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Abstract

The effect of welding parameters on the mechanical and metallurgical properties of
armor steel weldment was studied using gas tungsten arc welding process with two
filler wires: carbon steel and austenitic stainless-steel filler wires (AWS A5.18 ER 705-6
and AWS A5.9 ER 307, respectively). The joint configurations were mainly single V and
single bevel grooves. Using both AWS A5.18 ER70S-6 carbon steel filler wire and AWS
A5.9 ER307, austenitic filler wire for the two joints passed the required tensile strength
by the military standard. The joints successfully regained the base metal hardness at

a distance of less than 15 mm. The ultimate tensile strength of the joints welded in a
single bevel groove is 906 MPa which is higher than the joints welded using a single V
groove is 865 MPa. This could be attributed to the increase in dilution percentage with
the single bevel joints. Both single V joint and single bevel joints passed the required
Charpy V-notch impact test whether using both carbon and stainless-steel wires. The
effect of heat input and cooling rate on the mechanical and microstructure of welded
joints was studied. The reduction of heat input caused a narrow HAZ with a small
reduction in its hardness values with much reduction in the width of softening micro-
structure zone. SEM observations show that the base metal has a martensitic structure,
but the weld metal microstructures depend on the filler: carbon steel or austenitic steel
types. Using a single bevel groove with an austenitic steel filler metal, the weld metal
shows a martensitic/austenitic microstructure by SEM observation, and this was veri-
fied by the Schaeffler diagram which showed a high dilution percentage (about 35%
dilution). This resulted in a significant increase in joint strength and a higher weld metal
impact resistance.

Keywords: Gas tungsten arc welding (GTAW) process, MIL A 46100 armor steel
joints, Heat-affected zone softening, Weld thermal cycle, Heat input, Microstructural
characterization, SEM observation, Hardness distribution, Tensile test, Impact test

Introduction

Although there are many ballistic protection applications that use nonferrous or even
nonmetallic armor, armor steels are still the leading material in applications where
impact and explosion protection is critical [1-4]. The ballistic performance of steel
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depends essentially on its mechanical behavior under the very high load rate experi-
enced at ballistic speeds [5, 6].

Armor steels, sometimes called ballistic steels, are classified in the AWS standards
and in military standards [7, 8]. A combination between the standards is used to clas-
sify and identify the metal and methods to process it, in the AWS under the category of
quenched and tempered [7]. Therefore, these steels have high strength, hardness, and
good toughness where these materials acquired strength up to 1000 MPa. Most of the
higher processed materials that exceed this range are identified in the military standard
MIL-St A46100 [8]. The issue with the armor steel is that it reaches very high hardness
(around 500 HV) and tensile strength (around 1650 MPa) using complicated processing
called thermomechanical controlled processing (TMCP) at high temperatures, including
quenched and tempering. This process resulted in the fine grains martensitic structure
with ultrahigh strength properties, considering that this makes the steel sensitive to any
thermal processing including cutting and welding processes [7, 9].

Armox 500T armor steel plates [4, 6] are used for military applications as well as for
civil applications such as the counters for banks, doors, and vehicles for safe people and
money transport, and tank body shielding, and police vehicles [4, 6].

Welding of armor steel is a crucial and important task in both military and civil usage
of this kind of steel, although mainly classified as HSLA (high-strength low-alloy steel)
having a low percentage of alloying elements to improve weldability and meet some
challenges in welding, as to reach the military requirements in strength, hardness, and
toughness [10-14].

In the heat-affected zone (HAZ), softening occurs when these steels are exposed to
high temperatures in welding. This softening leads to degradation in ballistic perfor-
mance. The degree of softening in the heat-affected zone is depending on the level of
temperature rise which in turn is a function of the welding process and heat input [7,
15, 16]. Increased heat input leads to a wider softening of HAZ, and the ballistic perfor-
mance is inversely proportional to the width of the heat-affected zone softening [12, 15,
16]. Therefore, there is an urgent need to optimize the welding parameters for improving
mechanical properties and ballistic performance to meet the military standard [17, 18].

The appropriate filler metals should be selected for the weld of armor steels in order to
achieve an optimum combination of strength and toughness in the welded joint. Match-
ing or overmatching should be avoided in order to produce cracking’s free joints with
improving toughness and ductility [19, 20].

Alkemade S. J [21]. studied the weld cracking of armor steel using a restraint Y-groove
joint. He found that increased preheat temperature and heat input resulted in a disap-
pearance of cold cracking in the welded joint. Thus, higher cooling rates encourage the
formation of cold cracking in their welded joints [21].

In the previous paper, gas metal arc welding (GMAW) and gas tungsten arc welding
(GTAW) were applied to the welding of SEWBOR 500 armor steel of 6 mm thickness.
The joint welded with AWS A5.18 ER70S-6 filler metal with MAG welding process has
not satisfied hardness width requirements by the military standard [7]. This could be
attributed to the low cooling rate associated with this process.

Reddy et al. [22, 23] investigated the ballistic performance of armor steel and
its GMAW weldments against 7.62 AP bullet. The weldments were prepared with
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different welding speeds and heat inputs. Furthermore, the results revealed that the
weldments with greater heat input value show poor ballistic performance [22, 23].

