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ABSTRACT

The results of a study on the effect of pulsed-plasma welding with combined alloying of the weld metal using an austenitic filler
wire and an insert rod on the structure formation and ballistic resistance of welded joints of modern high-hardness armor steels
Armox 500T and Mars 600 are presented. It was established that pulsed-plasma welding ensures the formation of full-penetration
butt joints with a thickness of 5-6 mm without edge preparation at a specific heat input of Q/6 ~ 0,16 kJ-mm=. It is shown that
at the same level of thermal input, welded joints of Mars 600 steel are characterized by a smaller width of the softened subzone
within the heat-affected zone compared to Armox 500T steel, due to the increased resistance of the silicon-alloyed initial mar-
tensitic structure to short-term tempering. It was established that the combined alloying of the weld metal with OK Autrod 16.95
filler wire and OK Tigrod 308L insert rod, combined with a high proportion of the base metal in the weld formation, ensures the
creation of high-strength martensitic-type structures. In the welded joints of Armox 500T steel, a martensitic-bainitic structure of
the weld metal is formed, with a hardness that is not inferior to the hardness of the base metal. For Mars 600 steel, the formation
of a heterogeneous martensitic structure of varying dispersion along the weld height was observed. In the upper part of the weld,
a refined structure with signs of structureless martensite was detected. Based on the results of EDX and NDIR analysis, an uneven
distribution of carbon and alloying elements along the weld height was established. The possible influence of the pulsating con-
stricted plasma arc on the intensification of mass transfer and mixing of the weld pool metal is discussed, which may be one of the
factors contributing to the formation of the observed structural anisotropy of the weld metal. Ballistic testing confirmed that the
developed technology of pulsed-plasma welding with combined alloying of the weld metal ensures producing the welded joints of
armor steels of various hardness classes with ballistic resistance equivalent to that of the base metal.

KEYWORDS: high hardness armor steel, pulsed plasma arc welding, combined alloying of the weld metal, structure forma-
tion, martensitic structures, heat-affected zone, ballistic resistance

INTRODUCTION

Rolled sheets 2 to 20 mm thick from armor steels
heat-treated to a high hardness of HBW 4.9—-5.9 GPa are
widely used for manufacture of the military and spe-
cial equipment structures with armor protection from
small arms bullets, as well as fragments of shells and
mines. At present mechanized consumable electrode
gas-shielded welding in active shielding gas (MAQG)
with application of high-alloyed Cr-Ni-Mn welding
wires of austenitic class is the most common method
of joining these materials in production [1]. Under the
condition of minimal degree of mixing of the deposited
and base metal the weld forms an austenitic or auste-
nitic-ferritic structure, ensuring the required level of
fatigue strength [2] and cold cracking resistance [3] of
the welded joints. At the same time, a disadvantage of
such a technological solution is a significant structur-
al and mechanical mismatch between the metal of the
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weld, heat-affected zone (HAZ) and base metal of the
armor. In particular, a microhardness gradient on the
line of fusion of the weld and the HAZ overheated re-
gion is equal to 3.5-4.5 GPa-mm™ on average [4, 5].
Compared to the base metal, which usually has a ho-
mogeneous structure of fine-acicular tempered marten-
site, the metal of the austenitic weld has considerably
lower values of dynamic strength and hardness, and is
inferior to it by the ballistic resistance values [6].

One of the promising ways of solving this prob-
lem is controlled formation of the structural-phase
composition of the weld metal due to an increase of
the proportion of base metal in its composition and
controlling the conditions of crystallization and phase
transformations [7].

The previous research shows the possibility of in-
creasing the hardness of armor steel weld metal by
applying TIG-welding [8], hybrid laser-arc [9] and
hybrid plasma-arc process [10, 11]. Promising is the
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application of pulsed-plasma welding, which com-
bines the high energy concentration of the plasma arc
with the possibility of independent adjustment of the
heat input and quantity of filler metal. Such features
of the process create the prerequisites for a controlled
influence on the proportion of the base metal in the
weld, intensification of mixing of the weld pool metal
and formation of structures with higher strength and
ductility values. Here, pulsation of current of the con-
stricted plasma arc affects not only the thermal regime
of the process, but also the hydrodynamic condition
of the weld pool. The periodical change in current is
accompanied by a change in the current density, de-
gree of arc constriction, plasma flux velocity and its
pressure on the melt surface. It results in enhancement
of the convective flux mass transfer into the weld
pool, which promotes more intensive mixing of the
base and filler metals [12—16].

