armour steels are one of the most essential materials that
form the basis of widely used armour steels. It is constantly
being improved metallurgically and mechanically. It is among
the most preferred materials due to its superior ballistic
performance and high weldability during manufacturing

(Baykara et al., 2020). Reinforced steel sheets should be used
in armoured vehicles where protection is required. Mechanical
properties such as high tensile strength, yield strength and
hardness are among the main reasons these steel sheets are
preferred. However, the plastic deformation process is
complicated in armour steels with high mechanical properties
and strength. Cracks along the bend line may occur in the
armour steel during deformation.

Since armour steels have high mechanical properties and
strength, high forces must be applied during forming. Due to its
poor plastic deformation capability, welding is one of the most
suitable methods for bringing armour steels to the desired size
and geometry. The methods used in welding armour steels
include electric arc welding with covered electrodes, gas arc
welding (TIG, MIG, MAG) and submerged arc welding. One
of the most widely used methods is electric arc welding with a
shielded electrode. Although this method is convenient, if the
electrode contains moisture, there is a risk of hydrogen
penetrating the weld zone and causing cracks during cooling. It
is, therefore, important that the electrodes are thoroughly dried
and free of moisture. In gas metal arc welding, the risk of
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hydrogen is lower as there is no shroud to protect the welding
bath. However, electrodes with low hydrogen content should be
preferred for gas metal arc wire electrodes. Submerged arc
welding can be used for long and linear welding processes. This
method enables faster welding of armour steels with significant
wall thickness. However, attention should be paid to the
powder's hydrogen and moisture content (Yakut, 2015).

In welded joining processes, it is essential to determine the
welding method and the filler material that best suits the
chemical and mechanical properties of the base material. In a
basic welded jointing process, the aim is for the weld seam to
have higher mechanical properties than the base material.
However, this is not yet possible for armour steels. In welding
armour steels subjected to dynamic stress, pressure and impact,
and cracking sensitivity, filler materials that exhibit higher
mechanical properties than the base material have not yet been
developed. For this reason, filler materials with good wetting
properties, suitable for filling and forming a stress-relieving
buffer layer, are generally preferred. These materials are used
in welded joints, even though they are far from providing the
mechanical properties of the base material (Giirol et al., 2022).

Miilux Protection 500 armour steel plates were joined in this
study using the shielded electrode electric arc welding
(SMAW) method. In this process, two different commercially

available electrode wires (Citochromax and Tenacito 80),
which were determined to be of suitable composition for the
study, were preferred. The study aims to evaluate the effects of
these filler materials used in industrial applications and the
applied current intensity values on the mechanical and
metallurgical properties of Miilux Protection 500 sheets of steel
by comparative analysis. These analyses aim to reveal the
effects of different electrodes and current intensities on the
performance of Miilux Protection 500 steels.

2. Materials and Methods

In this study, armour steels of MIL-A 46100 class, which
have high hardness and strength, were welded by arc welding
with a shielded electrode. The welding speeds were kept
constant, and the effects of changes in current strength on the
microstructure and mechanical properties of the welded joints
were investigated.

2.1. Material

Miilux Protection 500 armour steel with a section thickness
of 4.2 mm and a hardness value of approximately 500 HBW
was used in this study. The chemical composition and
mechanical properties of Miilux Protection 500 armour steel are
presented in Table 2.

Table 2. Chemical composition and mechanical properties of the armour steel used.

Steel Thickness Element (%)
Quality (mm) C Si Mn S Cr Ni Mo B
4.00-40.00 0.30 0.70 1.70 0.015 0.005 0.75 0.80 0.50 0.004
Miilu_x Hardness Yield Strength Tensile Strength Elongation Charp_y Impact Ca}rbon
Protection HBW Rp 0.2 Rm (MPa) (%) Resistance Equivalence
500 (MPa) (-40°C) Joule (Ceq)
480-560 1300 1600 8 17 0.70

In this study, two different electrodes were selected for the
welded joining of Miilux Protection 500 armour steels. The
3.25 mm diameter electrodes were produced by Magmaweld
and named as Citochromax and Tenacito 80. The detailed list

of these materials according to standards and company is
presented in Table 3, and their chemical composition and
mechanical properties are presented in Table 4.

Table 3. Nomenclature of the materials used in the study according to standards and company.

Filler Metal
Diameter (mm)

Magmaweld Code

Standard and Nomenclature

AWS Code and Nomenclature

Citochromax

TSEN ISO 3581 - A

AWS/ASME SFA -5.4

3.25

E 188 Mn B 22 E307-15
Tenacito 80 TS EN ISO 18275 - A AWS/ASME SFA - 5.5
E 69 6 Mn2NiCrMo B 42 H5 E11018-G H4
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Table 4. Chemical composition and mechanical properties of the filler wires used in the study.