Therefore, the welding parameter should be adjusted to get welded joint without
cold cracking (high heat input and apply preheat temperature, i.e., reduce the cool-
ing rate). Also, the reduction of the width of an over-tempered zone by increasing
the cooling rate should be adjusted to satisfy the width requirements by the military
standards [7, 21]. External factor such as cooling by compressed air at gentle pres-
sure of 6 bars may be introduced after completion of the welding pass to reduce the
width of the softening zone.

Military standards demonstrate that the ultimate tensile strength of welded joints
should exceed 750 MPa to be succeeded using carbon steel filler metal. However,
they should exceed a minimum ultimate tensile strength of 550 MPa using austenitic
stainless steel filler metal. The retainment of the base metal hardness value must be
achieved at a distance of 16 mm measured from the centerline of the weld metal.
The Charpy V-notch impact test results of both weld metal and heat-affected zone
are also important [7, 14, 18].

GTAW is preferred because of its better weld properties suited for joining
advanced steel plates [24], Through control in welding parameters such as welding
voltage, welding current, shielding gas, and the metal flow rate, that controls the
penetration of the joint [25, 26].

Always in the study of welded joint properties of steel, the cooling rate is deter-
mined in a temperature range between 800 and 500 °C. However, in welding of
Armox steel, the cooling rate between 600 and 200 °C is also very important to
reflect the phase transformation of the HAZ as investigated by Aleksander and Kata-
rina [27].

Because of the difficulty in performing ballistic tests, the assessment of welding per-
formance will be according to the HAZ thickness. These articles stated [7, 18, 22, 28]
that welds with a HAZ width of 16 mm or less withstood the bullets fired thereon,
while if the HAZ increases, the performance of the plate will fail, and thus, the hard-
ness distribution and recovery are examined in detail for each sample from the weld
metal centerline to the base metal [7, 18, 28].

Requirements of quality for the welding of MIL-A-46100 steel are given by MIL-
STD 1185 [28] and SD-X12140 [29] standards. The requirements are divided into
three categories: (i) mechanical properties, (ii) weld soundness, and (iii) in-service
performance.

Requirements for weld soundness are stated in military standards [28] and in AWS
D1.1 [30] and ASME Section IX [31] standards for requirements of a sound weld.

The main aim of the research is to improve armor steel weldment properties using
GTAW process by reducing the width of the heat-affected zone to meet the require-
ments of military codes. Therefore, two types of filler metals will be applied, and also
two types of joint configuration will be used. The effect of heat input and cooling rate
will be studied in order to optimize the welding conditions leading to improving the
performance of welded joints and meeting the requirements of military standards [7,
8, 18]. The results will be discussed on the basis of the mechanical and metallurgical
properties of the welded joints.
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Methods and experimental procedure
This section describes the used materials and experimental and testing methods.

Materials

The base metal was Armox 500T which is a commercial name for armor sheet met-
als with a dimension of 200 x 155 x 10 mm. The heat treatment includes austenitiz-
ing at 900 °C and then water quenching and followed by tempering at 200 °C [32]. The
obtained base metal has high hardness and strength with acceptable toughness. The
chemical composition and mechanical properties from the SSAB company specification
of base metal are presented in Tables 1 and 2.

Filler metal types and their mechanical properties

Two filler metals are used with the GTAW process: one is a carbon steel AWS A5.18
ER70S-6, and the other is an austenitic type AWS A 5.9 ER 307. The selection was based
on the results obtained in previous literature by [7, 16, 22, 33] and filler metal manu-
facturers’ specifications [19, 34, 35] and requirements for the welding of armor steel
according to MIL-STD 1185 standards [28]. Using austenitic filler metal is an advan-
tage to decrease the susceptibility to cold cracking [16, 33]. The welder tries to apply
the lowest level filler wire welding current in order to reduce the deterioration of HAZ
microstructure as a result of softening [6, 7, 16, 18, 22]. The chemical compositions and
mechanical properties of all deposited weld metals are shown in Tables 3 and 4.

Welding joints fabrication and thermocouple location
Two different weld groove shapes namely single V and single bevel grooves were fabricated
using machine CNC high-speed wire cut EDM (model FW 2U series — Switzerland). An

Table 1 Chemical compositions of the Armox 500T steel plate (SSAB company specification), wt.%

Nominal composition %

Elements C Si Mn P S Cr Ni Mo B CE Fe
Max Max Max Max Max Max Max Max Max

Standard 032 04 1.2 0.010 0.003 1.0 1.8 0.7 0.005 0.67 Bal

Table 2 The mechanical properties of the Armox 500T steel plate (SSAB company specification)

Hardness (HBW) Yield strength, min  Tensile strength Elongation, min (%) Charpy V-notch
(MPa) (MPa) impact test
specimen, min (10
x 10 x 55 mm) at

—40°C
480-540 1250 1450-1750 8 320
Table 3 The chemical composition of all weld metals of filler wires, wt. %
Elements C Si Mn P S Cr Ni Mo v Fe
AWS A 59 ER 307 0.09 0.9 7 0.001 0.002 19 85 0.13 0.03 Bal

AWS A 5.18 ER 705-6 0.07 0.8 145 0.002 0.003 0.025 0.05 0.002 0.012 Bal
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Table 4 Mechanical properties of all weld metals of filler wires [34]

Weld metal type Yield strength  Tensile strength  Elongation (%) Impact tests
(MP2) (MPa) +20°C —40°C
AWS A5.18 ER70S-6 440 540 28 120 50
AWS A5.9 ER 307 430 620 42 120 110
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Fig. 1 Schematic drawing of edge preparation showing thermocouple location
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Table 5 Welding procedure parameters

Sample Number Welding Arcvoltage (V) Travel Heat

of passes current speed input (kJ/
(A) (mm/min)  mm)?