This is of particular importance for armor steel
joints, as increase of the base metal proportion in the
weld promotes the preservation of a sufficient carbon
content in it for formation of martensitic-type struc-
tures. Moreover, intensification of mixing creates the
preconditions for a more uniform distribution of al-
loying elements in the weld metal and a controlled
formation of its structural-phase state [14—16].

In [5] it was found that the pulsed-plasma welding of
armor steels allows an essential reduction of filler metal
losses, compared to MAG welding, which promotes for-
mation of a predominantly martensitic structure in the
weld metal with hardness close to or even higher than
that of the base metal. Owing to the features of low-tem-
perature transformation of austenite a favourable residu-
al stressed state is ensured in the weld metal that increas-
es the cold cracking resistance of the joints [5].

At the same time, there are practically no data
in the available literature as to the influence of such
structural changes on the ballistic resistance of armor
steel welded joints. The features of structure forma-
tion and weld metal ballistic resistance in case of si-
multaneous application of several high-alloy welding
consumables and the influence of the pulsating plas-
ma arc on the mass transfer and structure formation
processes, remain particularly insufficiently studied.

Table 1. Chemical composition of the base materials and welding ¢

THE AIM

of the work is to establish the regularities of formation
of the structure, hardness, and ballistic resistance of
the welded joints of armor steels for ballistic protec-
tion, which were produced by pulsed-plasma welding
with combined alloying of the weld metal by filler and
insert welding consumables of austenitic class.

MATERIAL AND METHODS
OF INVESTIGATION

Investigations were conducted using rolled sheets
from steels of two grades: Armox 500T and Mars 600.
By its chemical composition (Table 1) and mechan-
ical properties the rolled sheets from Armox 500T
steel correspond to US DOD standard for high hard-
ness armor (~500 HB) [17], and that from Mars 600
steel — to ultra-high hardness armor (~600 HB) [18].

Automatic pulsed-plasma welding was performed
using PLAZER-300 EMF unit (Manufacturer “SCI-
ENCE-PRODUCTION  CENTER  “PLAZER”,
Ukraine, TU U 27.9-38388946-001:2025). Butt joints
of plates from Armox 500T steel 5.4 mm thick, from
Mars 600 steel — 6.2 mm thick, without edge prepa-
ration were produced on a copper backing with a ma-
chined backing groove. Plasma-forming gas Ar and
shielding gas — a mixture of Ar + 18 % CO,— were
applied. Results of works [19-22] were used during
selection of the optimal welding modes.

A feature of the welding technology was simulta-
neous application of two welding consumables of dif-
ferent brands (Table 1). ESAB OK Autrod 16.95 filler
wire 1.0 mm in diameter was used. In addition to it, an
ESAB OK Tigrod 308L insert rod 1.2 mm in diameter
was placed in the gap between the plates to be welded
during welding of Mars 600 steel and a rod 1.0 mm
in diameter was used for welding Armox 500T steel
plates, in order to control the structural-phase compo-
sition of the weld. The rod was located at ~1.0 mm dis-
tance from the lower plane of the plates being joined.

The welding mode parameters (Table 2) were select-
ed in order to ensure a complete penetration of the joints
in one pass, with simultaneous minimizing of the heat
input into the base metal: I — average value of modu-
lated current, applied for energy input calculation; ]p and

onsumables, wt.%

Material C S P Si Mn Ni Cr Mo B Al
Base material
Armox 500T 0.28 0.002 0.007 0.24 0.85 0.90 0.50 0.354 0.001 0.050
Mars 600 0.43 0.0006 0.0054 0.82 0.499 1.881 0.15 0.33 0.0028 0.035
Welding consumables
OK Autrod 16.95 0.06 0.010 0.020 0.80 6.70 8.10 18.2 0.10 - -
OK Tigrod 308L 0.018 0.007 0.018 0.33 2.0 10.3 20.0 0.11 - -
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Table 2. Parameters of the modes of experimental sample welding

