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ABSTRACT

The paper considers various aspects of the modification and microalloying of weld metal of high-strength low-alloy (HSLA)
steels with dispersed particles of various compounds. The essence and relationship of the processes is highlighted in the context
of improving the mechanical properties of the weld metal. The methods and technologies of modification of the structure of

HSLA steels and their welded joints were analyzed. The use

of various technologies and methods of introducing modifiers into

the liquid weld pool is considered, with determination of their effectiveness and impact on the quality of the final product. The
influence of different types of modifiers on structure formation, features of the kinetics of phase transformations, structural and
chemical liquation and mechanical properties of the resulting welded joints have been analyzed. Particular attention is paid to
the aspects of nanomodification of weld metal, determining its advantages and disadvantages.
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INTRODUCTION

Welding in modern industry is an indispensable part
of production processes, which creates an integral el-
ement of construction and manufacture. The ability
to produce joints ensuring the strength and ductility,
makes welding a critical stage of the production cy-
cle. However, with advance of technology and expan-
sion of quality requirements, the need to improve the
techniques and materials used in the welding process
becomes greater.

In particular, welding of high-strength low-alloy
(HSLA) steels with a low content of alloying elements,
faces the challenge of ensuring not only strength, but
also toughness of the weld metal structure.

Controlling the formation of primary microstruc-
ture of the weld metal is given a lot of attention in lit-
erature. Grain refinement [1], solid solution alloying
and microalloying [2], as well as formation of non-
metallic inclusions of a certain size, composition and
morphology (also by addition of dispersed high-melt-
ing particles into the weld pool) [3] are the main fac-
tors, allowing providing of weld metal strength and
toughness. Among these methods, application of weld
metal modification by second phase particles is be-
coming and integral part for achieving optimal results.

“Microalloying” term should be understood as a
method to influence the structure and properties of the
metal (alloy) only by adding small quantities (<0.1 %)
of elements or their compounds to its composition,
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which have a considerable impact on the processes
running in the solid phase.

“Modification” term should be understood as a set
of any chemical, physical or complex processes, in-
fluencing the end structure and properties of the metal
(alloy). This is a process of active regulation of prima-
ry crystallization and/or changing the degree of dis-
persity of the crystallizing phases. Metal modification
can be conducted by adding modifiers to the melt, or
by active influence of various physical (mechanical)
methods on the melt.

“Nanomodification” term should be understood to
mean adding nanoparticles or nanomaterials of less
than 100 nm size to the liquid weld pool with the pur-
pose of influencing the formation of weld metal mi-
crostructure to improve its properties.

Dispersion strengthening, where second phase par-
ticles are used, as a mechanism of grain growth pre-
vention, similar to the mechanism of refinement of mi-
crostructural components, is particularly important for
weldable steels. Refinement of the structure of the ma-
jority of steels and alloys has a favourable impact on the
entire complex of their mechanical properties [4].

There is a large number of materials and methods
for realization of modification in modern technologi-
cal processes. One of them is addition of high-melting
exogenic inclusions into the liquid melt (inoculation).
Two main mechanisms of the influence of exogenic in-
clusions on melt crystallization are usually considered
[5]- In keeping with the first one, the particles are in-
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dependent crystallization centers, performing “direct”
heterogeneous nucleation, or form such centers as a re-
sult of interaction with the melt. By the second mech-
anism, the particles block the growth of crystallites or
structural elements, which form during cooling.

Modification results in refinement of the grains or
structural components. In a number of cases, direct
combination of both the processes is possible, which
leads to transformation of the phases with an acicular
or lamellar structure into a more equilibrium globu-
lar one that increases the metal strength, ductility and
toughness, preventing internal stress concentration
and cracking.

Over the recent years, application of special-
ly prepared nanopowder inoculators or modifiers to
increase the cast metal quality is attracting a lot of
interest. These are nanopowders with particle sizes
of <100 nm from refractory compounds (oxides, ni-
trides, carbides, borides, etc.) [6, 7]. At addition to the
melt, they are distributed over the liquid metal vol-
ume, and serve effective crystallization centers.

Wide prospects of dispersed powder application
for modifying influence on the melt in metallurgy al-
low looking in a new way at the possibilities of con-
trolling the process of liquid pool crystallization in arc
processes of fusion welding [8, 9].