Filler Metal Type

Element (%)

Cc Si Cr Ni Mo S P
Citochromax 0.12 0.40 19.00 9.00 - <0.020 <0.025
Tenacito 80 0.06 0.50 035 220 040 <0.012 <0.020

Mechanical Properties

Yield Tensile Elongation  Impact Resistance
Filler Metal Type Strength Strength (%) (Joule) and
(MPa) (MPa) Test Temperature
Citochromax 480 660 40 70 (20 °C)
Tenacito 80 775 890 18 50 (-60 °C)

2.2. Method

Birikim Engineering and Industrial Contracting Inc. carried
out the welded joints of Miilux Protection 500 armour steels in
Ankara by the standards. The plates prepared for welded joints
were cut in 380x200x4.2 mm dimensions by TS EN 1SO 15614-
1 standard, considering the sample sizes required for test
examinations. The beveling process of the supplied plates was
carried out according to TS EN ISO 9692-1 standard and taking
into account the filler material diameter. Y-type weld bead
geometry was used in the study. The schematic representation
of the weld bead geometry is given in Figure 1, and the weld
bead dimensions determined according to the diameter of the
filler metal are given in Table 5.

Weld Bead Angle

L

Edge Angle

A

A
Landing '
Thickness

> -
Gap

Figure 1. Demonstration of weld bead geometry.

Table 5. Measurements of weld bead geometries.

Thickness Gap Landing Weld Bead Angle Edge Angle
(mm) (mm) (mm) ©) ©)

4.2 35 2.00 50 25

The welding parameters used in the welded joints of Miilux
Protection 500 armour steel are presented in Table 6. According

to Table 6, the current intensity values used in the experiments
were determined based on the catalogue data of the electrode
manufacturers and were selected as 100, 110 and 120 Amperes,
respectively. Arc voltage and welding speed were kept constant
in the experiments.

This study performed mechanical tests and microstructural
investigations for each experiment. Mechanical tests include
tensile, bending and hardness tests, which evaluate the
mechanical performance of welded joints. Since armour steels
are considered to be heat sensitive, the specimens were cut
using a water jet. Sanding and polishing the samples for
microstructure and macrostructure examinations were
performed on a Siemens brand device. By the metallographic
examination standards, 80, 120, 240, 240, 400, 800, 1200 and
2500 grit abrasives were used, and the samples were polished
with 3 and 1 pum diamond solutions, respectively, using
polishing felts. In order to determine the resistance of the
polished specimens to plastic deformation, hardness tests were
performed on the specimens after microstructure examination.
Hardness measurements were carried out with 50
measurements from 25 points at equal distances to the weld
centre's left (-) and right (+) until the base material's hardness
was determined per TS EN ISO 9015-2 standard (Figure 2). The
distance between hardness measurements was set as 0.5 mm,
and the centre of the weld metal (point 0) was taken as the
reference point. Since it was observed that the hardness values
of the base material could not be reached due to the HAZ (Heat-
Affected Zone) width caused by the heat input effect, additional
hardness measurements were made at 1 mm intervals from
point 26 to point 37, where the base material hardness values
were obtained. Hardness tests were performed using the
Shimadzu brand and HMV-G21 model device under 1 kg load
and the Vickers hardness measurement method.
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Table 6. Welding parameters.

Experiment Electrode Diameter Current Voltage Welding
No. (mm) Intensity V) Speed

(Ampere) (cm/min)

N1 100

N2 Citochromax 110

N3 120

?3.25 22.5 9.5

N4 100

N5 Tenacito 80 110

N6 120

Figure 2. Schematic representation of hardness tests.

For tensile tests, specimens taken from welded joint plates
were prepared by the TS EN 1SO 4136 standard and specimens
taken from the base material were prepared by the TS EN 1SO
6892-1 standard. Tensile specimens prepared by the standards
were tested at room temperature with an Instron brand 8503
model device with 500 kN capacity. In order to measure the
elongation of the specimens during the tensile process, the first
measurement length was marked on the specimens before the
test, and the elongation amounts were determined by
measurements made after the test.

In order to evaluate the elastic and plastic deformations of
the materials joined by the welding process and to check the
suitability of the weld, test specimens were prepared by TS EN
ISO 5173 standard and bending tests were performed. Bending
tests were performed with a 500 kN capacity Hidroliksan brand

device. The tests were performed at room temperature, 180°
bending angle and using a 20 mm diameter chuck, and the
distance between the bearings was set to 28.4 mm.

3. Results

Macrostructure, microstructure, hardness, tensile and
bending tests were performed on the samples taken from the
welded joints and the findings are presented below.

