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NUMERICAL MODELING AND PREDICTION
OF WELD MICROSTRUCTURE

IN HIGH-STRENGTH STEEL WELDING (REVIEW)

D.Yu. ERMOLENKO and V.V. GOLOVKO
E.O. Paton Electric Welding Institute, NASU

11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

Analysis of state-of-the-art of problems of numerical modeling and prediction of weld metal microstructure
in high-strength low-alloyed steels was performed. Modern approaches to computer modeling of weld
microstructure are analyzed from the viewpoint of prediction of weld metal microstructure and properties,
taking into account the influence of nonmetallic inclusions on them. General principles of the problem of
modeling the process of formation and evolution of nonmetallic inclusions in the weld metal are considered.
Thermodynamic approach to prediction of weld metal microstructure and its drawbacks are presented.
Features of modeling the process of metal solidification in the weld pool have been analyzed. Theoretical
models of dendrite growth by Ivantsov and KGT-theory are noted; limitations of analytical modeling are
described. Critical analysis of numerical models of dendrite solidification has been performed. A conclusion
was made that the most adequate and experimentally substantiated results of dendrite growth modeling,
allowing for nonmetallic inclusion influence, are to be expected from the method of cellular automation,
which should be modified allowing for the capabilities of analytical and numerical models. Such an approach
is based to computational simplicity and no need for determination of a number of physical constants for
real materials. 53 Ref., 3 Figures.

Keywo r d s :  weld, microstructure, primary struc-
ture, dendrites, nonmetallic inclusions, numerical model-
ing, microstructure prediction

The main objective in selection of welding tech-
nology and welding consumables is the ability to
influence weld metal microstructure formation
through selection of the welding process, vari-
ation of its parameters and weld metal composi-
tion [1, 2].

Process of formation of weld metal microstruc-
ture is of a pronounced hereditary nature. Sec-
ondary microstructure which ensures higher val-
ues of weld performance, inherits certain parame-
ters of primary structure, forming as a result of
epitaxial growth of dendrites.

Let us consider a schematic (Figure 1), which
generalizes modern trends in modeling weld met-
al structure formation [3, 4]. Modeling of the
process of formation of welded joint metal struc-
ture is divided into two main groups – macro-
and micromodeling.

Let us briefly consider currently available
models, describing the influence of each of these
factors on structure formation on microlevel.

Models of nonmetallic inclusion formation.
Inclusions form in welds as a result of interaction
of dissolved aluminium, titanium, silicon and
manganese with oxygen, nitrogen, carbon and
sulphur. Inclusions are characterized by the vol-

ume fraction, size, composition, morphology and
type of compounds on the surface that affects
further solid-phase transformation. For instance,
inclusions, containing a large amount of titanium
in the surface layer, promote formation of acicu-
lar ferrite [5, 6].

In work  [7] K.C. Hseih described the thermo-
dynamics of nonmetallic inclusion formation in the
temperature range from 2300 to 1800 K and showed
that both simple and complex oxides form at dif-
ferent temperatures. A similar approach was used
also in [8] by T. Koseki. The model describing the
kinetics of reaction of simultaneous formation of
oxides, according to which the oxide content, their
morphology and formation temperature change, de-
pending on the composition of molten weld metal,
is given in [9, 10].

These data allow for the features of non-
metallic inclusion formation, but do not in any
way take into account their influence, either on
solidification front movement in the weld pool,
or on the morphology and dimensions of weld
metal components.

Thermodynamic and kinetic models based on
phase diagrams. Such models are based on the
method of CALculation of PHAse Diagrams
(CALPHAD) [11]. CALPHAD technique allows
using an extensive base of accessible thermo-
chemical data (thermodynamic and phase equi-
librium data) to select model parameters and de-
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scribe Gibbs energy of individual crystallogra-
phic phases. Gibbs energy of each phase is de-
scribed by the respective thermodynamic model
and depends on physical and chemical properties
of the phase. These Gibbs energy functions, al-
lowing for composition and temperature depend-
ence, were derived by critical assessment of bi-
nary and ternary diagrams, and then were pre-
cised, using Thermo-Calc software [12]. The main
disadvantage of thermodynamic models is the im-
possibility of allowing for process kinetics that
is quite urgent in the case of weld solidification.

Kinetic models, based on diffusion-controlled
growth, can be integrated with thermodynamic
models to obtain valuable data on microstructu-
ral evolution [13]. They can be used to calculate
the influence of cooling rate on final weld mi-
crostructure.

Models of this type can be used only in the
case of availability of certain phase diagrams in
the data base. Construction of new diagrams re-
quires a large scope of experimental work. More-
over, these models cannot allow for the influence
of nonmetallic inclusions on formation of micros-
tructural components.

Modeling solid-phase transformations dur-
ing cooling. Final weld microstructure forms as
a result of solid-phase transformations at metal
cooling from solidus to room temperature.

The best known tools were developed by
A. Schaeffler and modified in the form of WRC-
1992-diagrams. In the following years new meth-
ods were developed. One of them [14] is based
on comparison of thermodynamic stability of fer-

rite and austenite and is comparable to WRC-
1992-diagrams in terms of accuracy, although it
can be applied to a broader alloy range. 40 %
more accurate results that those of WRC-1992-
diagrams are given by an approach based on neu-
ral network [15].

In the case of low-alloyed steels, weld micro-
structure can be predicted using Bhadeshia mod-
els, considered in [16]. They, however, do not
take into account the hereditary nature of for-
mation of final weld microstructure, as they con-
sider only austenite grain transformation. HAZ
metal structure can be modeled using Ashby
model [17], complementing the classical works
by N. Yurioka [18].

These models are capable of prediction of
quantitative ratio of phases in the weld metal
final structure, proceeding from the composition
and cooling rate of weld metal, but do not provide
any information on the influence of nonmetallic
inclusions on the process of its formation. In order
to exactly understand weld metal structure evo-
lution during cooling and determine the influence
of inclusions on primary solidification front
movement, it is necessary to consider weld pool
metal solidification as a process of liquid phase
transition into solid phase.

Metal solidification in the weld pool. Con-
ditions of metal solidification determine the
structure, homogeneity and strength of cast prod-
ucts as a whole. Knowledge of solidification proc-
esses in regular metal casting is directly related
to fusion welding processes, which can be re-
garded as «casting in miniature» [19].

Figure 1. Schematic of weld metal structure modeling
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Process of metal solidification in the weld pool
controls grain size and shape, weld defectiveness
(porosity and hot cracks). There is some similar-
ity between ingot crystallization and weld pool
solidification, but modeling melt solidification
in the weld zone is made more complicated by
such factors as [1]:

• dynamic nature of the welding process;
• indeterminateness of weld pool shape;
• epitaxial growth (crystal growth on the sub-

strate and, consequently, inheriting the substrate
crystallographic orientation);

• change of temperature gradient and rate in
different portions of weld pool.

At alloy solidification, two variants of solidi-
fication are possible depending on cooling rate,
which differ by the method of heat removal from
solidification surface [20]:

• unrestrained growth in overcooled melt; in
such a case equiaxed dendrites mostly form;

• directional solidification or growth in a lim-
ited space; in such a case, flat, columnar or den-
dritic structures mostly form (Figure 2).

In the weld pool solidification proceeds from
the already existing solid substrate and, there-
fore, formation of new nuclei is minor and neg-
ligible. Modifiers and dynamic methods, such as
melt mixing in the weld pool and welding arc
oscillations, are used to control nucleus growth.
To describe the influence of these factors, heat
and mass transfer models should be related to
probabilistic models, such as cell automation or
deterministic models with application of funda-
mental nucleation equations [9].

Microstructure formation during nucleus
growth is controlled by the processes on the solid
and liquid interface. Stability of this interface is
determined by thermal conditions and chemical
composition in the immediate vicinity of the in-
terface. Depending on these conditions, linear,
cellular (honeycomb) or dendritic crystal growth
can proceed. Crystal growth in the heat flow
direction is beneficial in terms of energy, that

should be taken into account at prediction of
weld metal microstructure [21].

As dendrite growth in the heat flow direction
is the main mechanism of solidification in steel
welding [20], it is rational to consider the models,
describing exactly this process and possibilities
of these models.

Dendrite growth simulation. Solidification
process modeling is important for understanding
phase transition phenomena that is why theoreti-
cal analysis and modeling of these processes have
attracted scientists’ attention for many decades.
Considerable progress has been achieved in theo-
retical analysis of dendrite growth, as shown in
the work by R. Trivedi and W. Kurz [22].

Most analytical models consider stationary
growth of an isolated dendrite in the assumption
that all the dendrites preserve the same shape.
In this case the dendrite tip is considered to be
a paraboloid of revolution [23].

At application of numerical methods to solve
the problem of diffusion around the dendrites or
a cellular dendrite tip, the assumption of a nee-
dle-like shape can be omitted, and it is also pos-
sible to take into account surface tension anisot-
ropy on the liquid and solid interface [24].

