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ABSTRACT: Steel constructions are the most important objects of the construction industry. The main method of connecting 
individual elements and assemblies of such structures is fusion welding (electric arc, plasma, electron beam). One of the main 
problems of metal structures is their tendency to brittle fractures that occur suddenly, without noticeable previous deformations, 
often at below zero temperatures and loads. In this case, 70–80% of such damage is associated with welding. The nature of the 
destruction depends not only on temperature, but also on the type of crystal lattice. Metals with a body-centered cubic (bcc) lattice 
(tungsten, molybdenum, α-iron) are plastic at a relatively high temperature, but become brittle when negative. And metals with 
a face-centered cubic (fcc) lattice (aluminum, nickel, copper and γ-iron) are plastic even at temperatures close to absolute zero. With 
decreasing temperature, the mobility of dislocations and vacancies decreases, the yield strength σs increases, that is, the ductility of 
the metal decreases. Using the A.F. Ioffe model showed that the critical temperature of the transition from viscous to brittle fracture 
with decreasing temperature depends on the rate of increase of σs. In austenitic steels (fcc lattice with a period a = 0.3645 nm), the 
impurity mobility (paired with a vacancy) through the internode of the lattice is higher, and the growth rate σs is lower than that of 
low-carbon low alloy steels (bcc lattice with a shorter period a = 0, 2861 nm). Therefore, the low carbon steels from which structures 
are made are more sensitive to lower temperatures.
In addition, resistance to brittle fracture depends on the number and size of metal continuity defects (pores, inclusions, low-plastic 
phases in the structure, etc.), which are stress concentrators. Welds are the main suppliers of such dangerous defects and sources 
of crack initiation. During crystallization of the weld pool, a coarse, columnar dendritic structure with reduced ductility is formed. 
The formation of a fine-grained structure of the weld during crystallization helps to increase its ductility. The grain size in the cast 
metal (in the weld) depends on the crystal growth rate and the rate of their nucleation. When welding, the most effective way to 
grind the grain in the seam is to increase the rate of nucleation. The introduction of refractory particles of nanoscale order into the 
weld pool (nanomodification) allows obtaining a fine-grained weld structure.
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Nanomodification is an effective way of forming 
a fine-grained structure of a weld metal. Part I. 

Factors determining the stability of the weld seam 
against embrittlement

INTRODUCTION

Steel constructions are the most important objects of 
the construction industry. The main way to connect 

the individual elements and nodes of such structures is 

welding. The transition from riveted to welded construc-
tions ensured an increase in labor productivity, a reduc-
tion in labor and material costs. This led to an increase 
in the range and production of metal structures. Almost 
70% of the global consumption of metal structures is the 
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production of welded products, structures and facilities. 
The volume of production of welded structures worldwide 
is hundreds of millions of tons [1].

One of the main problems of welded metal structures 
is their tendency to brittle fractures that occur suddenly 
without noticeable previous deformations, often at low 
temperatures and loads below design.

According to statistics, 70–80% of all recorded failures 
of metal structures are associated with welding [2, 3]. 
For the first time, numerous cases of such failures were 
recorded in the United States, when mass production of 
welded ships and oil tankers was established [4]. Unfor-
tunately, cases of such destruction both here and abroad 
continue to take place [5]. More often, such damage oc-
curs at a negative ambient temperature.

In connection with the intensification of development 
of the northern and eastern territories of Russia, the prob-
lem of increasing the resistance of welded metal structures 
to brittle fractures at low temperatures is of particular 
relevance [6]. This article discusses the main causes of 
embrittlement of weld metal, as one of the main sources 
of nucleation and development of cracks in a welded joint.

METHODS AND MATERIALS 

Mechanics of brittle fracture of metals

A.F. Ioffe, based on the concepts of two types of frac-
ture: shear (plastic fracture) and chip (brittle), proposed 
a scheme for the transition of a solid from viscous to 
brittle fracture (Fig. 1) [7].

According to this scheme, the tensile strength of in-
teratomic bonds in the crystal lattice σb (brittle strength) 
is determined by the nature of the substance – the struc-
ture of atoms and the type of crystal lattice. Therefore, 
σb depends little on temperature. And shear resistance σS 
(plastic strength) characterizes the ability of a material 
to deform without breaking atomic bonds. In polycrys-
talline bodies, deformation during loading occurs along 
slip planes – along grain and twin boundaries due to ac-
cumulation and dislocation movement in these zones. 
With decreasing temperature, the number and mobility 
of dislocations decrease, and the deformation resistance 
(yield strength σs) increases. At temperatures lower than 
Tcr, strains σs exceeding the strength of interatomic bonds 
(σs>σb) are necessary for deformation of the material; 
therefore, brittle fracture occurs in this case. Thus, ductility 
is the main factor determining the resistance of the metal 
to embrittlement. The nature of the destruction of metals 
depending on temperature is closely related to the type of 
crystal lattice. Metals with a body-centered cubic lattice (W, 
Mo, α-Fe) and tightly packed hexagonal (Zn, Be) plastic 
at a relatively high temperature, become brittle at negative. 
And metals with a face-centered cubic lattice (Al, Ni, Cu, 
and γ-Fe in high-alloy austenitic steels) are ductile even 