Single V/AWS A 5.18 ER 70S-6 without 12 135 13 49.76 1.1

cooling

Single bevel/AWS A 5.18 ER70S-6 without 9 135 13 4761 1.1

cooling

Single V/AWS A 5.9 ER 307 without cooling 9 130 13 2817 1.7

Single bevel/AWS A 5.9 ER 307 without 9 130 13 31.25 1.6

cooling

Single V/AWS A 5.18 ER 705-6 with cooling 4 110 13.2 3333 14

Single bevel/AWS A 5.18 ER 705-6 with 4 110 132 35.04 1.1

cooling

Single V/AWS A 5.9 ER 307 with cooling 4 110 13.2 3351 13

Single bevel/AWS A 5.9 ER307 with cooling 4 110 13.2 31.26 14

Table 6 Welding procedure conditions

Base metals Armox 500T

Thickness of plate 170 mm

Welding process GTAW

type

Welding machine Fronius Magic Wave 3000

type

Filler metal type AWS A5.18 ER70S-6  AWS A59 ER 307 AWS A5.18 ER 705-6  AWS A 59 ER 307

Joint type and angle  Single V (60°) and single bevel (30°)

Filler wire diameter 24 16 24 16

(mm)

Gas (%) 100% argon

Gas flow rate I/min 10 1/min 10 I/min, back shield 10 I/min 10 I/min, back shield
8 1/min 8 1/min

Welding method Continuous Not continuous

Cooling method Without cooling (left at ambient tempera-  With using compressed air (6 bars) in the

ture after completion of the whole welding)  cooling after each pass up to 100 °C

impermeable hole with a diameter of 1 mm was carried out in the centerline of specimens
at a distance of 2.89 mm from the root edge of the groove as shown in Fig. 1 with a depth
of 3 mm from the bottom of the sample, using CNC electrical discharge-forming machine
(model DM 450 series — China). A K-type thermocouple is inserted in the hole to measure
the temperature change in the heat-affected zone (HAZ).

Welding process and shielding gas

The GTAW process is applied using a welding machine type (Fronius Magic Wave 3000).
The welding parameters and conditions are listed in Tables 5 and 6, respectively. A 100%
argon gas is applied in the case of using AWS A 5.9 ER 307 austenitic stainless steel filler
metal with a flow rate of 10 1/min. Argon back shielding is applied in the case of using AWS
A5.9 ER307 filler metal with a flow rate of 8 /min. And also, a 100% argon gas is used in the
case of AWS A 5.18 ER 70S-6 carbon steel filler metal with a flow rate of 10 1/min. Figure 2
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Fig. 2 Heat input values of all specimens

Fig. 3 Calculation of percent dilution

represents the heat inputs at different welding conditions. Cooling is applied immediately
after completion of each pass by using compressed air with a pressure of 6 bars.
*The heat input is determined using Eq. (1)
V160
Hi=p—F-—(k
i = ga0g (K/mm) (1)
Hi: Heat input (kJ/mm)
V: Arc voltage (Volts)
I: Current (Amperage)
y: Thermal efficiency (GTAW = 0.6)
S: Travel speed (mm/min)

Metallurgical properties of the joints
An optical emission spectrometry equipment is used to determine the chemical com-
positions of base metal and weld metals. Etching using a 2% nital solution was used
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Fig.4 a Location of hardness distribution measurements of the welded specimen [16]. b Location of V-notch
of the welded specimen for impact test [36]

to reveal the martensitic and ferritic structures. However, 10% oxalic acid was used to
reveal the austenitic structure. A stereoscope is used to show the macrostructure of
welded joints. Microstructure characteristics were carried out by using a light optical
microscope (OLYMPUS MODEL PMG3 \-F3). SEM observations were carried out by
using a machine model (QUANTA FEG 250). The dilution percentage was calculated
using Eq. (2) illustrated in Fig. 3 [36].

A+4C

Diluti %) = ———
ilution (%) A+B+C*

100 (2)

Table 7 Chemical compositions of the Armox 500T steel plate, wt. %

Elements C Si Mn P S Cr Ni Mo B CE Fe

Company specification  0.32 04 12 0010  0.003 1.0 1.8 0.7 0005 067  Bal
Max Max  Max  Max Max Max  Max  Max  Max Max

Actual analysis 0.154 02 088 0009 0003 05 089 036 0001 056 Bal

Page 8 of 33



Morsy et al. Journal of Engineering and Applied Science (2022) 69:62 Page 9 of 33

Table 8 The mechanical properties of the Armox 500T steel plate

Hardness (HV) Yield strength (MPa) Tensile strength (MPa) Elongation (%) Charpy V-notch impact
test specimen (10 x 10 x
55 mm) at —40 °C

450 1250 1650 89 34(J)