3.1. Macrostructure Review

From the macrostructure images, it is clear that the
penetrations are complete, and, as expected, the melting line
and HAZ in the weld zone are observed. When the
macrostructure images in Figure 3 and Figure 4 are evaluated,
the melting line and HAZ are more clearly observed in the
macrostructures of the welds made with Citochromax-coded
weld metal showing austenitic stainless steel properties and in
the images of the joints made with Tenacito 80 welding
materials showing ferritic properties. It is observed that the
grains are directed towards the weld centre in the direction of
heat escape.

Figure 3. Macrostructure images of the welded joint made with the Citochromax coded electrode (©3.25 mm) a) N1, b) N2 and ¢) N3.
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Figure 4. Macrostructure images of the welded joint made with Tenacito 80 electrode (©@3.25 mm) a) N4, b) N5 and c¢) N6.

3.2. Microstructure Review

In order to evaluate the microstructural effects of Protection
500 welds made at various current values using the shielded
electrode arc welding method, optical microscope examinations
were performed on the samples. Microstructure images were
obtained at 200 and 500 times magnification. The
microstructure image of the base material is shown in Figure 5.

The optical microscope images in the figure show that the
base material exhibits a fine-grained microstructure. The
images show that martensitic and ferritic regions are dominant
in the microstructure. While the martensitic structure gives
armour steels high hardness and strength, it occurs in needle-
like and slat-type forms. In addition, needle-shaped and tapered
acicular ferrites exhibit similar hardness effects (Jena et al.,
2010).

Figure 5. Microstructure images of Miilux Protection 500 base
material.

Microstructure images of welded joints are given in Figure
6. Citochromax electrode belongs to the austenitic stainless
steel electrode class. This electrode contains approximately 8%
Nickel (Ni) by weight, directly affecting the formation of the
austenite phase. While the austenitic structure is formed with
this electrode, a limited amount of delta ferrite is formed within
the austenitic matrix during the joining processes. This creates
ferritic structures in the weld metal, especially at the grain
boundaries. The Tenacito 80 electrode, with its low carbon
content, provides an excellent combination of strength and
toughness in welded joints. This electrode forms an acicular
ferrite microstructure of ferrite plates nested within austenite
grains. Acicular ferrite is the most desirable structure in low-
carbon steels and produces fine-grain structures. This allows
high mechanical properties to be achieved in welded joints.

4. Discussion
4.1. Tensile Test Results

Tensile tests were performed on three specimens of the base
material and welded joints. The test results are given in Table 7
and Figure 7. As seen from Table 7, the maximum tensile
strengths, the averages of these strengths, % elongation values
and % cross-sectional shrinkage of the base material and
welded joint specimens were determined as a result of the
tensile test. In order to avoid measurement uncertainties, the
initial length and cross-sectional area of all specimens were
marked before the test, and the post-test elongation and cross-
sectional shrinkage were calculated separately.
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CITOCHROMAX

TENACITO 80

1
N2 (1101)

Weld Metal Transition Zone Base Metal

N3 (1201)

|

N4 (100 1)

N6 (120 1)

-

Figure 6. Microstructure images of welded joints.
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Table 7. Tensile test results.

Filler ~ Experiment Elongation Average

Material No. (%) Tensile
Strength (MPa)

Base Material 6.69 1,768.19

g N1 1.96 852.20

o

% N2 1.85 796.77

o

o N3 244 867.85

8 N4 4.30 951.24

o

S N5 5.15 957.31

5 N6 5.12 940.98

When the tensile test result graph presented in Figure 7 is
examined, it is seen that Protection 500 base material has a very
high strength value. This material is used as an armour material
due to its superior mechanical properties. However, during the
welding process, there are significant differences between the
strength values of the welded joints and the strength values of
the base material due to the lack of a suitable electrode type for
the base material and the heat applied negatively affects these
superior properties of the armour steel. This is an expected
result. Despite these expectations, in this study, suitable filler
materials that can be used in welded joint processes for
Protection 500 material were determined, and the metallurgical
and mechanical performances of these materials were
examined. In this way, it aims to create a guiding study for users
regarding industrial use.

Tensile Strength (MPa)

1,768.19

i i
BM N1 N2

The maximum tensile strength of the welded joints was
compared with the maximum tensile strength of the base
material. The tensile test applied to the samples taken from the
base material resulted in an average tensile strength of 1,768.19
MPa. The highest maximum tensile strength was obtained in
experiment N5 with an average of 957.31 MPa with a Tenacito
80 coded electrode, and the lowest maximum tensile strength
was obtained in experiment N2 with an average of 796.77 MPa
with a Citochromax coded electrode. In all welded joints,
ruptures occurred from the centre of the weld metal.

Figure 7. Tensile test results.