at temperatures close to absolute zero. In them, the yield 
stress increases with decreasing temperature less inten-
sively than in metals with a bcc lattice (curve 2 in Fig. 1). 
Building metal structures are made mainly of relatively 
cheap low-carbon low-alloy steels containing more than 
90% α-iron with a body-centered cubic lattice. Therefore, 
with decreasing ambient temperature, the risk of brittle 
fracture of such structures increases. This danger is caused 
not only by the high sensitivity of low alloy steels to nega-
tive temperatures, but also by the formation of defects in 
the weld during crystallization of the weld pool in the form 
of pores, microcracks, and nonmetallic inclusions. Such 
foreign inclusions are stress concentrators and centers of 
crack initiation. The magnitude of the increase in stress in 
the defect zone depends on its size and shape. Near the 
ellipsoidal inclusion, the stresses σ* in comparison with 
the average σ increase by 2σ  [8]:

kr
a +=+= σσσ )21(* ,� (1)

where a and r – defect length and rounding radius of 
the sharpest part; k = 2σ  – stress intensity factor. 
That is, the larger the size of the defect and the smaller the 
radius of its sharpest part, the greater the stress intensity 
factor, the more dangerous this defect.

If the coefficient k exceeds a critical value, then the 
defect becomes the crack nucleus, which, as a result of 
merging with other microdefects, develops into a main 
crack.

Fig. 1. The scheme of transition of viscous fracture (I) 
to brittle (II) with decreasing tem-perature [7]. 
1 – metals with a body-centered cubic lattice; 
2 – metals with a face-centered cubic lattice
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It follows that to increase the resistance of weld metal 
against embrittlement, it is necessary to exclude the ap-
pearance or minimize the number and size of such de-
fects. It should also be borne in mind that the sphere 
is the most favorable form of a defect with a minimum 
stress concentration. This must be taken into account 
when additional crystallization centers (modifiers) are 
introduced into the weld pool. The practice of examin-
ing the state of exploited and destroyed welded metal 
structures showed that welds, whose mass fraction in 
the structure does not exceed 1%, are the main suppliers 
of dangerous defects and sources of crack nucleation. 
Therefore, the reliability and durability of welded metal 
structures largely depends on the quality of the weld 
metal. Under alternating or pulsating loads, the fatigue 
crack nucleates in the weld, in the defect zone or at the 
point of transition from the weld to the base metal. Its 
further development completes the destruction of the 
welded joint or the entire structure.

Specificity of crystallization of the weld pool

The formation of a welded joint is carried out in a weld 
pool, which is formed as a result of melting the edges of 
the connected elements, electrode wire, flux or electrode 
coating. All these components in the molten state interact 
with each other and with the gas phase. As the arc moves 
along the seam in the tail of the weld pool, a crystalliza-
tion process is carried out, fixing an integral connection 
of structural elements.

For the first time, the type of structure formed during 
crystallization of a metal melt under foundry conditions 
was described by Russian metallurgist D.K. Chernov 
(1839–1921) [9]. The crystallization conditions of the 
metal in the weld pool are significantly different from 
the crystallization conditions of castings. During cast-
ing, crystallization of the melt after pouring into the 
mold proceeds under conditions of continuous cooling, 
without supply of heat. The latent heat of fusion released 
during this slows down the growth of crystals, and con-
tinuous heat removal leads to supercooling of the melt, 
which contributes to the endogenous nucleation of new 
crystals in the central part of the casting. The overheat-
ing of the melt in the weld pool is much higher than 
during casting. In the weld pool, the volume of which is 
significantly smaller than the casting, the thermal energy 
of the electric arc is continuously introduced. The tem-
perature of the arc column is more than 6000 K, and in 
active spots (anode, cathode) the metal heats up to the 
boiling point. The boundary of the bath is an isother-
mal surface with a temperature equal to Tm of partially 
melted grains. This surface is an active initiator of the 
growth of a new phase. As a result of this temperature 
difference and the presence of active centers of growth 
of the solid phase, which prevent the nucleation of new 

crystals in the melt, the crystals in the bath grow from 
its boundary to the center (Fig. 2).

Therefore, large columnar dendrites are formed in 
the weld metal. Such a coarse structure, combined with 
defects formed during crystallization (pores, non-metallic 
inclusions, microcracks, etc.), causes a low ductility of the 
weld metal. At the same time, alloying the weld metal to 
increase its ductility, as a rule, leads to a decrease in the 
tensile strength σb. The only way to increase the ductility 
of a metal without a significant decrease in strength is the 
formation of a fine-grained structure [10]. In this case, 
while maintaining intragranular strength, by increasing 
the number of slip planes and the area of grain boundar-
ies, the possibility of deformation of the metal without its 
destruction increases.