Modification is widely used in production of mate-
rials for construction, transportation, mechanical en-
gineering and other industries, as a result of improve-
ment of the strength, ductility and impact toughness
of metal products operating under high loads and ex-
treme service conditions [4].

Alongside the indubitable advantages of appli-
cation of the modification method, however, use of
modifying for welded joints may face certain chal-
lenges and potentially negative consequences. This is,
primarily, formation of macro- and microdefects, cav-
ities, pores, cracks and other defects, appearance of
regions of chemical heterogeneity and liquation in the
weld. Secondly, the particles can completely dissolve
in the liquid pool without any modifying effect that
necessitates application of additional specific require-
ments to control of temperatures and technical param-
eters of welding. Thirdly, nonuniform distribution of
particles in the weld metal will lead to heterogeneity
in the microstructure, and, consequently, to lowering
of the mechanical properties in individual regions of
the weld.

The objective of this work is analysis of literature
data on modification and microalloying of the metal
of welds, influence of modifying particles of different
compounds on the structure and mechanical proper-
ties, as well as of the prospects for nanoparticle ap-
plication for welding high-strength low-alloy steels.

MODIFICATION AND MICROALLOYING
OF THE WELD METAL

Addition of powderlike material into the weld pool
(Figure 1) may lead to different consequences, name-
ly primary modifier particles remain in the weld metal
(modification); the particles may dissolve complete-
ly, changing the solid solution composition (microal-
loying) [10]; new particles precipitate in the form of
dispersed nonmetallic inclusions (dispersion harden-
ing); the particles coagulate and/or stick to each oth-
er, forming complex phase precipitates (coagulation);
particles change the morphology and composition of
nonmetallic inclusions already existent in the metal.

Changes of chemical composition of weld metal
and particles can also influence the kinetics of trans-
formation in the solid state, transformation tempera-
ture and the forming microstructure. Influence of
modifiers at liquid metal crystallization may influence
the primary dendritic structure of the weld metal, the
width and type of the weld dendritic structure [11].
The microstructure will be influenced by the compo-
sition, distribution and size of modifying and second-
ary particles [12].

As a result of the dispersed particles interacting
with the liquid metal, when they are used for modi-
fication, their complete or partial dissolution is pos-
sible, leading to metal microalloying in individual
regions of the weld. Therefore, at modification by fine
particles this process cannot be considered without re-
gard to microalloying.

It is widely known that the microcontent of chem-
ical elements or their compounds in the metal or the
welded joint can have an essential influence on the
nature of metal crystallization, shape and composition
of nonmetallic inclusions, structure of grain boundar-
ies and near-boundary zones, weldability, hardening,
heat- and wear resistance, etc., i.e. on a whole set of
technological and service properties [13].

One of the effective methods to control the lig-
uid metal composition during electric arc welding is
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Figure 1. Modification influence on the nature of transformations
of dispersed particles [31]

41




M.P. Reminnyi et al.

its modification and microalloying through welding
consumables which is effective in terms of cost and
technology. Literature sources quite widely cover the
problem of microalloying of steels and their welded
joints [14].

Although the content of individual elements
at microalloying is not higher than 0.1 wt.%, they
have a considerable effect on the processes running
in the solid phase (structural-phase transformations,
phase composition, size of the primary austenitic
grain, structure and cleanliness of the boundaries and
near-boundary zones, etc.) [15].

So, microalloying with chromium increases the
hardness, strength, toughness, wear resistance, im-
proves the corrosion resistance, as well as ductility,
but decreases the heat conductivity. Vanadium im-
proves the hardness, strength, toughness, resistance
to dynamic stresses and wear, reduces temper brittle-
ness, refines the structure and improves the resistance
to overheating at quenching. Molybdenum increas-
es the hardness, strength, hardenability, treatability
by cutting, heat resistance; promotes formation of a
fine-grained structure, improves the weldability and
mechanical properties of the welded joints. Titanium
microadditive improves the hardness, strength, and
wear resistance, but lowers the hardenability. Titani-
um is used in the form of its compounds with carbon,
nitrogen and boron. Titanium carbonitrides Ti(C, N)
are the most often used as modifiers, leading to grain
refinement. Application of WC tungsten carbide in the
metal of low-alloy steel leads to formation of a more
homogeneous microstructure, increasing the ductile
characteristics [16]. Boron microadditives are used
to improve the set of mechanical properties of steels,
subjected to hardening with tempering. Here, boron
influence is associated with increase of hardenability
and refinement of austenitic grain. In some cases not
free boron, which is difficult to add to the liquid met-
al, but its compounds TiB,, LaB,, CaB,, etc. are used.