Destructive and nondestructive testing of welded joints

A dye penetrant test (PT) was applied to the welded joints to observe the surface defects.
However, a magnetic particle test (MT) was applied to the joints welded with AWS
A5.18 70S-6 only to observe the existence of surface defects. A radiographic test (RT)
was applied to observe the existence of internal welding defects. Hardness distribu-
tion measurements were done using a Vickers hardness testing machine (DVK-2 Tokyo
Japan) with a 20 kg load for 70 s. The hardness profile through weld metal, HAZ, and the
base metal will be determined with a pitch of measurement position of 1 mm as shown
in Fig. 4a; the test has been carried out according to ASTM standards [37]. Transverse
tensile tests have been carried out using a tensile machine (universal testing machine
WDW-300 China). The test has been carried out according to ASTM A370-12 [38],
using two specimens. Charpy V-notch impact test was done using a Charpy V-notch
impact testing machine using a low-temperature chamber at —40 °C and also at room
temperature. Charpy impact tests in the weld metal and HAZ were performed as shown
in Fig. 4b according to ASTM E23-12 ¢ standard [39, 40]. Five readings were taken in
each location.
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Fig.5 Temperature cycle for single V using AWS A 5.9 ER307 without cooling
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Fig. 7 Temperature cycle for single bevel using AWS A5.18 ER70S-6 with cooling

Results and discussion
Base metal composition and their mechanical properties
The chemical analysis of base metal from SSAB company specification and actual anal-

ysis for base metal are presented in Table 7. The mechanical properties are shown in
Table 8.

Effect of cooling rate of welded joints
As mentioned in “Introduction’, the cooling rate between 600 and 200 °C is also very
important to reflect the phase transformation of the HAZ as investigated by Aleksander
and Katarina [27].

Figure 5 shows the cooling rate of welded samples without using compressed air after
completion of welding. The cooling time (At 8/5) of the first pass is 35 s, and its cooling

Page 10 of 33
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rate (At 8/5) is 8.5 °C/s. The cooling rate (At 8/5) of the second, the third, and the fourth
passes is 10 °C/s. The cooling time (At 6/2) of the first pass is 235 s, and its cooling rate
(At 6/2) is 1.72 °C/s. The cooling rate (At 6/2) of the second, the third, and the fourth
passes is 1.63 °C/s, 1.73 °C/s, and 1.73 °C/s, respectively. Without the application of cool-
ing, the hardness distribution shows a value of 389 HV at a distance of 17 mm from the
center of weld metal. This did not satisfy the requirements of military standards [7, 8, 14,
18] (Fig. 17, “Hardness distribution results”). The same results were obtained with Morsy
Amin Morsy et al. [7] in welding with the GMAW process using ferritic and austenitic
wires.

Visual, PT, and RT show crack-free welded joints without any defects.

Figure 6 shows the cooling rate at the HAZ with the application of compressed air
immediately after completion of welding. The cooling time (At 8/5) of the first pass is 25
s, and its cooling rate (At 8/5) is 12 °C/s. The cooling rate (At 8/5) of the second and the
third passes is 12 °C/s. The cooling time (At 6/2) of the first pass is 110 s, and its cool-
ing rate (At 6/2) is 3.63 °C/s. The cooling rate (At 6/2) of the second, the third, and the
fourth passes is 3.53 °C/s, 3.63 °C/s, and 3.43 °C/s, respectively. With the application of
cooling, the hardness distribution shows 450 HV at 14 mm from the center of welded
metal, which satisfy the requirements of military standards (Fig. 15, “Hardness distribu-
tion results”).

Visual, MT, and RT testing show crack-free welded joints without any defects. This
indicated that the gentle cooling by compressed air after each pass with a pressure of 6
bars did not show any cracks and it is safe. The same results were obtained in the work of
Aleksandar Cabrilo et al. [27] using GMAW with AWS A5.9 ER307 without application
of compressed air. They left the joint to be cooled in atmospheric air after each pass.

Figure 7 shows the cooling rate at the HAZ with the application of compressed air
at the completion of welding. The cooling time (At 8/5) of the first pass is 50 s, and its
cooling rate (At 8/5) is 6 °C/s. The cooling time (At 6/2) of the first pass is 100 s, and
its cooling rate (At 6/2) is 4 °C/s. The cooling rate (At 6/2) of the second, the third,
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Fig. 8 Temperature cycle for single V using AWS A 5.9 ER 307 with cooling
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Fig. 10 Effect of joint configuration, heat input, and weld metals on dilution using GTAW process

and the fourth passes is 2.1 °C/s, 3 °C/s, and 2.3 °C/s, respectively. With the applica-
tion of cooling, the hardness distribution shows a retainment of hardness value at 13
mm from the center of welded metal with a value of 455 HYV, i.e., satisfy the require-
ments of military standards (Fig. 16, “Hardness distribution results”).

Visual, MT, and RT testing show crack-free welded joints without any defects. This
indicated that the gentle cooling by compressed air after each pass with a pressure of
6 bars did not show any cracks and it is safe.