At application of modern modeling methods,
such as cell automation [25, 26] and phase fields
[27], solidification morphologies can be modeled
without any special assumptions of dendrite or
cell shape.

Let us consider this subject in greater detail.
Dendrite stability. In [28] T. Koseki, based

on theoretical analysis, showed that dendrites or
cells form during solidification in a broad range
of fusion welding conditions.

Dendrite structures form as a result of planar
interface instability during solidification. Ear-
lier, this phenomenon was explained by overcool-
ing theory of W.A. Tiller and co-authors [29]
and disturbance theory of W.W. Mullins and
R.F. Sekerka [30]. At alloy solidification in pla-
nar interface mode, the region of overcooled melt
ahead of this interface forms due to solute tran-

Figure 2. Possible solidification morphologies of weld metal [20]
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sition from the solid state into the liquid phase.
With increase of solute content, alloy melting
temperature drops. Thus, if a disturbance appears
on the solid and liquid interface, it can develop
into a dendrite, the tip of which repulses the
solute not only normal to solidification front,
but also to the sides. In this connection, over-
cooling becomes smaller, compared to overcool-
ing for planar interface. Theory of disturbances
yields the lower and upper thresholds for solidi-
fication rate:

vs
min = 

GD l

ΔT0
, (1)

vs
max = 

ΔT0Dl

kΓk
, (2)

where G is the temperature gradient in liquid on
the interface; Dl is the coefficient of diffusion of
the dissolved component in the melt; ΔT0 is the
equilibrium cooling range; k is the equilibrium
coefficient of solute distribution; Γk is the Gibbs—
Thomson coefficient.

For interstitial solutions such as alloys of Fe—C
system, at temperature gradient G = 2⋅104 °C/m
typical for welding, threshold values of solidifica-
tion rate can be calculated, proceeding from equa-
tions (1) and (2), being equal to vs

min = 10—5 and
vs

max = 20 m/s for steels. Thus, planar solidifica-
tion mode is possible in welding, if the solidification
rate is extremely low (of the order of μm/s), or
extremely high (of the order of m/s). In most
of the cases in practice, however, solidification
rate is in the range of vs

min — vs
max. Initial solidi-

fication zone, located on the surface of weld pool
contact with base metal, where solidification rate
starts from zero, is an exception. Upper threshold
of solidification rate is not achieved at regular
fusion welding, as at increase of welding speed
the weld pool takes the shape of a drop, and
maximum solidification rate becomes close to a
limited value, which is always smaller than the
welding speed.

The above theoretical analysis of stability of
planar solidification front shows that in welding
of steels, solidification proceeds in the weld pool
in the form of dendrites or cells. This emphasizes
the importance of investigation and modeling of
this kind of structures for understanding the
welding phenomena.

Analytical models. Ivantsov’s solution. The
first sequential solution of the problem of diffu-
sion around an isolated needle tip as that of crys-
tal growth in an overcooled melt was published
in [31] by G.P. Ivantsov. Isothermal surface

around the dendrite tip was presented as joint
paraboloid of revolution. Dendrite tip has the
shape of paraboloid of revolution, as this corre-
sponds to solid—liquid interface, which is consid-
ered to be isothermal. Analytical expression, con-
necting the radius of dendrite rounding-off Rt
and growth rate vt with dendrite tip temperature
Tt presented in [31], is given in the following
equation:

Tt — T∞ = 
ΔH
Cm

 Iv(Pet);

Iv(Pet) = Pet exp (Pet)Ei(Pet);   Pet = 
vtRt

2α
,

(3)

where T∞ is the melt temperature in the infinity;
ΔH is the melting enthalpy; Cm is the melt heat
capacity; Iv is the Ivantsov’s function; Pet is the
Peclet heat number; Ei is the integral exponential
function; α is the thermodiffusion coefficient.

Having applied the analogy between thermal
diffusion and solute diffusion, provided the den-
drite tip composition is constant, a similar ex-
pression can be derived for concentrational den-
drites:

Ct — C0 = Ct(1 — k)Iv(Pe);   Pe = 
vtRt

2Dl
,  (4)

where C0 is the nominal composition of binary
alloy; Pe is the Peclet concentration number.

For the specified temperature of the tip or its
composition, the model predicts only the value
of Peclet number or vtRt product. It means that
several variants of solution are possible for den-
drites with tip radius inversely proportional to
solidification rate.

In the case of limited directional solidification,
the dendrite tip temperature is controlled by sol-
ute diffusion. Assuming that the phase diagram
is linear, overcooling in the tip can be expressed
by the formula

ΔTt = —m(Ct — C0), (5)

where m is the inclination of liquidus line.
Substituting value Ct from equation (4) and

allowing for the following relationship for equi-
librium melting range ΔT0 = Tt — Ts = mC0 (1 —
— k)/k, overcooling at dendrite tip can be writ-
ten as

ΔTt = 
kΔT0Iv(Pe)

1 — (1 — k)Iv(Pe)
. (6)

If the solidification rate is determined by the
process (for instance, type of heat source in weld-
ing), several solutions are available to determine
overcooling at the dendrite tip. Thus, additional
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limitation is required to select a unique round-
ing-off radius of the dendrite from the multitude
of possible solutions, predicted by Ivantsov’s
model.

Taking into account the influence of inter-
phacial energy, equation (6) is modified into (7),
which connects Ivantsov’s model and stabilizing
capillarity effect:

ΔTt = 
kΔT0Iv(Pe)

1 — (1 — k)Iv(Pe)
 + 

2Γk

Rt
. (7)

As Ivantsov’s model is valid only for isother-
mal surfaces, and the capillarity effect is mani-
fested only along nonisothermal surface, modifi-
cations of this model are only approximate. More
detailed solutions for nonisothermal interfaces
were suggested in [32, 33]. Addition of the cap-
illarity term makes unstable only a very small
area of solutions, but it does not eliminate the
multiplicity of results predicted by Ivantsov’s
model. An additional limitation is required to allow
the system to select a unique value of dendrite tip
radius. As the ratio of rate and radii is of extreme
nature, it was proved that selection of dendrite tip
radius occurs at extreme value, which corresponds
to maximum growth rate at a given overcooling or
minimum overcooling at a given growth rate. It
should be noted that experimental results, given
in [34] by H.C. Huang and M.E. Glicksman, cast
doubt on this assumption.

KGT-theory. Authors of work [35] J.S. Lan-
ger and H. Muller-Krumbhaar suggested replac-
ing the maximum rate principle by form stability
criterion vtRt

2 = const. They found that massive
dendrites have an unstable tip, while those which
are too narrow and rapidly growing, are, as a
rule, slowed down, because of side branching in-
stability. At present this is the most popular cri-
terion of selection, called «limit stability». Pro-
ceeding from this concept, authors of [23, 36]
developed a theoretical model for directional so-
lidification, known as KGT-model. Assuming
that dendrite tip radius in the stationary state is
equal to critical wave length of unstable solid-
liquid interface (Rt = λs) and using Ivantsov’s
solution for transportation problem, equations
(8)—(11) were derived for the criterion of selec-
tion of dendrite tip parameters:

Avt
2 — Bvt + G = 0, (8)

A = 
Γk

4σ∗Pe2Dl
2
, (9)

B = 
kΔT0

1 — (1 — k)Iv(Pe)
 
ξ
Dl

, (10)

ξ = 1 — 
2k

⎛
⎜
⎝
1 + 

1

σ∗Pe2
⎞
⎟
⎠

0.5

 — 1 + 2k

, (11)

where σ* is the stability constant, which is de-
termined experimentally.

If we consider the critical wave length of un-
stable interface at dendrite tip λs, then for it to
correspond to planar interface, theoretical value
of σ* should be equal to 1/4π2 = 0.0253. Experi-
mental values for different binary systems, which
vary about value 0.02 [26], are in good agreement
with this value.

For the specified value of solidification rate
vt, Peclet number Pe can be found by numerical
solution of equation (8). Value of rounding-off
radius Rt is derived from the expression for Pe
(4). Using values Pe and Rt, overcooling at den-
drite tip and, therefore, temperature Tt can be
calculated from equation (7), and composition
at dendrite tip can be given by equation (4).
Thus, the data, provided by KGT-model, can be
used for comparison with predictions from other
models, including variants of direct modeling of
solidification.

KGT-model can be also used for calculation
of dendrite growth kinetics through cell auto-
mation and virtual grain models, developed for
direct modeling of grain structure formation in
castings [37] and in welding [38].