Recently, such nanomaterials, as nanoparticles of
carbon [17, 18], graphene [19] or fine oxides of re-
fractory metals [20] also began to be used for mod-
ification.

Modification of welded joint metal allows effec-
tive use of the modes of postweld heat treatment to
produce the desired structural components and me-
chanical properties.

In the general case it can be noted, that applica-
tion of microalloying and modification leads to grain
refinement and to producing a more homogeneous
structure that has a positive impact on the toughness
and ductility characteristics of the welded joints, and
influences the technological and other properties of
the metal [20, 21].

TECHNOLOGIES OF ADDING MODIFIERS

Different modification technologies are traditionally
used in metallurgical production, namely: chemical,
electrochemical and physical (microcoolants) and
combined, by adding modifiers into the solution, or
applying different physical (mechanical) methods to
the solution. Widely applied among the modification
technologies are the chemical methods, using the
chemical state of the modifiers for modifying the met-
al structure. This is achieved by adding powders of
different chemical compounds to the liquid pool in the
form of flux-cored wires, bands, aerosols or predepo-
sition of powder onto the surface (adhesion bonding).
This approach allows refining the metal structure and
forming new strengthening phases, which, in its turn,
promotes an improvement of its service properties
[22, 23].

The physical impact methods having a modify-
ing effect include the following: ultrasonic treatment,
high-frequency peening, temperature-time treatment,
superposition of an electromagnetic field on the melt,
etc. Of great interest are the processes related to pres-
sure application to the metal of crystallizing castings.
In particular, in the technological schemes of casting
with alloy crystallization under pressure (die cast-
ing — DC) the pressure applied to the melt during
solidification, has a significant influence on the nature
of crystallization.

At present there are few references in literature to
the use of combined technologies of adding modifiers,
which influence the metal structure components and
thus improve its performance [24].

Among the modern methods of adding modifiers
to cast iron and steel melt, the following should be
singled out: method of processing with balls of the
matching master alloys; submerged block method;
processing with lump ferroalloys, processing by pow-
derlike wire and blowing with powderlike ferroalloys.

Application of combined ultrasonic methods of
welded joint surface modification using nanosized
modifiers can improve the modification effectiveness.
Reduction of the dimensions of modifying particles
leads to reduction of mean dimensions of weld metal
grains and stress intensity factor [24]. Use of nanodis-
persed particles having higher specific surface energy
increases the probability of chemical interaction be-
tween the particles and the metal, leading to forma-
tion of strong bonds and more effective refinement of
the deposited metal structure (Figure 2).

Similar to metallurgical production, the methods
of modification of welded joint metal can also be di-
vided into three main groups: chemical (addition of
modifiers), physical (application of external physical
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(HFMP)

Figure 2. Scheme of combined application of ultrasonic methods of surface modification: ¢ — ultrasonic impact treatment (HFMP);
b — surface microstructure and X-ray patterns of the studied regions [24]

impacts) and combined [14], while all the modifiers
can be divided into three classes, depending on the
manner of their influence on weld metal crystalliza-
tion [22].

Modifiers of the first kind improve the wettability
of one alloy component by another one, i.e. they re-
duce the energy of surface tension on the interface,
thus facilitating the nucleation of the new solid phase,
contacting the liquid (Figure 3). Modifiers of the 2™
kind are directly the crystallization nuclei. They, how-
ever, can be such rather conditionally — in the case,
when the melt temperature is so close to that of mod-
ifiers solidification that it will be insufficient for melt-
ing the modifiers added to the liquid pool. Modifiers
of the 3" kind (inoculators) change the weld metal
structure by lowering the temperature of overheating
of the liquid metal being solidified [14]. The high-
er cooling rate increases the crystallization rate and
promotes an increase in development of the liquation
processes which is favourable for the weld metal mi-
crostructure.