Figure 8 shows the cooling rate at the HAZ with the application of compressed air
at the completion of welding. The cooling time (At 8/5) of the first pass is 30 s, and its
cooling rate (At 8/5) is 10 °C/s. The cooling rate (At 8/5) of the second and the third
passes is 12 °C/s. The cooling time (At 6/2) of the first pass is 120 s, and its cooling
rate (At 6/2) is 3.3 °C/s. The cooling rate (At 6/2) of the second, the third, and the
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Table 9 Tensile strength of welded joints

Joint type and filler Tensile strength of Tensile strength Fracture Strength of all weld

metal classification samples without of samples with location metal (pure) used, MPa
cooling, MPa cooling, MPa [7, 34]

Single V/AWS A 780 865 WM 540

5.18ER70S-6

Single bevel/AWS A 820 890 WM 540

5.18 ER705-6

Single V/AWS A 5.9 865 893 WM 620

ER 307

Single bevel/AWS A59 892 906 WM 620

ER 307

fourth passes is 2.35 °C/s, 2.35 °C/s, and 2.5 °C/s, respectively. With the application of
cooling, the hardness distribution shows 460 HV hardness value at 15 mm from the
center of welded metal, which satisfy the requirements of military standards (Fig. 17,
“Hardness distribution results”).

Visual, PT, and RT testing show crack-free welded joints without any defects. This
indicated that the gentle cooling by compressed air after each pass with a pressure of 6
bars did not show any cracks and it is safe. The same results were obtained in the work
of Aleksandar Cabrilo et al. [27] using GMAW with AWS A5.9 ER307 filler wire. They
did not apply compressed air; however, they left the joint to be cooled in atmospheric air
after each pass.

Figure 9 shows the cooling rate at the HAZ with the application of compressed air
at the completion of welding. The cooling time (At 8/5) of the first pass is 30 s, and its
cooling rate (At 8/5) is 10 °C/s. The cooling time (At 6/2) of the first pass is 80 s, and its
cooling rate (At 6/2) is 5 °C/s. The cooling rate (At 6/2) of the second, the third, and the
fourth passes is 2.5 °C/s, 2.6 °C/s, and 2.7 °C/s, respectively. With the application of cool-
ing, the hardness distribution shows a 455 HV hardness value at 13 mm from the center
of welded metal with a value of 455 HV, i.e., which satisfy the requirements of military
standards (Fig. 18, “Hardness distribution results”).

Visual, PT, and RT testing show crack-free welded joints without any defects. This
indicated that the gentle cooling by compressed air after each pass with a pressure of 6
bars did not show any cracks and it is safe.

Joint configuration and dilution percentage

Figure 10 shows the dilution percentages of the single V and single bevel groove joints
with the GTAW process using both AWS A5.18 ER70S-6 and AWS A5.9 ER 307 filler
wires. The dilution in the single V joint was less than in the single bevel joint using
two types of filler metals. The dilution greatly affects the mechanical and metallur-
gical properties of weld metal that deviate from the pure filler wire properties. This
can be observed in the tensile strength of welded joint shown in Table 9 (“Tensile
strength”), and the microstructure of weld metal is shown in Figs. 25 and 26 (“SEM
characterization of welded joints”). The existence of martensite structure greatly
affects the improvement of tensile strength. This can be explained using the Schaef-
fler diagram [40]. The same results were obtained in the study of Sun Y. L. et al. [41].
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Fig. 11 Schaeffler diagram indicating the locations of pure weld metal (WM), base metal (BM), and the
compositions of weld metal with different joints (different dilutions)

They discovered that the dilution in multi-pass steel welds using GTAW and SAW
processes increases in dilution that favors martensite formation. The joint configura-
tion has a significant effect on the increment of dilution rather than the increase of
heat input (using AWS A5.9 ER307 filler wire) as shown in Fig. 10.

Figure 11 shows the Schaeffler diagram indicating two different dilution levels using a
single V groove (16.2% dilution) and single bevel groove (35% dilution) when applying
AWS A 5.9 ER 307 as a filler metal. The figure indicates that the microstructure of the
weld metal is mainly austenite and delta ferrite using a single V groove (16.2% dilution)
and is mainly martensite and austenite using a single bevel groove (35 % dilution). This
was confirmed with the microstructure observations shown in Figs. 22 and 23 and SEM

observation shown in Fig. 26.

Mechanical properties of welded joints

Tensile strength

Table 9 and Fig. 12a show the results of the tensile strength of welded joints. The higher
tensile strength was obtained using carbon steel and austenitic stainless steel filler wires
with a single bevel groove. The dilution of weld metal causes a great increase in the ten-
sile strength of welded joints. All the welded joints were fractured at the weld metal as
shown in Fig. 12b; Aleksandar Cabrilo et al. [27] studied the welding of PROTAC 500
armor steel, and they could obtain a tensile strength of about 830 MPa when they left the
specimens cooled in the air after each pass. However, cooling by compressed air resulted
in a higher ultimate tensile strength (906 MPa).
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Fig. 12 aTensile strength of welded joints. b Fracture location of the tensile test specimens

Table 10 Charpy V-notch impact properties of welded joints

Joint type Charpy V-notch impact test (CVN) results in (J)

and filler

metal wM

classification atRT,
without
cooling

WM at WM at WM at HAZat HAZat CVNof CVNof

—40°C, RT,with —40°C, RT,with —-40°C, theused theused

without  cooling  with cooling  with filler filler metal

cooling cooling cooling metalat at—40°C
RT [34] [34]

Single V/AWS 101
A5.18 ER70S-6

Single bevel/ 77
AWS A5.18
ER70S-6

Single V/AWS 131
A 5.9 ER307

Single bevel/ 86
AWS A59
ER307

42 119 50 100 83 120 50
31 143 59 122 115 120 50
60 157 65 115 108 120 110
52 147 61 125 104 120 110

Using a single bevel groove resulted in an increase in the ultimate tensile strength

of the joint by about 5% more than using a single V-groove joint. However, using
austenitic filler metal AWS A5.9 ER307 resulted in an increase in the joint strength
by about 10% more than using carbon steel filler metal AWS A5.18 ER70S-6.
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Fig. 13 a Charpy V-notch impact values of welded joints. b Fracture surface of the impact test where
V-notch is at the welded metal. ¢ Fracture surface of the impact test where V-notch is at HAZ

An application of cooling resulted in an increase in the joint strength which may reach
to about 10%.