Crystallization kinetics parameters determining grain 
sizes

Grain in metal science means a crystal grown during 
the crystallization of a melt from one nucleus.

A mathematical analysis of the process of crystalli-
zation of the melt in a limited volume showed that the 
diameter of the spherical grain d is proportional to the 
volumetric growth rate of crystalline nuclei R and in-
versely proportional to the rate of their occurrence in the 
melt n [11].

6 ,
n
Rkd ⋅= � (2)

where R [m3•s–1]; n[m3•s–1]; k – coefficient depend-
ing on the shape of the growing crystal.

It follows from (2) that for the formation of a fine-
grained structure, it is necessary to reduce the crystal 
growth rate and increase the rate of nucleation. When 
the melt is cooled without heat influx from the outside 
(as during casting), the crystal growth rate decreases over 
time and, if there are no refractory impurities, crystalli-
zation occurs at a temperature Tp below the equilibrium 
Tcr: ∆Т = Tcr – Tp (∆Т – supercooling). Upon reaching 
supercooling of a certain critical value ΔТcr in the melt in 
the supercooling zone, spontaneous homogeneous nucle-
ation of new crystals occurs and a fine-grained structure 
is formed.

During welding, when thermal energy is continu-
ously introduced into the bath, such subcooling cannot 
be obtained. Therefore, the main direction in solving the 
problem of obtaining a fine-grained structure of the weld 
metal under conditions of fusion welding is to find ways 
to increase the rate of nucleation of crystals in the weld 
pool (n).

The rate of formation of stable solid phase nuclei 
in the melt depends on the amount of energy spent on 
overcoming the potential barrier during the transition 
of an atom from the liquid phase to the solid, i.e. on the 
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formation of an interface between the liquid and solid 
phases. With a decrease in the height of this barrier, the 
probability of such a transition, and hence the rate of 
nucleation, increases [12]. The presence of impurities 
reduces the height of the potential barrier; therefore, the 
nucleation of crystals in a melt untreated from impurities 
occurs with very little supercooling, almost at an equilib-
rium crystallization temperature. 

It was established that not all impurities contribute 
to the nucleation of crystals in the liquid phase, but only 
those whose type and parameters of the crystal lattice are 
most consistent with the parameters of the crystallizing 
substance (P. A. Dankov rule on structural and dimen-
sional correspondence [13]).

The influence of refractory impurities is explained by 
a decrease in the work of formation of the liquid – crystal 

interface. The magnitude of this energy gain also depends 
on the degree of wettability of the impurity particle by the 
melt. Non-wettable particles do not affect the formation 
energy, in addition, due to the weak forces of interaction of 
such particles by the matrix, they are the centers of crack 
nucleation. When the particles are completely wetted, en-
ergy is not required to overcome the potential barrier during 
the transition of atoms from the liquid phase to the solid. 
Such particles become active centers of crystallization and 
are not stress concentrators in the weld metal.

A large number of works have been devoted to ways of 
influencing the crystallization of the weld pool in order to 
obtain a fine-grained structure of the weld. These are: ac-
tivation of refractory particles existing or introduced into 
the melt, crushing of growing crystals using low-frequency 
and ultrasonic vibrations, changes in the conditions of 

Fig. 2. The scheme of formation of the weld arc welding (a), the formation of the structure of the weld 
when welding austenitic steel with large (b) and (c) fine grain. lh, lt, lwp – length of the head, tail and total 
length of the weld pool; Vw – direction of movement of the welding arc; MNM – and MOM – melting 
and crystallization front; arrows indicating melt flows in the bath
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melt overcooling before the crystallization front due to 
periodic temperature fluctuations in the crystallization 
zone, etc. [14, 15].

Currently, it is generally recognized that the most ef-
fective way to increase the rate of nucleation of the solid 
phase in the weld pool is to introduce nanosized particles 
into the melt of refractory particles (nanomodification), 
which can be used in combination with other methods of 
acting on the weld pool.

CONCLUSIONS FOR PART I

1. Cold brittleness and resistance of the weld metal 
against brittle fracture is determined by its ductility and 
type of crystal lattice.

2. Internal defects in the form of accumulations of 
dislocations, microcracks, foreign inclusions, pores, etc. 
are stress concentrators.

3. The main supplier of hazardous defects and the 
source of cracks in the welded joint is the weld metal.

4. The specificity of the crystallization of the weld 
pool causes the formation of a coarse-grained columnar 
structure of the weld metal with a lower ductility than that 
of the base metal. Therefore, the problem of obtaining a 
weld metal with ultrafine grain, which has high resistance 
to brittle fracture at low temperatures, is very relevant.

5. Modification of crystallizing metal by introducing 
refractory particles of nanoscale order into the weld pool 
is one of the effective ways to grind the weld metal struc-
ture, increase its ductility and viscosity.
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