e e S B _ 4 :
Figure 3. Microstructure (x500) of weld metal of HSLA steel 14KhGNDTs with modifier addition: « —without addition; b — MgO;

¢—Z7Zr0,; d —TiO,; e — ALO
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Moreover, the modifiers can be divided into two
types: those, which do not change the surface prop-
erties of the crystallizing phase, and those changing
the surface tension on the melt-particle interface [14].
Additives of the second type are usually called sur-
face-active, and they are selectively concentrated on
the surface of the crystals (dendrites). Surfactants are
capable of creating a continuous adsorption layer. It
means that at practical absence of surface-active mod-
ifier solubility in the solid phase a shell of a liquid
enriched in modifier elements forms around it [14].

Complex modifiers are a system consisting of two
and more modifiers of the same or different types of
elements from those given above. Such a complex
application of modifiers allows significantly decreas-
ing the liquation processes in the weld metal and the
HAZ, which will lead to a more uniform distribution
of the alloying elements, lowering of concentration
gradients and homogenizing of the properties (Fig-
ure 4) [25]. The effect of such modifiers, depending
on their type, is usually manifested in a more inten-
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Figure 4. Influence of modifying additives (Nb, V, Ti, Ni) on alloying element liquation in weld metal of HSLA steels: « — A57
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A656 G80 steel [25]
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sive and complex way, simultaneously influencing
the mechanical, technological and service properties
of the weld metal [26].

The physical methods of modification include
those, which are based on the influence of physical
processes on the processes of crystallization and for-
mation of the weld metal structure. This is, in partic-
ular, application of vibrations during welding, pulsed
application of energy from the heat source; pulsed
feed of electrode or filler wire; application of sourc-
es with welding current modulation, as well as in a
number of cases use of additional heat sources influ-
encing the HAZ close to the weld fusion line; exter-
nal electromagnetic influence, etc. [14, 27]. In work
[28] the authors used a combined method of treatment
of welded joints of 40Kh steel. The nitride layer was
applied by plasma nitriding, and then treated by a
scanning electron beam. It was found that hardness
(850 HV) increased more than three times, compared
to the initial material. Application of this combined
method (PN + EBT) improves the steel wear resis-
tance at abrasive wear by more than two times, com-
pared to plasma nitriding.

INFLUENCE OF MODIFIERS
ON THE STRUCTURE AND PROPERTIES
OF WELD METAL OF HSLA STEELS

Flux-cored wires with different degree of filling with
particles of oxides, carbides and nitrides of predomi-
nantly refractory metals are often used as modifiers in
welding HSLA steels. The following compounds are
often used for these purposes: TiC, SiC, NbC, TiO,,
ALQ,, ZrO,, MgO, TiN, TiB. Appearance of modifier
powders is given in Figure 5.

In work [29] it was established that carbide mod-
ifiers (TiC, SiC, NbC) influence the transformation
kinetics and formation of secondary crystalline struc-
ture due to their dissolution and change of the metal

R O e R 10) i [c]

Figure 5. Appearance of modifier powders: « — ALO
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chemical composition, while oxide modifiers (TiO,,
Al O,, ZrO,, MgO) and modifiers based on titanium
compounds dissolve and precipitate on the surface of
nonmetallic inclusions, as well as in the form of indi-
vidual nonmetallic inclusions and phase precipitates,
influencing structure formation and mechanical prop-
erties of the modified weld metal.

It was shown [29] that at modification by particles
based on titanium compounds new nonmetallic in-
clusions are formed, appearing inside the weld metal
grains with high dislocation density (107'°-10""" cm2)
around the inclusions, which has a negative impact on
the ductility indices of the welded joint metal.

Oxide-based modifiers have a complex impact on
structure formation processes and they can be recom-
mended for industrial applications. Proceeding from
the obtained results the authors ranged by the degree
of modifiers influence on weld metal strength and
ductility: ZrO,-MgO-TiO,~-AlO,. It was found that
modification by ZrO, powders should be recommend-
ed to improve the ductility and impact toughness, and
AlO, powders should be used for higher strength.

In work [30] it was established that modification
with ZrO, and MgO particles leads to a certain in-
crease of the temperatures of the beginning of trans-
formation for cooling rates below 17 °C/s. Modifica-
tion by TiC, SiC, NbC, TiO,, AL,O, and TiN particles
leads to lowering of critical transformation tempera-
tures. Modification by carbide modifiers and TiN
leads to formation of a pronounced martensite phase
at dilatometric and metallographic investigations.
The highest martensite content and the highest values
of metal microhardness were produced for samples
modified by TiN particles.