Sample material I,A IP, A Ipaus, A 1, Hz S U,V V, m/min V,mm/s | O,kJ ‘mm!
Mars 600 213 290 180 300 33 26.0 1.9 33 1.0
Armox 500T 201 280 170 300 3.3 25.7 1.6 3.6 0.86
1 —pulse and pause current; fand S— pulse frequen- ments”. “The shooting was carried out from a dis-

paus

cy and duty cycle; U — average value of welding cur-
rent; v, and v, — filler wire feed rate and welding speed.
Energy input Q was calculated for the value of effective
heating efficiency of plasma welding n = 0.6 according
to DSTU ISO/TR 17671-1:2015.

Microstructure of the welded joints was studied in
a metallographic microscope iScope 1S.1053-PLMi
(etchants: 4 and 15 % solution of nitric acid in ethyl
alcohol to reveal the structure of the base metal and
weld metal, accordingly) and in a scanning electron
microscope TESCAN VEGA 3.

Vickers durometric test was conducted in microhard-
ness meter LHVS-1000Z with the load 0f2.94 N (300 g)
in the welded joint cross-section in two measurement di-
rections (Figure 1): at the depth of 1.5 mm from the face
plane of the joined plates (direction x), as well as by the
weld height — along their vertical axis (direction y).

Analysis of the chemical composition of the welds
was conducted by the method of energy-dispersive
X-ray (EDX) spectroscopy by mapping the surfac-
es of metallographic sections of 1x1 mm area and
non-dispersion infrared-absorption (NDIR) spectros-
copy using Horiba EMIA PRO detector.

Ballistic tests were conducted at the accredited
Research Center for Testing, Expertise, and Certifica-
tion of Personal Armored Protection Equipment of the
National University of Defence of Ukraine to verify
the compliance of welded samples with the protection
class according to DSTU 3975-2000 “Armour Protec-
tion of Specialized Cars. General Technical Require-

tance of 10 m at an impact angle of 90° with 5.45 mm
caliber bullets (5.45%39 assault rifle cartridge) of two
types: PS with a core made of 65G steel heat-treated
to a hardness of 56-60 HRC, and PP (improved pen-
etration) with a conical core made of steel 75 with a
hardness of 60 HRC.

EXPERIMENTAL RESULTS

Within the HAZ of the studied welded joints, the results
of microdurometric analysis (Figure 2) demonstrate a
pattern of a change in hardness with greater distance
from the weld, which is typical for welding the quenched
and tempered steels, in particular armor steels.

Metal of the overheated complete recrystallization
sections (HAZ1), which underwent austenitization
during heating, after cooling has the maximal hardness,
which is higher than that of the base metal (declared
by manufacturers of both the steels minimal guaran-
teed base metal hardness in the heat-treated state is
marked by horizontal dashed lines). Within the incom-
plete recrystallization and tempering regions (HAZ2),
the hardness drop below the level of the base metal
hardness values occurs as a result of the processes of
tempering and recrystallization of the initial structure
which are due to the influence of the welding heat. At
the same time, microhardness distribution within the
welds in the horizontal (x) and vertical () measure-
ment directions is indicative of formation of high-hard-
ness structures of the order of HAZ1 metal hardness.

Comparison of the results of durometric analy-
sis of welded samples of Armox 500T and Mars 600

nh Fooin

Figure 1. Shape of penetration of armor steel welded joints with marked directions of microhardness measurement: « — Armox 500T

steel; b — Mars 600 steel
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Figure 2. Microhardness distribution along the vertical axes of the welds and in the cross-section of the welded joints: 7 — Armox