Charpy V-notch impact test results

Table 10 and Fig. 13a show the Charpy V-notch impact tests results that were conducted
at room temperature and at —40 °C in the weld metal region. In addition, the test was
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Fig. 14 Weld face of the final weld beads and macrography of welded sample. a Single V using AWS A 5.18
ER70S-6 with cooling. b Single bevel using AWS A 5.18 ER70S-6 with cooling. ¢ Single V using AWS A5.9 ER307
with cooling. d Single bevel using AWS A 5.9 ER307 with cooling

performed in the heat-affected zone. These results show that the toughness energy val-
ues using austenitic weld metal are higher than that obtained using carbon steel. It can
be noted that a single bevel groove for all specimens achieved the highest values for
impact energy as shown in Fig. 13a and Table 10. All weld metal notched impact speci-
mens were fractured at weld metals as shown in Fig. 13b. However, all HAZ notched
impact specimens were fractured at HAZ as shown in Fig. 13c. The same results were
obtained with Tekin Ozdemir [42]. However, in our finding, the impact resistance results
are higher than that of Tekin Ozdemir’s finding.

At room temperature, using a single V groove resulted in an increase in weld metal
CVN impact strength to about 20% with carbon steel filler metal and to about more than
30% with an austenitic filler metal.

Welded joint shapes using different wires and their joint configurations
The welded joints are all homogenous without the occurrence of defects, inclusions, or
cracks. Penetration of all weld passes is sufficient, and no lack of fusion was noticed in all
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e=@==» Hardness values at center region for welded sample with cooling (HV)
Hardness values at root region for welded sample with cooling (HV)

Hardness value for the welded sample without cooling (HV)
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Fig. 15 Hardness distribution in the specimen welded using AWS A5.18 ER 70S-6 and joint a single V

samples. This was confirmed by a radiographic test for all the samples. All the samples
were accepted. Also, a magnetic particle test (MT) was applied for specimens welded
with ferritic filler wire and dye penetrant test (PT) is applied to the specimens welded
with austenitic filler wire. No cracks were observed in all the specimens welded with or
without the application of compressed air. Figure 144, b, ¢, and d shows the welded joint
weld faces and their macrostructures.

Hardness distribution results

Table 11 and Fig. 15 show the hardness distribution of the joint welded using AWS A5.18
ER70S-6 filler wire and applying a single V-groove joint. Without cooling, the hardness
distribution at the mid-depth of the cross section of the specimen shows the lower base
metal hardness values. The application of cooling resulted in the significant retainment
of base metal hardness at a distance of 14 mm (450 HV) from the centerline of weld
metal.

At the root, the application of cooling resulted in high weld metal hardness. This could
be attributed to the higher dilution of weld metal from base metal and the high cooling
rate.

In the previous papers [7], the plate thickness was 6 mm (SEWBOR 500), and the
retained hardness was obtained at 15 mm without application of cooling. Aleksandar
Cabrilo et al. [27] applied GMAW on an 11-mm-thick plate (PROTAC 500). The
retainment of hardness was obtained at 14 mm from the centerline of weld metal.
Cooling was not applied; however, the specimen was left to cool after each pass to
about 150 °C (interpass temperature was 150 °C) [27]. Magudeeswarana V. G. et al.
[16] used a 14-mm plate (AISI 4340) thickness with different welding processes and
filler metals. Reduction of heat input to 1.33 kJ/mm resulted in the retainment of base
metal hardness after about 13 mm [16].

Table 12 and Fig. 16 show the hardness distribution of the joint welded using AWS
A5.18 ER70S-6 filler wire and applying a single bevel groove joint. Without cooling,
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e=@== Hardness values at center region for welded sample with cooling (HV)
Hardness values at root region for welded sample with cooling (HV)

Hardness value for the welded sample without cooling (HV)

Hardnness value (HV)

1
1
1
100 < > >
W : HAZ + BM

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Distance from weld metal center (mm)
Fig. 16 Hardness distribution in the specimen welded using AWS A5.18 ER 705-6 and joint a single bevel

the hardness distribution at the mid-depth of the cross section of the specimen shows
a slight increase in the hardness values at the HAZ and an abrupt decrease in the
values at the base metal. With cooling, the base metal hardness was retained at a dis-
tance of 13 mm (455 HV) from the weld metal center. This is attributed to higher
dilution and higher cooling rates.

At the root, application of cooling resulted in a significant increase in the hardness
values at the root that reaches to 510 HV at a distance of 7 mm from the weld metal
centerline.

Our finding proves that the cooling by using gentle compressed air after each pass
resulted in a retainment of base metal hardness after a distance of 7 mm at the root
and at 13 mm at the mid-depth compared with the finding of Aleksandar Cabrilo
et al. [27] and Magudeeswarana V. G. et al. [16].