Dependence of transformation temperature on the
cooling rate demonstrates a lowering of the trans-
formation temperature for all the studied samples. It
should be noted that modification by ZrO, and MgO

= o ”'.___‘ % Tl

b—MgO; ¢ —TiO,; d — ZrO,; e — SiC; f—TiC
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Raﬂ(l ‘ut'thc quantity of ferrite to the quantity of bainite
particles leads to improvement in the transformation
temperature by 50-75 °C, and on the whole the values
of transformation temperature for MgO, ZrO,, TiO,,
Al O, oxide modifiers are higher than those for SiC,
VC, NbC carbide particles. The lowest temperature
transformation values are observed for a sample mod-
ified by TiN titanium nitride [30].

Influence of modifying particle type on the me-
chanical properties of weld metal of HSLA steels
(Figure 6) shows a lowering of strength and increas-
ing of ductility characteristics at increase of the ratio
of the quantity of ferrite phase to that of bainite phase.

At the same time, an opposite dependence was es-
tablished at weld metal modification by TiN and NbC
particles, which was accounted for by the presence
of a martensite phase in the structure of weld met-
al of these samples, as a result of dissolution of car-
bide-forming modifiers.

NANOMODIFICATION.
ADVANTAGES AND DISADVANTAGES

Application of finer particles or powders of refractory
metals became a further development of the technol-
ogy of metal structure modification. Use of such par-
ticles of less than 100 nm size on the one hand allows
controlling the metal structure already at the micro- or
even atomic level, and on the other hand it requires
development of special technologies and equipment
for their realization. Application of such nanoparti-
cles allows more thoroughly influencing the growth
of primary grains during liquid metal crystallization;
controlling the grain-boundary processes; forming a
complex subgrain microstructure; influencing the dis-
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Figure 6. Influence of structural composition on
mechanical properties of modified weld metal: a —
ultimate strength; b — yield limit; ¢ — fracture
toughness [29]; / — without modification; 2 —
Zr0,; 3 —TiO,; 4 —ALO,; 5 —MgO; 6 —FeTj;
7 —TiN; 8 —SiC; 9 —TiC; 10 —VC; 11 —NbC

tribution of dislocations, impurities and level of chem-
ical heterogeneity, i.e. improving the metal structure
in some way and increasing its metal properties.

At the same time, scientists are faced serious dif-
ficulties of both technological and research nature.
From the view point of technology, equipment should
be developed for adding nanopowders into the weld
pool and for preventing their dissolution at the stage
of weld metal crystallization. Their dissolution has to
be prevented that is a more complex task, compared to
traditional particles of larger size, used for modifica-
tion. Moreover, a uniform distribution of the nanopar-
ticles should be ensured, disregarding their tendency
to combine — to form clusters and aggregations.

Therefore, the majority of the works, devoted to
welded joint modification by nanoparticles are de-
voted to solid-phase welding, i.e. welding, where no
melting occurs. Now, in those works, where fusion
welding methods (TIG, MIG/MAG) are used, the
nanoparticles solubility is almost not controlled.

In work [29] an attempt was made to assess the
change in nanoparticle size during welding of HSLA
steel. Analysis of the distribution of particles and size
of inclusions in the metal of welds without modifiers
and with their application reveals a reduction of the
fraction of fine inclusions, and increase of the fraction
of inclusions large than 0.36 um.

An important technological aspect of nanomodi-
fication is addition of nanoparticles to the weld pool.
The high specific surface energy of the nanoparticles
associated with a large overall surface area, leads to
nonuniform distribution of the nanoparticles (Fig-
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Figure 7. General appearance of nanopowders: a — AL O;;

ure 7) [31, 32]. They most often coalesce, forming
conglomerates or clusters of nanoparticles, or pre-
cipitate at the bottom of the weld pool. Moreover, in
welding processes the temperature in the zone of heat
source impact is higher than the melting temperature
of many refractory nanodispersed compounds causing
their dissociation and further dissolution of the prod-
ucts in the weld pool melt [33].