500T steel; 2 — Mars 600 steel

steels shows that the extent of the HAZ in the joint of
Armox 500T steel turned out to be markedly greater,
first of all, due to its wider softened HAZ2 region.
In the sample from Armox 500T steel in the vertical
(y) measurement direction a noticeable microhardness
reduction in the upper quarter of the weld is also ob-
served, which is due to an increase in the deposited
metal proportion in it. Microhardness distribution
by the height of the weld formed during welding of
a sample from Mars 600 steel allows outlining three
regions: 1) near the weld root, ~3 mm high, with the
highest hardness; 2) middle one, ~2 mm high, within
which a gradual hardness reduction takes place; 3) up-
per one, ~2 mm high, with an intermediate microhard-
ness value, compared to the two other regions.
Considering that for joints of both the steels the
values of specific heat input are practically the same:
0/5 = 0.16 kI'mm~2 (where 8 is the base metal thick-
ness), as well as due to the remoteness of the soft-
ened HAZ?2 regions from the area of the metallurgical
reactions with the welding consumables, the causes
for greater extent of the HAZ in the welded joint of

Armox 500T steel can only be attributed to differenc-
es in alloying and technologies of thermomechanical
treatment of the studied steels. Metallographic stud-
ies of the base metal microstructure demonstrated the
troostite-martensitic structure of the sample from Ar-
mox 500T steel (Figure 3, a), whereas Mars 600 steel
has the structure of fine-acicular lath martensite (Fig-
ure 3, b). It is also worth noting the presence of bands
with different etchability across the thickness of the
rolled stock of both the steels. By the data of [23] for
rolled steel armor Armox 500T these features of the
structure state are associated not with the chemical
heterogeneity of the material, but with the biomodal
nature of distribution of the size of primary austenite
grains formed during hot rolling. Higher etchability
bands coincide with the location of fine grains of for-
mer austenite, and they look darker than the light-co-
loured bands of metal with coarser primary grain.
Comparison of chemical composition of the studied
steels (Table 1) shows that while in Armox 500T silicon
is a deoxidizer, Mars 600 steel is alloyed with this el-
ement. Considering that silicon in the martensite solid

Figure 3. Microstructure of base metal (x500): « — Armox 500T steel; b — Mars 600 steel
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Figure 4. Microstructure of the high-tempered HAZ region (x500): a — Armox 500T steel; b — Mars 600 steel

solution slows down the diffusion mobility of carbon in
the crystalline lattice, and inhibits carbide nucleation at
the initial tempering stages [24, 25], short-term heating
of the welding HAZ portion of Mars 600 steel, the most
remote from the weld, to low-tempering temperatures
did not lead to any significant changes in its structural
state or hardness. As a result, the width of the softened
region (HAZ2) of the welded sample of this steel turned
out to be smaller, and the visible changes in its struc-
ture compared to the base metal were observed only for
the metal which was heated to the high-tempering tem-
peratures. Figure 4 is a comparison of the microstructure
in high-tempered regions of the HAZ of the produced
welded joints. In the Armox 500T steel sample the pri-
mary structure bimodal in terms of the primary grain
size distribution was transformed into tempered troos-

CET T " SRERE

Figure 5. Microstructure of weld metal of the welded joints (X200): Armox 500T steel (a) and Mars 600 steel — root region (b), middle
region (c¢), upper region (d)

tite along the higher etchability band and recrystallized
granular ferrite along the light etching bands (Figure 4,
a). The metal structure in the high-tempered region of
the sample from Mars 600 steel is more homogeneous
and it consists of just tempered troostite (Figure 4, b).
Metallographic investigations of the welded sam-
ple from Armox 500T steel did not reveal any notice-
able differences in the microstructure in different weld
metal regions. Intensive mixing of the base, filler and
insert materials led to formation of microregions of
different etchability through the entire volume of the
weld with different concentration of alloying elements
(Figure 5, a). However, standard optical metallogra-
phy methods did not allow revealing any morpholog-
ical signs of primary structure recrystallization prod-
ucts. Contrarily, the results of studying the Mars 600
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Figure 6. Microstructure of weld metal of Armox 500T steel sample: x2000 (a); X5000 (b); x10000 (c). B — bainite of block mor-

phology

steel sample point to formation of a heterogeneous (at
the macrolevel) structure of the weld, which correlates
with the determined microhardness distribution along
its vertical axis (Figure 2). Lath martensitic structure
was detected inside the crystallites of the weld metal
root area (Figure 5, b). Within the middle weld re-
gion along the height, which features a reduction of
microhardness, optical microscopy did not detect any
martensite packets, but light-etching bands appeared
(Figure 5, c¢). The upper region of the weld, where the
metal has somewhat higher microhardness values,
looks like a solid “white layer”, where just the den-
dritic crystallite boundaries are etched (Figure 5, d).