Analytical modeling limitations. Above-de-
scribed and similar [36] analytical models were
focused on isolated dendrites, which grow either
in overcooled melt, or in the melt with positive
temperature gradient in constrained conditions
of solidification. Problem of solidification with
a free interface is extremely complex, and above-
described models are just an approximation to
physical interpretation of the problem, in order
to obtain a stable analytical solution. Their limi-
tations consist in growth of dendrite bulk, in
which diffusion fields of adjacent dendrites in-
teract with each other. This is particularly evi-
dent in the impossibility of prediction of dendrite
trunk spacing [39]. In addition, the above-con-
sidered analytical models do not describe the in-
stability of dendrite tip, and, therefore, the de-
velopment of dendrite secondary branches.

Numerical models. McCartney and Hunt
models. Authors of work [24, 39] developed a
theoretical model of stable growth of cell or den-
drite bulk at positive temperature gradient using
finite element methods. They proceeded from the
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fact that the problem with free interface and
solid—liquid interface implies both phases being
in equilibrium, as well as fulfillment of an addi-
tional condition of equilibrium on solid—liquid
interface. This condition pertains to interface
temperature Ti and its composition Cl, and cur-
vature and kinetic mobility:

Ti = TM + m(Cl — C0) — Γkk — 
v
μν

, (12)

where v is the normal speed of interface move-
ment; μν is the kinetic coefficient.

This numerical model eliminates the needle
shape assumption. Moreover, diffusion of heat
and solute are considered simultaneously. Thus,
the model is capable of realistic predictions.

Derived numerical results point to a minimum
of tip overcooling, depending on the half-width
of an elementary cell. Form self-consistency can
be found only under certain growth conditions
[24], and only up to a certain maximum value
of half-width. Assuming that the growth proceeds
between minimum overcooling at the tip and
point of instability, numerical results are in
agreement with the respective experimental data.
Here, no self-consistent form exists above a cer-
tain growth rate that makes application of this
method impossible at transition from cellular to
dendritic morphology with well-developed side
branching, which cannot be modeled by this
method.

Analysis by Hunt and Lu, interdentritic spac-
ing and structure prediction. Using a modified
variant of the above numerical model, J.D. Hunt
and S.L. Lu [40] studied the mechanisms of spac-
ing adjustment in the growing bulk of cells or
dendrites. In order to make the analysis simpler
and faster, they eliminated solution of heat con-
ductivity equation. Instead, heat flow was de-
scribed by introducing a moving linear tempera-
ture field, which varies only in the axial direc-
tion. In addition, a very simple model was de-
veloped for several cells, which studies the inter-
actions of a central cell with six surrounding
cells. This model was the basis to propose a cri-
terion of selection of minimum distance to a stable
cell. One of the most important model results is
that it predicts a small range of distances to a
stable cell and a separate range for dendrites.

The above results are generalized in [41],
where numerical data in a dimensionless form
were provided with analytical expressions for de-
termination of concentratal overcooling and over-
cooling due to surface curvature («curvature un-
der cooling») on the interface both for cellular
solidification mechanism and for the dendritic

one. Formulas, given in this work, are in good
agreement with experiments and other models,
as they represent dependencies of primary den-
drite spacing, as well as overcooling at the tips
for cells and dendrites bulk, depending on solidi-
fication parameters (rate, temperature gradient
and material properties).

Spatial (direct) modeling methods. Direct
modeling methods imply modeling of the entire
dendrite structure or its significant part. For this
purpose the solid and liquid phase evolution
should be calculated in space and time. This can
be implemented by explicit tracing of the inter-
face, or implicitly, both in cell automation or in
phase field model, which are described below.

Cellular automation. Brown model. Over the
last two decades cellular automation was used
for modeling various phase transformations in
materials [42, 43]. This simulation method uses
a regular grid, which is divided into cells of equal
size, as a rule these are square in 2D and cubes
in 3D. Each cell is characterized by its state, for
instance, liquid phase, solid phase, phase 1,
phase 2, etc. A cell can also contain one or several
variables, for instance, values of temperature
and/or composition. Applying the transition
rules, a cell can change its state iteratively in
time («stepping»). Transition rules allow for the
state of the cell proper, its neighbours and their
variables. This is a very simple method to study
system evolutions in response to process parame-
ters and variables. Theoretical and practical im-
portance of application of cellular automation
model for simulation of solidification phenome-
non was considered in the works by S.G.R.
Brown and J.A. Spittle [42], and Ch.-A. Gandin
and M. Rappaz [37].

Illustration of application of cellurar automat-
ion modeling to simulate dendrite morphologies
and growth kinetics was presented in [25]. The
authors calculate unrestrained growth of non-
isothermal dendrites in overcooled melts for sin-
gle-component systems. The model includes rules
to allow for thermal diffusion, curvature impact
on equilibrium solidification temperature and la-
tent heat evolution. Predicted growth kinetics is
in good agreement with the known experimental
and theoretical results. However, as quantitative
physics of the process is practically not included
into the model, this model allows only a quali-
tative study of the factors determining dendrite
development in overcooled melts.

Sasikumar—Sreenivasan model. Work [26]
presents a 2D-model of dendrite growth in a sin-
gle-component system with elements of cell auto-
mation method, similar to S.G.R. Brown model
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described above, but expanded with finite ele-
ment method to solve heat conductivity equa-
tions. Thus, Sasikumar—Sreenivasan model is a
combination of physical and empirical ap-
proaches, i.e. moving force of dendrite growth is
calculated on the basis of realistic physical model,
whereas empirical rules, introduced into this
method, are used to allow for surface curvature,
growth anisotropy and noise. One cannot expect
that the model will yield quantitatively correct
results, but it can be used to study the tendencies
in dendrite morphology variation, depending on
material properties and process parameters.

In more recent studies this model was modified
to illustrate particle influence on dendrite morphol-
ogy [44] and for modeling in binary alloys [45].

Results of Galenko and Krivilev. This ap-
proach was used in [46—49] and showed adequate
results in modeling dendrite growth (Figure 3)
both at low rates of crystal growth (diffusion-
limited solidification), and for high-rate growth
(diffusion-limited and kinetically controlled so-
lidification). Moreover, work [46] gives a num-
ber of results for various alloys (Fe—C, Cu—Ni,
Ni—B, Ag—Cu).

Phase field method. Over the last years, the
popularity of phase field method has been rapidly
rising [27, 50, 51]. The method is based on fun-
damental physical principles from thermodynam-
ics and kinetics, and is widely applied for mod-
eling a wide range of phase transition problem.
The main principles of the method and its appli-
cation to solidification problem can be described
on the basis of [27], in which Steinbach model
[52] was adapted for phase transformations in
steels, in particular, for growth of dendrites with
peritectic reaction, grain growth and allotriomor-
phous formation of ferrite.

Phase field method rejects the paradigm of a
clear-cut interface, introducing parameter ϕ,
which points to the presence (ϕ = 1) or absence

(ϕ = 0) of a certain phase [27]. On the interface
parameter ϕ changes abruptly, but not continu-
ously in several points of the grid. Real position
of the interface is assumed to be in the point
where ϕ = 0.5. Physical values are order parame-
ter functions. Proceeding from minimizing system
free energy functional, evolution equations are
derived for various phases. In these equations
overcooling for each phase pair is included as
functions of solute local concentration. In the
considered model [27], concentration is treated
as an external filed, and diffusion equations are
reduced to ϕ. Thus, modeling of microstructural
evolution at phase transformations associated
with a set of non-linear differential equations for
phase ϕ and concentration fields has a numerical
solution.

As phase field models deal with numerical so-
lution of differential equations, they can be easily
configured both in 2D and in 3D [53]. Calcula-
tions, however, are very intensive.

Despite the fact that they should yield quan-
titative results, their application for modeling
the processes in currently available materials re-
quires knowledge of material physical properties,
which are difficult to determine. This method,
however, is becoming one of the most powerful
and promising in the field of modeling phase tran-
sitions in different systems.

In conclusion it should be noted that solidifica-
tion in the weld pool is the first stage of micro-
structure formation in fusion welding, which in-
fluences the final microstructure and, therefore,
mechanical and technological properties of the
weld. The main parameters governing this process
are alloy composition, solidification rate and tem-
perature gradient ahead of solidification front.

In order to allow for the influence of non-
metallic inclusions on the primary structure, and,
hence, on the secondary one, dendrite growth in
the weld pool during cooling should be modeled.

Figure 3. Result of modeling oriented dendrite growth in overcooled Fe—C melt [49]: a – concentration distribution
C/C0; b – temperature distribution T—T0
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Considerable success has been achieved in the
field of analytical modeling of dendritic struc-
tures, which, in principle, is applicable to weld-
ing. Analytical models, however, are limited to
consideration of isolated dendrite tips. Interac-
tion between diffusion fields of adjacent den-
drites is ignored. Moreover, interdendrite spacing
can be very roughly predicted and with a number
of empirical assumptions that does not allow mak-
ing qualitative predictions of metal dendrite
structure in a situation, when the weld pool con-
tains various nonmetallic inclusions.