4.2. Hardness Investigations

Hardness tests were conducted on welded plates to measure
the resistance of welded joints against plastic deformation. In
this study, 75 measurements were taken from each welded
sample. The hardness results of the welded joints made using
shielded electrodes are shown in Figure 8. To minimise
measurement uncertainties, all results are presented within a
tolerance range of 5 HV.

951.24 957.31 940.98
N4 NS N6

When examining the hardness test result graphs, it was
observed that similar hardness curves were formed in all joints.
The hardness graphs obtained from the welded joints with
different parameters on Protection 500 material generally
resemble each other. However, the hardness values vary
depending on the current intensity and electrode type. In all
experiments' hardness graphs, the region with the highest
hardness is the HAZ, while the region with the lowest hardness
is the weld metal zone. This situation is similar to other studies
on weldability (Aksoz et al., 2017a; Cetinkaya et al., 2023).

It has been observed that the heat applied during the welding
processes creates a heat treatment effect on the material,
affecting specific areas. The experiments revealed that the
highest hardness values were obtained in the HAZ. In
experiments with high current intensity, the amount of heat
entering the material increased, resulting in coarser grains and
a wider spread of the HAZ. According to the data obtained from
tensile tests, it was observed that the HAZ expanded in
experiments with higher heat application and larger grains
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formed. This situation led to a decrease in the strength values
of the joints while causing an increase in the percentage
elongation values. In experiments where coarse-grained
structures were formed, lower hardness values were measured
compared to other experiments that resulted in finer-grained
structures due to the effects of applied current intensity and

cooling rate. The values obtained from the tensile tests
confirmed the directly proportional relationship between
hardness and strength. This situation is similar to other studies
on weldability (Aks6z et al., 2017b; Coban et al., 2023; Harman
etal., 2022).

Weld Metal

Eawn
Matenal

Figure 8. Hardness test results.

4.3. Bending Test Results

Bending tests were conducted on samples with the weld
region centred by the TS EN ISO 5173 standard. The welded
joints were tested in two directions: cap and root bending. 12
bending test samples were prepared, with two samples for each
test. These tests aimed to determine whether the welded joints

Table 8. Bending test results.

exhibited a performance close to the ductility of the base
material. Additionally, this method revealed potential defects in
the welded joints, confirming their suitability. The acceptable
welded joints reached a bending angle of 180°, while the
unsuitable ones are presented in Table 8 with their fracture
angles within a tolerance range of £2°.

Filler Experiment Current Filler Mandrel Support Bending Face Root
Metal No. Intensity Metal Diameter Span Angle Bend Bend
Diameter (mm) (mm) ©) Angle Angle

(mm) © ©

% N1 100 180° 175°

e

o

5 N2 110 72° 65°

2

© N3 120 54°  175°
3.25 20 28.4 180

S N4 100 180°  74°

=]

S N5 110 180° 180°

c

(5]

= N6 120 180°  55°

As a result of the bending tests, the samples that underwent
plastic deformation are shown in Figures 9 and 10. In order to
avoid repetition in the visualisation, images of the bent
specimens obtained from experiments carried out with an

average current intensity of 110 A for each type of electrode are
shown. During the bending test, the samples were subjected to
compressive stresses on the inner surfaces and tensile stresses
on the outer surfaces. As a result, expansion occurred on the
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inner surface, while cross-sectional reductions occurred on the
outer surface.

Figure 9. Bended specimens.

Figure 10. Bended specimens.

5. Conclusion

In this study, Miilux Protection 500 armour steels were
welded using shielded metal arc welding with Citochromax and
Tenacito 80 electrodes, and the microstructure and mechanical
properties of the welded joints were examined. The results
obtained from the study are summarised below.

e From the macrostructure images, it can be seen that the
penetrations have formed completely and as expected; the
fusion line and HAZ in the weld region are observed.

e Microstructural investigations revealed the formation of
austenitic and ferritic microstructures, while it was
determined that martensitic and acicular ferrite structures
predominated in the weld metal.

e The tensile tests showed that the Protection 500 base
material has a significantly high strength value. The
highest maximum tensile strength in the welded joints was
obtained in the N5 experiment using the TENACITO 80
electrode, averaging 957.31 MPa. In contrast, the lowest
maximum tensile strength was recorded in the N2
experiment welded with the CITOCHROMAX electrode,
averaging 796.77 MPa.

o In the tensile tests, the fractures in the welded joints
occurred as expected from the weld metal.

e In the hardness graphs obtained from welded joints made
with different parameters on Protection 500 material, the
hardness values varied according to the applied current
intensity and electrode type.

e In the hardness graphs of all experiments, the region with
the highest hardness was measured as the HAZ, while the
region with the lowest hardness was the weld metal zone.
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