The features of structure formation in the weld
determined for Mars 600 steel sample are due to its
more intensive alloying by welding consumables,
compared to the weld on Armox 500T steel sample,
owing to a higher filler wire feed rate, larger diameter
of the insert rod and lower welding speed.

Scanning electron microscopy revealed the mar-
tensitic-bainitic structure of the weld metal of the
welded sample from Armox 500T steel. Lath marten-
site packets (Figure 6, a, ¢), as well as bainitic struc-
ture blocks (Figure 6, b), are present within the in-
dividual branches of the columnar crystallites. Their
formation is caused by the concentration heteroge-
neity of the alloying element distribution in the weld
metal. The average width of the columnar crystallites
is equal to 13-22 pum.

The structure of cast metal in the root area of the
weld of Mars 600 steel welded sample is homogeneous,
fine-acicular martensitic (Figure 7, a—c). The average
width of the columnar crystallites reaches 14-30 pm.
Contrarily, the metal of the weld upper region has a
much finer primary structure with the crystallite width
of 5-12 um (Figure 7, d—f), which is, obviously, due to
the features of the influence of the pulsating constricted
arc on the weld pool solidification conditions, simulta-

neously alloyed by the filler and insert wires. No acicu-
lar or packet structure of classical martensite was found
inside the dendrite cells even with the magnification of
x10000 (Figure 7, e).

The high microhardness of ~580-600 HV . in the
metal of the weld upper region determined in the Mars
600 steel sample (Figure 2) and the results of microstruc-
tural studies (Figure 5, d; Figure 7, f) are indicative of
formation in this part of the weld of the so-called struc-
tureless martensite (hardenite) — a nanocrystalline mix-
ture of martensite and residual austenite. The “white lay-
er” of structureless martensite, created by the methods of
hardening treatment of the surface of the engineering and
tool steels [26, 27], as well as heterogeneous steel armor
[28], is characterized by a high hardness and friction and
wear resistance. Refinement of the dendritic structure
in the weld upper region due to intensive mixing of the
pool melt, with further overcooling below M_tempera-
ture promoted blocking of martensite crystals growth by
the boundaries of highly refined austenite grains, that,
according to the classical concepts [29], is the necessary
precondition of structureless martensite formation.

Results of studying the chemical composition of
weld regions in joints of Armox 500T and Mars 600
steels are given in Table 3. Considering the high er-
ror of EDX-determination of carbon concentration,
its average content in the metal of both the welds was
determined additionally by the method of NDIR-spec-
troscopy. One can see from the data in Table 3 that the
average carbon content in the weld metal of Armox
500T steel sample almost did not decrease compared
to its content in the base metal (Table 1). At the same
time, the average carbon content in the weld metal of
the Mars 600 steel sample was reduced by ~25 % com-
pared with the base metal. For welds of the joints of
both the steels, there is a tendency toward a reduction
of the content of all the alloying elements alongside an
increase in the carbon concentration in the weld root
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x10000 (c, f)

regions, compared with the upper regions, despite the
near-root position of the low-carbon high-alloy insert
material. This effect is attributable to the features of the
pulsating constricted arc influence on the hydrodynam-
ic and convective fluxes in the pool melt.

Despite the presence of signs of structureless mar-
tensite in the metal of upper region of the weld on the
Mars 600 steel, it is somewhat inferior to the hardness
values for the root region metal (Figure 2), because of
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Figure 7. Microstructure of the root (a—b) and upper (d—f) regions of weld metal of Mars 600 steel sample: x2000 (a, d); X5000 (b, e);

the significantly lower carbon content. Moreover, this
is the only region of all the studied regions of both the
welds, where the total alloying element content meets
the criteria for high-alloy steel (>10 wt.%).