Numerical methods of modeling concentration
field propagation around the tip of a dendrite or
cell allow more accurate description of needle
shape, overcooling and concentration as functions
of growth conditions and material properties.

Analytical and numerical models of dendrite
growth do not allow for the possibility of branch-
ing, structure coarsening and microsegregation
in the entire two-phase zone, as they assume com-
plete symmetry and describe only the interface.

Direct modeling methods, such as cell auto-
mation and phase field method, potentially do
not need any limitations, and are capable of simu-
lating the entire structure during solidification.
Their application allows obtaining temperature
or concentration fields ahead of solidification
front, dendrite tip geometry, primary and secon-
dary spacing between dendrite branches, as well
as microsegregations in partially melted zone.
However, as these methods are based on numeri-
cal solutions of the main equations and/or tran-
sition rules, dimensional effect should be studied
and minimized.

Positive result of application of these models
to solve practical problems can be achieved in
the case, when direct modeling methods are based
on the results derived using analytical and nu-
merical models.

The above-said leads to the conclusion that
the most adequate and characteristic results of
dendrite growth modeling, allowing for the in-
fluence of nonmetallic inclusions, can be ex-
pected from cell automation method, which
should be modified to allow for the capabilities
of analytical and numerical models. The advan-
tage of this method, compared to phase field
method, consists in its computational simplicity
and no need for determination of some physical
properties of real materials, such as mobility or
anisotropy.
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STRUCTURE OF SURFACE-MELTED ZONE
OF CAST HIGH-NICKEL ALLOY KhN56MBYuDSh

AFTER LASER SURFACE TREATMENT

A.A. POLISHKO, V.Ya. SAENKO, A.Yu. TUNIK and S.N. STEPANYUK
E.O. Paton Electric Welding Institute, NASU

11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

The laser surface treatment influences greatly the structure and service properties of products. The effect
of this treatment on high-nickel alloys used in critical structures represents the interest. The effect of laser
surface treatment on structure and properties of cast high-nickel alloy KhN56MBYuDSh was evaluated.
Presented are the results of investigations of dispersity of dendrtitic structure obtained by the method of
electroslag remelting (ESR) of hollow ingot of this alloy and surface-melted zone after its laser surface
treatment in the nitrogen and helium atmosphere. It is shown that in the surface-melted zone the distance
between the branches of dendrites is by 2 orders smaller than in cast metal in the state after ESR without
the laser treatment. The results of durometric investigations are given. It was found that after the laser
treatment the characteristics of microhardness are averaged within the whole volume of the melted layer.
In addition, the increase in level of microhardness of the melted layer in nitrogen is observed. Generally,
the positive effect of this treatment on structure and microhardness of the surface-melted zone was found.
6 Ref., 4 Tables, 8 Figures.

Keywo r d s :  laser surface treatment, high-nickel al-
loy, surface-melted zone, metallographic examinations,
dendritic structure, distance between the primary
branches of dendrites, distance between the secondary
branches of dendrites, durometric investigations, micro-
hardness

The laser treatment of surface is one of the chal-
lenging methods of solution of problems of the
nowadays materials science in the formation of a
surface working layer with preset structure and
properties. During laser treatment of steels and
alloys using surface melting, the surface layers
can be heated for a very short time up to high
temperatures and melted. In the overheated metal
the impurities can be redistributed if they were
previously in the form of inclusions. As the time
of heating and thickness of molten layer are very
small, the cooling in crystallization of the molten
layer occurs at a high rate. As a result, the high-
rate crystallization of the surface layer, melted
by a laser beam, opens up the new opportunities
for producing the radically new structural state
in the surface-melted zone of cast alloys as com-
pared with traditional welding and metallurgical
processes.

Many researchers showed [1, 2] that the sig-
nificant strengthening effect of the surface layer
can be obtained in laser treatment with surface
melting, which allows regulating easily the thick-
ness of the strengthened layer, and also the degree
of its strengthening in the presence of phase trans-

formations. The possibility of laser surface alloy-
ing from a gas phase, in particular with nitrogen,
is also important [3]. The strengthening in this
case is connected with the formation of oversatu-
rated solid solutions and new phases. The un-
doubted advantage of application of laser method
is the possibility of surface treatment of thin-
walled parts with regulated thickness and prop-
erties of strengthened layer at their minimum
shrinkages, as well as developed, including inner,
surfaces.

The aim of the present work is the investiga-
tion of effect of laser surface treatment on struc-
ture and hardness of surface-melted zone of ingot
of high-nickel alloy of KhN56MBYuDSh grade
(TU-14-1-4025—85), produced by ESR method.

As an object of investigation the specimens
of cast metal cut out from a hollow ingot, pro-
duced by ESR method, of 350/230 mm diameter
and 1600 mm height of alloy KhN56MBYuDSh,
were used.

Technology of producing thick-walled hollow
billets of alloy KhN56MBYuDSh using the ESR
method was developed for the first time in 1988—
1990 at the E.O. Paton Electric Welding Insti-
tute of the NAS of Ukraine under the supervision
of Prof. B.I. Medovar in collaboration with N.A.
Dollezhal Research and Development Institute
of Power Engineering of the RAS as applied to
highly-loaded elements of structures of nuclear
power units with gas heat carriers [4—6].
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Chemical composition of alloy
KhN56MBYuDSh (TU-14-1-4025—85) is the fol-
lowing, wt.%: 0.041 C; 1.65 Al; 0.4 Si; 0.48 Ti;
0.4 V; 19 Cr; 10 Fe; 5.3 Mo; 4.8 Nb; 0.04 Mn;
0.002 S; 0.006 P; Ni – base.

As consumable electrodes the 55 mm diameter
rods of KhN56MBYuDSh alloy, produced by va-
cuum-arc remelting, were used. After melting the
ingot is subjected to heat treatment under the
following conditions: homogenization (1150 °C,
1 h); hardening (980 °C, 1 h); ageing (730 °C,
15 h) with repeated ageing (650 °C, 10 h).

The longitudinal and transverse macrosections
were cut out from the ingot to evaluate the struc-
tural homogeneity. Macrostructure, given in Fi-

gure 1, is characterized by homogeneous dense
structure. Defects of shrinkage origin, pores,
cracks, slag inclusions were not observed.

The laser surface treatment of specimens was
carried out using continuous CO2-laser in atmos-
phere of shielding gas of nitrogen and helium
(Table 1).

Figure 2 shows specimens after laser surface
melting in nitrogen and helium. Structure of the
surface-melted zone is given in Figure 3.

Using the JEOL scanning electron microscope
JSM-35CF (Japan) and «Oxford Instruments»
X-ray spectrometer with dispersion at energy of
X-ray quanta INCA Energy-350 (Great Britain),
and metallographic microscope «Neophot-32»
equipped with attachment for digital photogra-
phy, the structure of cast high-nickel alloy
KhN56MBYuDSh before and after its laser treat-
ment with surface melting in nitrogen and helium
was evaluated. Taking into account the specifics
of imaging the microstructure of cast alloy for
electron microscope, the back-scattered electron
imaging mode was used (Figure 3).

Investigations of cast metal in as-melted state
showed that the structure contains phase inclu-
sions (eutectics), i.e. light regions, having the
increased amount of molybdenum, niobium and
silicon (spectra 3, 4, Figure 4, Table 2), as com-
pared to matrix metal (spectrum 5, Figure 4,
Table 2). The dark inclusions of titanium car-
bonitride were also revealed in matrix structure,
which contain the increased amount of carbon,

Figure 1. Macrostructure of fragments of longitudinal (a)
and transverse (b) templates of 350/230 mm diameter and
1600 mm height hollow ingot of alloy KhN56MBYuDSh
produced by ESR

Table 1. Technological parameters of laser treatment with surface
melting (I = 17 A, Pem ≈ 3 kW, 1.2—1.5 mm beam diameter,
630 mm/min speed of linear movement)

Shielding atmosphere
Width of

surface-melted layer,
μm

Depth of penetration,
μm

Nitrogen 2050 270

Helium 1850 240

Figure 3. Microstructure of surface-melted zone in atmosphere of nitrogen (a) and helium (b), obtained by application
of SEM BEI mode

Figure 2. Appearance of specimens after laser surface melt-
ing in nitrogen (a) and helium (b)
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nitrogen, titanium and niobium (spectra 1, 2,
Figure 4, Table 2).

Examination of metal after laser treatment in
nitrogen showed that the surface melting results
in dispersion of eutectics, i.e. light regions in
matrix structure, containing increased amount of
niobium and molybdenum. Refining of inclusions
of carbonitrides (dark inclusions in matrix struc-
ture) is occurred (Figure 5, a; Table 3). The
external surface of remelted metal has a golden
tint, typical of the titanium nitride.