In work [15] the influence of titanium-containing
nanoparticles on crystallization of acicular ferrite and
mechanical properties of metals for multipass arc
welding was studied. In the study particle dispersion
was conducted, using ultrasonic treatment. However,
achievement of a uniform distribution of nanoparti-
cles in liquid glass for further coating of the electrodes
requires treatment for 6 hours that is not practical in
serial production. The authors also determined that
the percentage of acicular ferrite in the weld metal be-
comes higher with increase of the amount of nanopar-
ticles of TiO, titanium oxide in the electrode coating.

In work [34] the influence of TiO, SiO,, AL,O, and
Mn, O, nanoparticles on the features of destruction of
Charpy impact V-notch specimens produced by sub-
merged-arc welding was studied. Increase of strength
and impact toughness of the welds as a result of great-
er surface density of acicular ferrite at decrease of
the lath thickness as a result of modification by TiO,,
Si0,, AL,O, or Mn,O, nanoparticles was found.

In work [35] SiC and TiO, nanoparticles were used
at friction stir welding of AA7075 and AA2024 alu-
minium alloys. It was established that the nanoparti-
cles are dispersed in the welding one, forming a refined
microstructure and preventing formation of harmful
defects. This distribution improves the load-carrying
capacity, effectively increasing the tensile strength of
the joint. The nanoparticles promote a more uniform
stress distribution and slow down crack initiation and
propagation.

Work [36] is a study of the influence of SiO,
nanoparticles, graphene nanoplatelets (Gnps) and
biocoal, added to the weld pool at FSW of AISI-SAE

b

b —TiO, (x100000)

1010 steel and CDA 101 copper. It was found that
additions of a considerable quantity of nanoparticles
resulted in undesirable values of the strength inten-
sity factor. At the same time, the microstructure of
the weld with application of nanoparticles was quite
favourable. The grains in the HAZ and TMAZ were
considerably refined, due to application of nanoparti-
cles. The result showed that biocoal nanoparticles ob-
tained naturally have a potential to replace expensive
nanofillers in metal welding.

Cracking during weld pool solidification was a se-
rious problem in fusion welding of high-strength and
high alloys for many years. It has been established
recently that application of TiC nanoparticles as filler
materials is an effective method of preventing cracks
at solidification during TIG welding of sheet alumin-
ium alloy AA7075. Experimental results showed that
filler metal with TiC nanoparticles effectively prevents
cracks at crystallization. Evaluation of microstructure
reveals an equiaxed morphology of the grains in the
fusion zones [37].

Thus, application of nanomodification in welding
offers a number of advantages. First, this is structure
improvement: nanomodifiers allow producing a more
dispersed structure in the weld metal, and under ap-
propriate conditions reaching a more homogeneous
structure, reducing its defectiveness, lowering the lev-
el of residual hydrogen, improving the brittle fracture
resistance, and reducing porosity. Secondly, this is in-
crease of mechanical characteristics: during primary
crystallization the nanoparticles will slow down the
growth of crystallites, concentrating predominantly
on their boundaries, and this will lead to refinement of
the secondary microstructure, which will promote an
increase of hardness, strength, and, most importantly,
impact toughness at negative test temperatures. Third-
ly, this is improvement of the weld metal resistance
to the influence of the environment: nanoparticles
can improve the weld metal resistance to oxidation,
corrosion and other aggressive factors, acting under
extreme conditions.
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CONCLUSIONS

1. Performed analysis of literature sources showed
that modification and microalloying of the metal of
welds by feeding flux-cored wire with dispersed parti-
cles of oxide compounds is a promising technological
measure of controlling the structure and improving the
mechanical properties of weld metal of HSLA steels,
which can be used under production conditions.

2. In modern modification technologies, applica-
tion of refractory chemical compounds of various el-
ements is designed for active regulation of primary
crystallization processes, change of the degree of the
solidifying phase dispersity and formation of a fine
secondary structure.

3. Nanomodification of weld metal of HSLA steels
and other alloys can be used with success for differ-
ent welding methods (TIG, MIG/MAG, FSW) which
allows significantly influencing the weld metal struc-
ture, refining both the primary and secondary struc-
ture, reducing the grain size, lowering liquation and
improving their functional characteristics of strength,
ductility, toughness and wear resistance.
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