Results of ballistic tests of the welded samples are
given in Figure 8. According to the test protocol, a sam-
ple from Armox 500T steel 5.4 mm thick has passed
ballistic tests for resistance to fire from a 5.45x39 mm
7N6M assault rifle cartridge with a PS bullet (a bul-

Table 3. Chemical composition of weld metal of the studied welded joints, wt.%

Armox 500T Mars 600
Method of analysis Element Weld region Weld region
Top Root Top Middle Root
C 6.04" 6.54" 6.81° 7.60° 8.42°
Si 0.26 0.20 0.65 0.62 0.58
EDX Mn 1.60 1.49 1.81 1.30 1.20
Cr 4.56 2.96 5.10 3.79 3.63
Ni 1.94 1.79 3.30 2.88 2.69
Mo 0.28 0.26 0.24 0.20 0.21
NDIR C 0.27 0.32
"Due to the high measurement error, the carbon content values determined by the method of energy-dispersive X-ray spectroscopy, are given
only for comparative analysis.
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Figure 8. Appearance of welded samples after ballistic testing: « — Armox 500T steel; b — Mars 600 steel

let with a hardened steel core in a steel jacket), which
is defined as protection class PZSA-3, according to
DSTU 3975-2000. Shooting of the sample using the
7N10 cartridge with a PP bullet (an enhanced-penetra-
tion bullet with a hardened steel core in a steel jacket)
caused complete penetration (Figure 8, a) both in the
weld metal (hit No. 2, “fail”’) and in the base metal un-
affected by the welding thermal cycle (hit No. 8).

A welded sample made of Mars 600 steel 6.2 mm
thick, successfully withstood ballistic testing for re-
sistance to impacts from both types of ammunition
(Figure 8, b): the PS bullet (hits Nos 1-9), as well
as the PP bullet (hits Nos 10-13), which meets the
requirements of the PZSA-4 protection class in accor-
dance with the DSTU 3975-2000 standard.

DISCUSSION OF RESULTS

Obtained results show that application of pulsed-plas-
ma welding with combined alloying of the weld metal
allows realizing an approach to armor steel welding
with application of high-alloy austenitic filler mate-
rials, which differs significantly from the traditional
technologies of mechanized arc welding. The latter
are characterized by formation of an austenitic or
austenitic-ferritic weld metal with the hardness level
lower than that of the base metal, which is often re-
garded as one of the factors reducing the local ballis-
tic resistance of armor steel welded joints.

In the studied joints a different approach to for-
mation of the weld metal structure and properties is
realized. Martensitic-type structures form in the weld
metal, despite the application of high-alloy welding
consumables of austenitic class. This is indicative of
the important role of the base metal in formation of
the weld structure and confirms the effectiveness of
combined alloying application under the conditions of
a high proportion of the base metal in the weld metal.

Comparison of the results for Armox 500T and
Mars 600 steels showed that the pattern of structure
formation is determined not only by the welding con-
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ditions, but also by the features of armor steel chemi-
cal composition. A higher carbon and silicon content
in Mars 600 steel favours the formation of finer mar-
tensitic structures and improves the metal resistance
to the tempering processes in the HAZ. This is in
agreement with the microhardness measurement re-
sults and the determined reduction in the width of the
HAZ softened zone, compared to Armox 500T steel.

One of the key features of the applied technology
is application of the pulsed mode of plasma welding.
It is known that the periodical change in the plasma
arc current is accompanied by a change in the cur-
rent density, electromagnetic forces, degree of the
arc constriction, and pressure of the plasma flux on
the melt surface, which results in appearance of the
nonstationary convective fluxes in the weld pool and
intensification of mass transfer in the melt [14-16].

In keeping with the data of [14], the surface tension
forces, electromagnetic forces, plasma flux and buoy-
ancy forces have the decisive influence on the metal
flow in plasma welding. When operating in the pulsed
mode, the above factors act in the nonstationary mode,
leading to a periodical disturbance of the melt and in-
tensification of the mass transfer processes. Similar
tendencies as to the influence of the pulsed arc on weld
formation, structure refinement and increase of the met-
al homogeneity were also established in [13, 15, 16].