Investigation of metal after laser treatment
with surface melting in helium showed that as a
result of laser surface melting the dispersion of
eutectics (light regions in matrix structure), con-
taining the increased amount of niobium and mo-
lybdenum, refining of titanium carbonitrides
(dark inclusions in matrix structure) is also oc-
curred in HAZ. However, in the surface-melted
zone the almost complete absence of inclusions
of titanium carbonitrides is observed (Figure 5,
b; Table 4).

Optical metallographic examinations of cast
metal of high-nickel alloy KhN56MBYuDSh
were carried out on etched sections (in reagent
of 5 mg CuCl2 + 100 ml HCl + 100 ml ethanol),
using microscope «Neophot-32» with attachment
for digital photography.

The clearly expressed dendritic structure,
typical of cast metal, was revealed in base metal

Figure 4. Microstructure of cast metal of alloy
KhN56MBYuDSh without laser treatment

Figure 5. Microstructure of surface-melted zone (upper
area) and cast metal (lower) of alloy KhN56MBYuDSh
after laser treatment in nitrogen (a) and helium (b)

Table 2. Chemical composition (wt.%) of local regions (see Figure 4)

Number of
spectrum

C N Al Si Ti V Cr Fe Ni Nb Mo

1 6.87 17.77 0 0 49.28 2.58 2.16 0.35 1.31 19.09 0.59

2 6.99 17.97 1.03 0.27 50.74 0.34 1.66 1.77 3.44 14.68 0.91

3 2.94 0 0.59 1.23 0.31 0.20 13.11 10.51 40.28 15.30 13.55

4 4.14 0 0.75 0.92 0.47 0.25 13.28 10.15 42.24 17.31 10.48

5 0 0 1.19 0.22 0.15 0.36 17.78 15.62 55.53 2.47 5.01

Table 3. Chemical composition (wt.%) of local regions (see Figure 5, a)

Number of
spectrum

C N O Al Ti V Cr Fe Ni Nb Mo

1 3.68 0 0 1.18 0.36 0.30 16.82 14.02 54.02 3.94 5.67

2 2.60 0 1.01 1.20 0.19 0.40 17.67 15.33 53.76 2.68 5.16

3 2.82 0 0 1.26 0.25 0.43 17.58 13.98 54.45 3.56 5.67
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even after its laser surface treatment in nitrogen
and helium (Figures 6 and 7).

For comparison and quantitative description
of dendritic structure the parameter was selected
in the form of distance between the primary
branches of dendrites. The distance between the
secondary branches of dendrites was selected as
a characteristic of dispersity of the dendritic
structures. This distance was evaluated by using
the metallographic investigations with applica-
tion of computer program Tescan.

It was found that in as-melted cast metal the
distance between the primary branches of den-
drites is varied from 224 up to 862 μm, and it is
60—245 μm between the secondary ones, i.e. the
distance between the primary branches is almost
3 times longer than that between the secondary
ones.

In the surface-melted zone in nitrogen atmos-
phere the distance between the primary branches
of dendrites is 1.8—5.0 μm, between the secondary
ones – 1.6—4.2 μm; in helium the distance be-
tween the primary branches is 1.9—4.5 μm and
between the secondary ones – 1.5—4.2 μm. The
distances between the primary and secondary
branches of dendrites in the surface-melted zone

Table 2. Chemical composition (wt.%) of local regions (see Figure 5, b)

Number of
spectrum

C N O Al Si Ti V Cr Fe Ni Nb Mo

1 5.58 18.70 3.94 0 0 48.79 1.78 1.64 0.27 1.34 17.12 0.83

2 6.56 15.23 5.04 0.11 0 49.19 1.65 1.23 0.43 1.33 18.53 0.70

3 5.51 0 0 1.22 0.14 0.30 0.30 15.66 12.21 53.96 5.35 5.35

4 5.91 0 1.72 0.54 1.26 0.23 0.20 13.42 9.79 38.28 14.81 13.83

5 2.68 0 0 1.25 0.17 0.28 0.50 17.12 14.14 54.16 3.92 5.79

6 0 0 0 1.23 0.14 0 0.45 18.14 15.84 57.33 2.07 4.80

Figure 7. Microstructure of surface-melted zone of cast met-
al of alloy KhN56MBYuDSh after laser surface treatment
in nitrogen (a) and helium (b)

Figure 6. Microstructure of as-melted cast metal of alloy
KhN56MBYuDSh

Figure 8. Distribution of microhardness in cast metal of
alloy KhN56MBYuDSh: 1 – in as-melted state; 2, 3 – in
surface-melted zone after laser treatment, respectively, in
nitrogen and helium
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in atmosphere of nitrogen and helium are almost
similar, moreover, they are by 2 orders shorter
than in as-melted cast metal without laser treat-
ment.

Durometric investigations were carried out in
the LECO hardness meter M400 at 0.05 kg load.
The results of analysis of distribution of micro-
hardness in the surface-melted zone of surface
layer, produced as a result of laser treatment in
atmosphere of nitrogen and helium, as well as
cast metal without laser treatment, are presented
in Figure 8. In the surface-melted zone the more
uniform distribution of microhardness is observed
as compared with cast metal without laser treat-
ment. In addition, it was found that the level of
microhardness of the surface-melted zone after
laser treatment in nitrogen is higher than that of
surface layer of surface-melted zone in helium.

Conclusions

As result of laser surface treatment with surface
melting of cast high-nickel alloy
KhN56MBYuDSh a homogeneous layer of 240—
270 μm thickness is formed on its surface, in
which the dispersion of eutectics, enriched with
molybdenum and niobium, and refining of car-
bonitride inclusions of titanium are occurred.

Durometric investigations showed that the mi-
crohardness is averaged in the whole volume of
surface-melted layer, as compared with cast metal
without the laser treatment, moreover, the mi-
crohardness of cast metal matrix is at the level
of 2600—2900 MPa, of surface-melted layer in
helium – 3100—35000 MPa, and of surface-
melted layer in nitrogen – 3800—3900 MPa. The
increase in level of microhardness of surface-
melted layer in use of nitrogen as a shielding gas
can be predetermined by some level of metal ni-
triding, that is proved by a golden tint of the

external surface, characterizing the presence of
titanium nitrides on the surface.

It was found as a result of metallographic in-
vestigations that in cast metal without laser treat-
ment the distance between the primary branches
of dendrites is approximately 3 times longer than
that between the secondary ones, while in the
surface-melted zone the distance between the pri-
mary and secondary branches of dendrites is al-
most similar. In addition, in the surface-melted
zone the distance between the branches of den-
drites by 2 orders shorter than in as-melted cast
metal without laser treatment.

In general, the laser treatment with surface
melting favorably influences the structure and
properties of cast high-nickel alloy
KhN56MBYuDSh, providing the formation of
quality homogeneous surface working layer.
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TECHNOLOGICAL PECULIARITIES OF WELDING
OF WROUGHT MAGNESIUM ALLOYS

BY ELECTRON BEAM IN VACUUM

A.A. BONDAREV and V.M. NESTERENKOV
E.O. Paton Electric Welding Institute, NASU

11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

Magnesium alloys find ever wider application in different fields of industrial production, especially when
products should have the lowest mass characteristics. Use of magnesium alloys for manufacture of such
structures is the most challenging, but in this case, the technologies of their manufacture including also
processes of welding using different methods, should be available and reliable. At the present time many
specialists attribute the EBW to the category of high technologies. Firstly, the EBW process is carried out
under the conditions of vacuum environment, which absolutely eliminates any oxidizing processes of liquid
metal in weld pool. Moreover, during melting in vacuum the refining purification of molten metal from
harmful impurities takes place, and strength characteristics of joints are the highest in this case. In the
present work the results of experimental investigations of weldability of wrought magnesium alloys of
different thicknesses produced using electron beam are given. The influence of the system of alloying and
parameters of mode on formation of welds and sizes of penetration zone of billets of different thickness
was shown. The strength characteristics of welded butt joints were determined. 8 Ref., 4 Tables, 6 Figures.

Keywo r d s :  electron beam welding, magnesium al-
loys, welding modes, strength of welded joints, micro-
structure of weld and base metal

Magnesium alloys, being the lightest structural
material and having comparatively high mechani-
cal properties, are characterized by high chemical
resistance towards a number of aggressive envi-
ronments and are capable to perceive high impact
loads due to low elasticity modulus, and also
well treated by a cutting tool. The number of
grades of industrial wrought magnesium alloys
approaches to about two dozens. Among light
metals aluminium is 1.5 times and titanium 2.5
times heavier than magnesium, and steel is 4 times
heavier than the latter. This explains growing
interest to application of magnesium alloys in
different fields of industry both in our country
as well as abroad [1—4].

The application of magnesium alloys as a struc-
tural material in welded structures would not be
possible without development of methods of their
technological treatment and welding [5, 6].

The large number of works [7] is devoted to
the weldability of magnesium alloys of different
systems of alloying using arc welding methods,
including also superlight structural alloys of the
Mg—Li system.