Table 13 and Fig. 17 show the hardness distribution of the joint welded using AWS
A5.9 ER 307 filler wire and applying a single V-groove joint. Without cooling, the
hardness distribution at the mid-depth of the cross section of the specimen shows
an increase in the hardness values without retainment of the base metal hardness at
a distance less than 16 mm. With the application of cooling, the base metal hardness
was retained at a distance of 15 mm (460 HV) from the weld metal center.

At the root, the application of cooling resulted in the high hardness values at the
root and the retainment of base metal hardness at a distance of 4 mm (473 HV) from
the weld metal centerline. This could be attributed to the higher cooling rates and the
high dilution of weld metal.

In the previous paper [7], the retainment of hardness value at 16 mm without cool-
ing could be attributed to the low heat input (about 0.8 k]/mm) applied to 6-mm thick
plate compared with 1.3 kJ/mm in this research work applied to 10-mm-thick plate.
The application of compressed air is beneficial to compensate for the high heat input
applied in this thick plate (10 mm).
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e=@== Hardness values at center region for welded sample with cooling (HV)
Hardness values at root region for welded sample with cooling (HV)
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Fig. 17 Hardness distribution in the specimen welded using AWS A5.9 ER307 and joint a single V

Table 14 and Fig. 18 show the hardness distribution of the joint welded using AWS
A5.9 ER 307 filler wire and applying a single bevel groove joint. Without cooling, the
hardness distribution at the mid-depth of the cross section of the specimen shows
an increase in the hardness values that occurred in the HAZ with a sudden decrease
in the hardness at the base metal region. Application of cooling resulted in the sig-
nificant retainment of base metal hardness at a distance of 13 mm (455 HV) from the
centerline of weld metal.

At the root, the application of cooling resulted in a significant increase in the hard-
ness values at the root that reaches to 522 HV at a distance of 5 mm from the weld
metal centerline.

The application of cooling is necessary because trying to decrease the heat input to
a lower value in the welding of this 10-mm-thick plate failed. Increase of heat input to
about 1.4 kJ/mm and application of compressed air resulted in the success of the weld-
ing procedure and attainment of the base metal hardness value at a distance of 13 mm.
The low heat input applied in welding of 6-mm-thick plate [7] resulted in the success of
welding procedure without cooling by any means such as compressed air.

The same results were obtained by DAVID ROBLEDO et al. [18]. The increase in the
rate of cooling was conducted by applying copper backing using GMAW process with a
heat input of about 1 kJ/mm. This resulted in a reduction in the heat-affected zone and
retainment of base metal hardness at a distance of about 9 mm from the center of the
weldment.
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e=@==» Hardness values at Center Region for Welded Sample with Cooling [HV]
e=l==» Hardness Values at Root Region for Welded Sample with Cooling [HV]
e=le==hardness Value for the Welded Sample without Cooling [HV]
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Fig. 18 Hardness distribution in the specimen welded using AWS A5.9 ER307 and joint a single bevel

Fig. 19 The microstructure of the base metal (Armox 500T) armor steel

Microstructure analysis of welded joints
Figure 19 shows the microstructure of the base metal. It is tempered martensite with
retained austenite.

Figure 20a and b shows the microstructure of the weld metal at the upper pass
using carbon steel wire in the single V-joint groove with the cooling application.
It is a columnar structure with ferrite and pearlite with coarse grain. However,
at the root pass, the microstructure is a cellular structure with a bainitic struc-
ture as shown in Fig. 20b. Figure 20c shows the existence of an over-tempered
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Fig. 20 Microstructure of single V welded joint using AWS A 5.18 ER70S-6 filler metal. a Weld metal. b The
cellular structure with a bainitic structure in weld metal. ¢ Over-tempering (softening zone) in HAZ zone. d
Martensite structure in HAZ zone

Fig. 21 Microstructure of single be
b Weld metal at the root pass and HAZ region. ¢ Weld metal zone at the upper pass and HAZ region. d
Over-tempering (softening zone) in HAZ zone

microstructure, and that indicated the rise of this region’s temperature to a high
value lower than the austenitizing temperature yet over-tempering temperature.
Figure 20d shows also the existence of the martensite structure in the HAZ, which
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Fig. 22 Microstructure of single V welded joint using AWS A 5.9 ER 307 filler metal. a Weld metal.
b Martensite structure in weld metal zone. ¢ Grain coarsening martensite structure in HAZ zone. d
Over-tempering (softening zone) in HAZ zone

Fig. 23 Microstructure of single bevel welded joint using AWS A 5.9 ER 307 filler metal a Weld metal. b
Martensite structure in weld metal zone. ¢ Grain coarsening zone containing a martensitic structure in HAZ
zone. d Over-tempering (softening zone) in HAZ zone
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Fig. 24 SEM observations of single V welded joint using AWS A5.18 ER70S-6 filler metal. a Tempered
martensite in base metal. b Grain refinement martensitic structure in HAZ zone. ¢ and d Weld metal region
composed of ferrite and pearlite
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Fig. 25 SEM observations of single bevel welded joint using AWS A5.18 ER70S-6 filler metal. a Martensitic
structure in HAZ zone, b, ¢, and d weld metal zone composed of columnar structure of ferrite and pearlite,
and d martensite structure
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Fig. 26 SEM observations of single V and bevel welded joint using AWS A5.9 ER 307 filler metal. a The center
of the weld metal with a single V groove with cooling. b Martensitic structure in the weld metal using single
bevel groove with cooling at the center

indicates that this zone reached a temperature of about 1250 °C and cooled rapidly
to form these phases.