Taking into account the derived results, it can be
assumed that the determined features of alloying el-
ement and carbon distribution along the weld height,
as well as formation of a heterogeneous weld metal
structure are the result of the combined action of al-
loying and intensive stirring of the weld pool metal.
The periodical change in the pressure of the plasma
flux and the electromagnetic forces may promote a
more effective interaction of the base metal with the
filler wire and the insert rod, creating the conditions
for formation of a gradient distribution of the chemi-
cal elements in the weld metal.
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An important feature of the obtained results is the
fact that the high ballistic resistance of the welded joints
is achieved not due to the local strengthening of indi-
vidual regions, but as a result of formation of a more
balanced structural and mechanical state of the welded
joint as a whole. Formation of high-strength weld metal
of martensitic type in a combination with the restricted
width of the softened HAZ regions allows avoiding an
abrupt mismatch in the properties between the individual
joint zones, which is one of the key factors for ensuring
the ballistic resistance at the base metal level.

Thus, investigation results indicate that application
of pulsed-plasma welding with combined alloying of
the weld metal creates the conditions for formation
of a martensitic-type weld metal with the ballistic re-
sistance level equivalent to that of the base metal in
the heat-hardened condition. Achievement of such a
result is due to the combined action of the high pro-
portion of the base metal in the weld metal, combined
alloying with filler wire and insert rod of austenitic
class, as well as the features of the hydrodynamic pro-
cesses in the weld pool in the pulse mode of plasma
welding. It is probable that the periodical action of
the pulsating constricted plasma arc promotes an in-
tensification of mass transfer and mixing of the melt,
creating additional preconditions for formation of the
established structural state of the weld metal [14-16].

CONCLUSIONS

1. It is shown that pulsed-plasma welding with inde-
pendent regulation of the heat input and filler metal
quantity ensures formation of full-penetration butt
joints of Armox 500T and Mars 600 armor steels
5—-6 mm thick without edge preparation at the specific
heat input of 0/6 = 0.16 kJ/mm?. At the same level
of thermal impact, Mars 600 steel features a smaller
width of the HAZ softened region, compared with Ar-
mox 500T steel, which is associated with an increased
silicon content and higher resistance of its martensitic
structure to short-time tempering.

2. It was determined that combined alloying of
the weld metal with OK Autrod 16.95 filler wire and
OK Tigrod 308L insert rod in combination with a
high proportion of the base metal in the weld allows
avoiding the formation of a soft austenitic weld metal,
characteristic for the traditional MAG-welding of ar-
mor steels. A martensitic-bainitic structure of the weld
metal forms in the joints of Armox 500T steel with a
hardness, which is not inferior to base metal hardness.

3. For Mars 600 steel a pronounced structural an-
isotropy of the weld metal along its height was found.
In the root region a fine-acicular martensite with the
highest microhardness value is formed, in the middle
part — a structure with lower hardness values, and in

the upper region — a refined structure with the signs
of structureless martensite. The derived results are in-
dicative of a significant influence of the solidification
conditions and alloying element distribution on the
weld metal structure formation.

4. It is shown that application of the pulsed mode
of plasma welding is one of the important features of
the used technology. Taking into account the results of
structural and chemical studies it can be assumed that
the periodical action of the pulsating constricted plas-
ma arc promotes an intensification of mass transfer
and mixing of the weld pool metal, creating additional
prerequisites for formation of a graded distribution of
alloying elements and carbon along the weld height.

5. Ballistic testing confirmed that the developed
technology of plasma-arc welding with combined al-
loying of the weld metal ensures producing welded
joints of armor steels of different hardness classes,
with ballistic resistance equivalent to that of the base
metal. For samples from Mars 600 steel, resistance to
impacts from PS and PP bullets is ensured, whereas
for Armox 500T it has been established that destruc-
tion is determined by the bullet resistance level of the
base metal under stricter testing conditions, rather
than by the properties of the weld.
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