However, as the analysis of works devoted to
investigations of weldability of magnesium alloys
showed, these matters are still not sufficiently

highlighted in the literature. And the information
on weldability of magnesium alloys using elec-
tron beam is practically absent.

The results of earlier carried out investigations
evidence that magnesium alloys of grades MA2-1,
MA12, IMV2, IMV2-1 and alloys of the alloying
systems Mg—Zn—Zr—Ce and Mg—Nd—Zr can be
successfully welded using arc methods. The
strength factor of joints for most of them is in
the range of 0.9—1.0 of the base metal. Other
strength values of joints are also at the level of
properties of base metal at a high density of weld
metal.

The main problem in welding of magnesium
alloys is to prevent formation of hot cracks in
welded joints.

At the E.O. Paton Electric Welding Institute
the investigations on weldability of magnesium
alloys, the grade and chemical composition of
which are given in Table 1, were carried out.

MA2-1 alloy belongs to lower-alloy medium-
strength magnesium alloys. It has a good ductility
in hot state and is good welded using arc methods.
It was used in work to select parameters of mode
for welding billets of this alloy of up to 200 mm
thickness.

The alloy VMD-3 based on the Mg—Zn—Zr
system belongs to the category of high-alloy and
the most strength magnesium wrought alloys.
This alloy is additionally alloyed with cadmium
and lanthanum. It is known that lanthanum dur-
ing its introduction in the amount of 0.2—0.8 %© A.A. BONDAREV and V.M. NESTERENKOV, 2014
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provides intensified refining of grains and in-
creases strength of alloys of the Mg—Zn system.
This alloy has a good ductility in hot state and
satisfactory weldability. In the work the speci-
mens of this alloy in the form of sheets 2.5 and
10 mm thick were used.

The alloy VMD-6 is a new high-strength
wrought magnesium alloy. It is not weldable and
applied for high-load parts. In the work the speci-
mens of this alloy in the form of discs of 6 mm
thickness, cut out of a rod of 160 mm diameter,
were used.

The alloy IMV-2 belongs to the series of su-
perlight structural alloys based on Mg—Li, it has
a low density (1.6 g/cm3), high specific rigidity
and good arc weldability. Besides, the alloys of
the system Mg—Li have high resistance to hot
cracks formation in welding and low sensitivity
to hydrogen porosity. However, the presence of
high content of lithium with high sensitivity to
oxygen in the alloy requires careful protection of
molten metal of weld pool and heated adjacent
areas of base metal from the surrounding air. For
this purpose, it is recommended to apply the ar-
gon blowing on the side of penetration in arc
welding.

During optimizing the EBW modes and tech-
niques of above-mentioned magnesium alloys the
specimens of 12 mm thickness were used. The
properties of investigated alloys are given in Ta-
ble 2.

In the process of carrying out of investigations
all the given grades of alloys were welded without
fillers. The assembly of specimens for welding
was performed with the smallest possible gaps.
Preparation of edges was performed using scrap-
ing to the depth of up to 0.1 mm. Before this the

specimens were subjected to degreasing with or-
ganic solvents.

Welding of billets of alloys MA2-1 and VMD-
3 of 100 mm thickness and larger, and 450 mm
length was performed using power source ELA-
60/60 with accelerating voltage of 60 kV and
beam current of up to 1 A.

The modes of welding of magnesium alloy
joints, providing full penetration depth at mini-
mum required power, are given in Table 3.

EBW of mentioned alloys was performed both
by static beam as well as by the beam rotating
around the circumference. Frequency of oscilla-
tions was accepted equal to 300 Hz, and ampli-
tude – to 1.5 mm.

The properties of joints were determined on
the round specimens of the type II according to
GOST 6996—66, impact toughness was deter-
mined on the specimens with Mesnager notch.

Table 1. Chemical composition of magnesium alloys investigated, wt.%

Alloy Al Zn Mn Li Cd Nd La Zr Ni Si Fe Be

МА2-1 3.8—5.0 0.8—1.5 0.4—0.8 — — — — — 0.005 0.10 0.05 0.02

VMD-3 — 2.3—3.5 — — 1—2 — 0.5—1.0 0.5—0.9 0.005 0.15 0.03 0.02

VMD-6 0.1 5.5—7.0 — — 0.2—1.0 1.4—2.0 — 0.5—0.9 0.004 0.15 0.04 0.002

IMV-2 5.0 1.0 0.4 8.0 4.0 — — — — — — —

Table 2. Mechanical properties of investigated magnesium alloys

Alloy Semi-product σt, MPa σ0.2, MPa δ, % KCV, J/cm2

МА2-1 Plate 270.3—280.0 210.6—230.5 11.3—12.5 0.5—0.7

VMD-3 Sheet 270.1—280.3 230.5 6.5—9.5 0.45

VMD-3 Plate 320 260 13.2 —

VMD-6 Sheet 200.4—210.2 90.2—90.5 5.3—8.7 0.25

IMV-2 Same 220—230 190.0—190.5 17.5—20.0 0.4—0.5

Table 3. Condition parameters of welding the magnesium alloys
of different thickness (Uacc = 60 kV)

Alloy Thickness, mm
Beam current,

mA
Welding speed,

m/h

MA2-1 20 80 45

MA2-1 135 430 15

MA2-1 165 430 10.5

VMD-3 10 45 55

VMD-3 7 30 24

VMD-3 11 40 24

VMD-3 135 450 14

VMD-6 7.5 40 48

VMD-6 7.5 30 33

IMV-2 10 22 24

IMV-2 12 27 24
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Visual control of the process of EBW of mag-
nesium alloys allowed establishing the fact that
depending on the system of alloying the behavior
of molten metal of weld pool is different. Thus,
in welding of alloys MA2-1 and VMD-3 with full
penetration and alloy IMV-2 with full and partial
penetration the process runs smoothly, without
splashes and spattering of molten metal. In this
case in welds the defects of the type of under-
cuts of 2—3 mm depth on the both sides of upper
bead along the fusion zone are observed (Fi-
gure 1).

In EBW one more feature in formation of a
joint was observed, which is peculiar only to
magnesium alloys. It consists in the fact that in
welding with full penetration almost in all the
cases on the side of root weld the blowing out of
molten metal occurs by pressure of vapors in the
crater. As a result the undercut of up to 3.5 mm

depth is formed (Figure 2). With the growth of
thicknesses of billets being welded the deep un-
dercuts are formed both on the side of weld root
as well as on the side of upper bead (Figure 2,
a). To remove these defects the upper and lower
backing straps are applied, which are removed
after welding (Figure 3).

In the process of carrying out the investiga-
tions all the welded joints of magnesium alloys
were subjected to X-ray control to detect inner
defects. The results of analysis showed that in
EBW the pores and cracks are not formed. Cracks
were not detected even on the billets of alloy
VMD-6, which by their design correspond to one
of the most complicated variants of round sample
for determination of tendency to cracks forma-
tion. The results of investigations of properties
of joints of magnesium alloys are given in Ta-
ble 4. The joints of all the given alloys were not
subjected to heat treatment after welding.

Figure 1. Macrosection of alloy MA2-1 joint with partial
penetration

Figure 2. Formation of root part of weld 20 (a) and 100
(b) mm depth in EBW of MA2-1 alloy with full penetration

Table 4. Mechanical properties of welded joints of magnesium alloys

Alloy
Thickness of metal to

be welded, mm
σt, MPa σ0.2, MPa δ, % KCV, J/cm2

MA2-1 20 250.1—250.7
250.4

210.2—250.3
230.6

8.0—12.5
10.4

0.5

MA2-1 135 250.8—270.6
260.9

120.2—130.4
120.8

11.7—16.7
15.2

0.75—1.0
0.85

VMD-3 10 250.6—270.9
260.8

220.5—230.4
220.7

5.2—8.4
7.5

0.4

VMD-3 135 220.3—250.9
240.5

220.0—240.8
230.2

6.7 0.5

VMD-3 135 260.3—270.2
260.85

250.2—260.3
250.6

5.4 0.5

IMV-2 12 200.5—220.4
210.8

170.8—180.1
10.8

4.0 0.3—0.7

VMD-6 7.5 200.6—200.8
200.6

Fracture beyond the
base

— 0.4
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Analysis of results of mechanical properties of
fractured specimens showed that in the alloys
IMV-2 and VMD-6 the fracture occurred in all
the cases on base metal at the distance of 10—
15 mm from the weld axis. The difference in val-
ues of ultimate strength for IMV-2 sheets 10 and
12 mm thick was not detected. Fracture of speci-
mens of alloys MA2 and VMD-3 occurred mostly
along the weld metal. In EBW of MA2-1 alloy
of 135 mm thickness and next cutting out of
specimens of different areas of welds in depth the
anisotropy of strength characteristics in weld was
not detected.

Impact toughness of joints (weld metal and
HAZ) for investigated grades of alloys is at the
level of similar characteristics for base metal.