Figure 21a shows the microstructure of the weld metal at the upper pass using
carbon steel wire in a single bevel joint groove with the application of cooling. It is
a columnar structure. Figure 21b shows the weld microstructure of the weld metal
at the root pass. It is a bainitic structure with some acicular ferrite. Also, this fig-
ure shows microstructure at the HAZ in the root area. It is a martensitic structure.
Figure 21c shows the weld metal and HAZ at the upper pass, the weld metal shows
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the ferrite-pearlite structure, and the HAZ shows the over-tempered structure. Fig-
ure 21d shows the existence of over-tempering microstructure near the base metal
zone, and this indicates the rise of this region’s temperature to a high value lower than
the austenitizing temperature yet over-tempering temperature.

Figure 22a shows the microstructure of the weld metal at the upper pass using AWS
A5.9 ER 307 filler wire and a single V-joint groove with the application of cooling. It is
an austenite structure. Figure 22b shows the existence of a martensitic microstructure
in the area of weld metal too close to the base metal indicating the high percentage
of dilution of the weld metal. Figure 22c shows the microstructure of the HAZ grain
coarsening martensitic structure. The grain coarsening region reached a temperature
of 1250 °C which causes grain coarsening. This was proven by the measuring of hard-
ness in this region that reached 324 HV. Figure 22d shows the existence of an over-
tempering microstructure in the HAZ.

Figure 23a and b shows the microstructure at the upper pass of the weld metal and
heat-affected zone using a single bevel groove with the application of cooling. The
weld metal at the center shows an austenitic structure with a hardness value of 272
HV as shown in Fig. 23a. Figure 22b shows the existence of a martensitic microstruc-
ture in the area of weld metal too close to the base metal indicated the high percent-
age of dilution of the weld metal. Figure 23c shows the microstructure at the HAZ in
the grain coarsening zone containing a martensitic structure. Figure 23d shows the
over-tempering zone (softening zone) in the HAZ.

In all specimens, the degree of softening of the HAZ depends of the weld thermal
cycle, which is a function of heat input and cooling rate. This degree of softening in
HAZ depends on the kinetics of phase transformation in welded steel [43, 44].

SEM characterization of welded joints

Figure 24 shows SEM observations of joint welded using AWS A5.18 ER70S-6 filler
wire and applying a single V-groove joint with cooling. Figure 24a shows an SEM
micrograph of the base metal which shows the tempered martensite structure. Fig-
ure 24b shows the micrograph of the HAZ. It is a martensitic structure. Figure 24c
and d shows SEM micrographs of weld metal region that consists of ferrite and
pearlite.

Figure 25 shows SEM observations of joint welded using AWS A5.18 ER70S-6
filler wire and applying a single bevel-groove joint with cooling. Figure 25a shows
the micrograph of the HAZ that shows the over-tempered zone. Figure 25b and c
shows SEM micrographs of weld metal region that consists of ferrite and pearlite.
Figure 25d shows the weld metal too close to the base metal. It shows the martensitic
structure. This was formed as a result of high dilution from base metal and the high
cooling rate.

Figure 26a shows the microstructure at the center of the weld metal using AWS A5.9
ER307 filler wire with a single V groove with cooling. Figure 26b shows the micro-
structure of the weld metal close to the base metal using a single bevel groove with
cooling. It is a martensitic structure that was formed as a result of high dilution and
high cooling rate.
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Conclusions

In this investigation, a detailed mechanical and metallurgical characterization was car-
ried out on Armox 500T armor steel welded joints using the GTAW process, and the
following results can be concluded.

1. Using AWS A5.18 ER70S-6 filler wire, both single V joint and single bevel joints
passed the required tensile strength by the military standard. Also, the joints success-
fully regained the base metal hardness (about 450 HV) at a distance of 14 mm and 13
mm respectively from the center of weld metal.

2. Using AWS A5.9 ER307 filler wire, both single V joint and single bevel joints passed
the required tensile strength by the military standard. Both successfully regained the
base metal hardness (about 455 HV) at a distance of 15 mm and 13 mm respectively
from the center of weld metal.

3. The ultimate tensile strength of joints welded using a single bevel is 906 MPa which
is higher than that of joints welded using a single V groove is 865 MPa. This could be
attributed to the increase in dilution percentage in the single bevel joints.

4. Both single V joint and single bevel joints passed the required Charpy V-notch
impact test whether using carbon or stainless-steel wires.

5. The effect of heat input and cooling rate on the mechanical and microstructure of
welded joints was studied. Reduction of heat input caused the narrow HAZ with a
small reduction in its hardness values with less softening of its microstructure.

6. Using a single bevel groove with an austenitic steel filler metal, the weld metal at the
area close to the base metal shows the formation of martensitic/austenitic microstruc-
ture as shown by SEM observation and verified by Schaeffler diagram (35% dilution).

Abbreviations

CVN Charpy V-notch

At 8/5 The difference in temperature between 800 and 500 °C
At 6/2 The difference in temperature between 600 and 200 °C

SEM Scanning electron microscope
PT Dye penetrant testing

RT Radiographic testing

MT Magnetic particle testing
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