Strength factor of joints for alloys IMV-2 and
VMD-6 is practically equal to one. For the alloys
MA2-1 and VMD-3 it is in the range of 0.95—1,
and for VMD-3 is 0.75—0.85.

Analysis of microstructure of different areas
of joints of magnesium alloys showed that struc-
ture of weld metal in EBW almost does not differ
from that of alloys in cast state. Considering the
high rates of solidification in EBW somewhat
smaller size of grains and thickness of intergranu-
lar sublayers are observed as compared to the
structure of welds in arc welding methods [8].
Visual defects in weld metal on the alloys MA2-1,
VMD-6 and IMV-2 are not observed (Figure 4).

In HAZ metal at the area adjacent to the fusion
zone, recrystallziaiton of initial structure of base
metal with formation of equiaxial grains is ob-
served. However, here the general direction of

texture of base metal is observed (Figure 5).
Thickening of intergranular sublayers with pre-
cipitation of low-melting eutectics in HAZ metal
is about 3—5 times higher than in base metal.

Figure 6 presents for comparison structure of
base metal of alloys MA2-1, VMD-6 and IMV-2.

Figure 3. Formation of welds in EBW of alloy MA2-1 with
two backing straps

Figure 5. Microstructure (×150) of welded joints of alloys MA2-1 (a), VMD-6 (b) and IMV-2 (c) in the fusion zone

Figure 4. Microstructure (×150) of weld metal on alloys MA2-1 (a), VMD-6 (b) and IMV-2 (c)
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Conclusions

1. Complex investigations of weldability of
magnesium alloys, using electron beam in va-
cuum, including high-strength Mg—Li alloys
were carried out.

2. It was established that to provide high qual-
ity of formation and strength properties of joints,
welding should be performed using scanning elec-
tron beam at the frequencies 200—700 Hz and
amplitude of 1.5—2.5 mm.

3. It was shown that strength characteristics
of welded joints of high-strength magnesium al-
loys are at the level not lower than 95 % of similar
properties of base metal.

4. It is recommended to use cover plates and
backings under the butt of the same metal at the
thickness of not less than 5—10 mm in preparation
of butt joints to prevent formation of defects in
the form of lowering of surface of welds or flow-
ing out of molten metal on the back side of weld.
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Figure 6. Microstructure (×150) of base metal of alloys MA2-1 (a), VMD-6 (b) and IMV-2 (c)
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HIGH-POWER LASER WELDING
OF AUSTENITIC STAINLESS STEEL

WITH ELECTROMAGNETIC CONTROL OF WELD POOL
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BAM – Federal Institute for Materials Research and Testing

87 Unter den Eichen, 12205, Berlin, Germany. E-mail: marcel.bachmann@bam.de

Laser deep-penetration welding became a widely applied tool in industrial applications due to available
laser power of 20 kW and more for the single-pass welding of steel plates of up to 20 mm thikness. Above
a critical limit, liquid metal tends to drop out of the bead due to hydrostatic pressure. Laser welding, in
contrast to electron beam welding technique, allows for an electromagnetic manipulation of fluid flow in
the weld pool. AC electromagnetic system for compensation of the hydrostatic pressure by induced Lorentz
forces in the melt was experimentally and numerically investigated for single-pass full-penetration welding
of up to 20 mm thikness austenitic stainless steel plates of grade AISI 304. It was shown that the application
of 200—234 mT magnetic fields at oscillation frequency of around 2.6 kHz lead to a full compensation of
hydrostatic forces in the melt for plate 10—20 mm thick, respectively. Coupled fluid flow, thermal and
electromagnetic finite element simulations were done with different applied magnetic flux densities and
oscillation frequencies calculating for the optimal magnetic field strength to avoid melt sagging in the weld
pool. The simulation results point to a lower magnetic field density needed for that purpose. The reason
for that can lie in the magnetic properties of the material not being totally non-ferromagnetic. 17 Ref.,
1 Table, 5 Figures.

Keywo r d s :  laser welding, high power, austenitic
stainless steels, drop out of bead, control magnetic field,
hydrostatic force compensation, modeling of fluid flow,
calculation

In the course of the last decade, the availability
of laser sources within the power class above
10 kW made it possible to weld ever thicker alu-
minium and steel plates of up to 30 mm in a
full-penetration process [1, 2]. Such a process
has the advantage of being very efficient along
with the well-known key benefits of laser welding
compared to multipass arc welding processes, e.g.
the low heat input, high welding speeds as well
as low distortion [3].

The present investigation deals with the sin-
gle-pass laser welding of up to 20 mm thickness
stainless steel plates of AISI 304 grade. The con-
ventional method to weld thick components is to
use EBW [4, 5], which brings up challenges for
large modules due to the need of technical vac-
uum. Nowadays, modern laser beam sources en-
able a stable single-pass welding process up to
16 mm penetration for steel [6, 7].

Above a critical limit, the surface tension of
the molten material cannot balance the hydro-

static pressure of the melt and drops out during
the welding before solidification occurs.

Another challenge are the highly dynamical
processes in the welding zone, e.g. due to Ma-
rangoni flow and natural convection.

Laser welding in contrast to EBW allows for
an electromagnetic treatment of the melt. Elec-
tromagnetic technologies in the processing of
metals are widespread and range from crystal
growth and cold crucible melting to the porosity
prevention and surface treatment [8], and also
stirring [9] in welding applications.

The approach in this investigation is the ap-
plication of oscillating magnetic field perpen-
dicular to welding direction below the welding
zone, which induces eddy currents contactless.
The resulting volumetric Lorentz forces in the
melt counteract the effect of gravitational forces
and compensate for the hydrostatic pressure. Sys-
tem of electromagnetic weld pool control was
already experimentally [10, 11] investigated for
steel of up to 18 mm thickness and aluminium
alloys 30 mm thick. Numerical justification for
20 mm aluminium was presented in [12].

The present investigation deals with the nu-
merical calculation and experimental validation
of the electromagnetic weld support system for
20 mm stainless steel AISI 304. Representative
simulation studies of a fluid flow simulation cou-
pled with an electromagnetic processing are pre-
sented in [12—14].© M. BACHMANN, V. AVILOV, A. GUMENYUK and M. RETHMEIER, 2014

*Basing on the paper presented at the Int. Conf. on Laser Techno-
logies in Welding and Materials Processing (27–31 May 2013,
Katsively, Crimea, Ukraine).
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Experimental setup. Working principle of the
applied electromagnetic weld pool support is
sketched in Figure 1, a. The oscillating magnetic
field B is located in the centre below the weld
pool and induces eddy currents j within the skin
depth δ = (πfμσ)—1/2 of the material, where f is
the oscillation frequency; μ is the magnetic per-
meability, and σ the electric conductivity. Inter-
action of the induced currents with applied mag-
netic field produces a Lorentz force FL = jB in
the melt, which counteracts the hydrostatic pres-
sure and, in the case of an optimal control, ensures
balancing of pressures on the upper and lower
weld surfaces to avoid dropping of the melt.

The magnet was located 2 mm below the work-
piece. The magnet poles had a distance of 25 mm,
and their cross section had the dimensions 25 ×
× 25 mm. The experimental setup can be seen in
Figure 1, b.

The bead-on-plate welds were done with fibre
laser with beam power of up to 18 kW. Welding
of 20 mm AISI 304 steel produced no reasonable
result as the liquid material was blown out of
the weld. Therefore, the 20 mm joints were made
on 10 mm AISI 304 austenitic steel at the root
side and 10 mm S235 ferritic steel above as the
higher surface tension of S235 steel stabilizes the

weld surface. The penetration depth of magnetic
field was adjusted at around 10 mm so that the
magnetic characteristics of the ferritic S235 steel
do not influence the applied magnetic field signifi-
cantly. The 20 mm case was supposed to show the
principal applicability of the magnetic weld pool
support for even higher plate thicknesses. The laser
and optics properties are summarized below:

Laser type ......................................................  Yb, fibre
Fibre diameter, μm .................................................. 200
Focal length, mm .................................................... 350
Maximal laser power, kW .........................................  20
Focal spot diameter, μm ........................................... 600
Shielding argon flow, l/min ......................................  30

Mathematical modelling. The numerical
model calculates the turbulent fluid flow equa-
tions, i.e. mass conservation with mass density ρ
and velocity u, and the Navier—Stokes equations
with dynamic viscosity η, pressure p and source
term F:

∇(ρu) = 0, (1)

ρ(u∇)u = —∇p + ∇ 
⎡
⎢
⎣
η(∇u + (∇u)T) — 

2
3
 η(∇u)I⎤⎥

⎦
 + F,   (2)

Figure 1. Scheme of the electromagnetic weld pool support system (a) and experimental setup (b)

Figure 2. Boundary conditions (a), and thermophysical properties of stainless steel AISI 304 at Tmelt (b): 1 – density
ρ/ρ; 2 – dynamic visvosity η/η; 3 – heat conductivity λ/λ; 4 – heat capacity Cp

eff/Cp
eff; 5 – electrical resistivity

ρel/ρel; 6 – surface tension γ/γ
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F = —ρg — c1 
(1 — fl)2

fl
3 + ε

 (u — uweld ) + <jB>. (3)

In (3), the first term accounts for the gravi-
tational influence, the second term refers to brak-
ing of the solidified material down to processing
velocity, and the last term – to applied time-
average of the Lorentz force; fl is the liquid frac-
tion, and c1 and ε are the constants.

Additionally, the energy equation with effec-
tive heat capacity Cp

eff accounting also for the
latent heat of fusion, temperature T and heat
conductivity λ is solved:

pCp
effu∇T = ∇(λ∇T). (4)

The Maxwell equations with electric field E
accounts for the applied electromagnetic influ-
ence of the weld support system. The influence
of flow field on electric current density distribu-
tion is described by the generalized Ohm’s law:

∇B = μj,   ∇E = 
∂B

∂t
,   j = σ(E + uB). (5)

The boundary conditions are summarized in
Figure 2, a. They are explained in more detail in
[12]. The used material model was taken from
[15—17] (Figure 2, b), and thermophysical prop-
erties of stainless steel AISI 304 at Tmelt = 1700 K
and Tevap = 3000 K are given below:

Density ρ, kg/m
3
 .................................................  6900

Latent heat of fusion Hf, J/kg ............................ 2.61⋅105

Dynamic visvosity η, Pa⋅s ...................................  6.4⋅10—3

Marangoni coefficient γ′, N/(m⋅K) ....................  —4.3⋅10—4

Heat capacity Cp, J/(kg⋅K) ..................................... 800
Heat conductivity λ, W/(m⋅K) .................................  28
Electrical resistivity ρel = σ—1

, μm ....................... 1.33⋅10—6

Surface tension γ, N/m..........................................  1.943

Due to limited penetration depth of magnetic
field in the liquid material (10 mm), the whole
20 mm workpiece was modelled with material
model for AISI 304 steel.

Numerical results. The temperature as well
as velocity distributions are shown in Figure 3
for the case of optimal compensation of hydro-
static pressure in the melt. The welding speed
was 0.4 m/min and oscillation frequency –

Figure 3. Symmetry plane of simulation results for case with optimal electromagnetic control of the hydrostatic pressure
at welding speed of 0.4 m/min: a – temperature distribution and velocity vectors; b – velocity magnitude distribution

Figure 4. Pressure distribution 3 mm behind the keyhole in vertical axis (a), and time-averaged vertical component of
the Lorentz force (b)
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3 kHz that leads to penetration depth of the mag-
netic field of around 10 mm in the liquid phase
of material. The peak u values in the regions near
the free surfaces of weld pool are due to the
Marangoni flow directed from hot to cold regions
as the surface tension increases along that path.
Therefore, the bead is elongated at both surfaces.
At the lower surface, this elongation is smaller
due to presumed geometry of keyhole with
smaller diameter at the lower side.

Figure 4, a shows the hydrostatic pressure
compensation in the weld 3 mm behind the key-
hole in symmetry plane for three values of fre-
quencies. It shows that pressure values at both
surfaces are nearly equal, so that dropping of
melt cannot occur due to gravity effects, and
calculated pressure distribution corresponds well
with vertical component of the Lorentz force
(Figure 4, b).

Experimental results. The experimental re-
sults for thicknesses between 10 mm and 20 mm
are shown in Figure 5. Up to 15 mm, the material
AISI 304 was used; for 20 mm – combination of
steels AISI 304 (lower side) and S235 (upper side)
was used, due to stability issues of welding process
at the upper weld pool side and the higher surface
tension of structural steel. Up to thickness of 15
mm, the reference cases show severe sagging of
material, whereas the case of 20 mm is associated
with unstable welding process and material loss on
root and top side. The magnetic flux density needed
to avoid sagging increases slightly with higher ma-
terial thicknesses, and a state of optimal compen-
sation can be reached for any thickness. The cross
sections of simulation with B = 95 mT at 3 kHz
oscillation frequency corresponds well with experi-
ment (234 mT and 2.6 kHz).

Conclusion

Electromagnetic weld pool support was success-
fully applied for up to 20 mm thickness stainless
steel, and severe sagging of liquid material could
be prevented. The simulations show smaller value

of the magnetic flux density for compensation of
hydrostatic pressure. Only slight increase of mag-
netic field in the experiments for different thick-
nesses allows for speculations about a further effect,
that must be compensated for, e.g. other dynamic
oscillatory processes in the melt associated with
the vapor phase in keyhole and corresponding re-
action forces or even the influence of weakly fer-
romagnetic properties of the material, especially in
the light of the exact predictions for magnetic flux
density for aluminium alloy AlMg3 [12].
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DETONATION COATINGS OF COMPOSITE POWDER
OF FERROMOLYBDENUM—SILICON CARBIDE

PRODUCED USING METHOD
OF MECHANICAL-AND-CHEMICAL SYNTHESIS
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Investigation of formation of particles of composite powder in the process of mechanical-and-chemical
synthesis at processing of mixture of powders of ferromolybdenum and silicon carbide in planetary mill
was carried out. It was established that as a result of this process the formation of molybdenum carbide
and also silicides of iron and molybdenum with increase of average microhardness of particles from 7270
to 10,520 MPa is occurred. The produced powders are used for detonation spraying of coatings. The
properties of coatings of powder FeMo and composite powder FeMo—SiC were investigated using methods
of metallography, X-ray diffraction phase analysis, microindenting, and their resistance to wear and corrosion
was measured. Basing on the results of microindenting it was established that the complex of mechanical
characteristics (HIT, E, εel, σel) of detonation coating of composite powder FeMo—SiC exceeds as to its

level the same data for the coating of powder FeMo, and values HIT/E* and HIT
3 /E*2, used for evaluation

of wear resistance, allow predicting increased resistance to wear for the coating FeMo—SiC as compared to
the coating FeMo. The application of map of types of structural states of material, basing on the ratio of
values of HIT and εel, allowed evaluating the state of coating of composite powder FeMo—SiC as micro-
nanostructured one. The measurements of wear and corrosion resistance of detonation coating of FeMo—SiC
as compared both to FeMo coating and also detonation coating of mixture of powders NiCrBSi—WC
(according to wear resistance) and of galvanic chromium (according to corrosion resistance) showed con-
siderable advantage of the first ones. The reasons for such increase of functional properties in detonation
coating of composite powder FeMo—SiC should be attributed to the presence of sprayed particles of products
of mechanical-and-chemical synthesis, in particular of silicide phases, and high dispersity of formed structure
of coatings. 14 Ref., 5 Tables, 10 Figures.

Keywo r d s :  detonation spraying, coating, composite
powder, mechanical-and-chemical synthesis, ferromolyb-
denum, silicon carbide, phase composition, microhard-
ness, microindenting, mechanical properties, micronano-
strucutred state, wear resistance, electrochemical charac-
teristics

One of the ways of modern development of ther-
mal spraying is the development of technology
of deposition of coatings with composite structure
possessing increased functional properties accord-
ing to the purpose of their application. Often this
problem is solved using spraying of composite
powders (CP) produced using different methods,
in particular, cladding, conglomeration with fur-
ther sintering, and using technology of self-
spreading high-temperature synthesis [1, 2].

Basing on the results of investigations of the
process of interaction of transition metals (Cr,
Ti) and non-metallic refractory compounds (SiC,

B4C, Si3N4) [3—6] a number of CP compositions
of for thermal spraying of coatings was devel-
oped, where during heating under the conditions
of plasma jet the exothermal reaction of interac-
tion with formation of carbides, borides, nitrides
and silicide matrix (in case SiC and Si3N4) is
proceeding. The produced coatings demonstrated
high resistance to wear [4].

The further step in the development of this
trend of creation of CP, designed for deposition
of coatings with high functional properties, is
the application as metallic component at inerac-
tion with non-metallic refractory compound of
different ferroalloys (FeTi, FeV) [7—9]. To form
CP the conglomeration of mechanic mixture of
powders with the following sintering was used.
The results of investigation of wear resistance of
coatings produced of these powders using meth-
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ods of plasma and detonation spraying proved
the efficiency of development of this trend [9].

In the present work the results of investigation
of process of formation of CP particles of mixture
of ferroalloy FeMo and SiC using method of me-
chanical-and-chemical synthesis (MCS) [10],
having wide challenges in the field of develop-
ment of saving and efficient technology of CP
production, and also study of structure and prop-
erties of detonation coatings of FeMo—SiC CP
are given.

Methods of experiment. As the initial mate-
rials for producing of FeMo—SiC CP the alloy of
ferromolybdenum (GOST 4759—91), which was
crushed to the size of particles of not more than
100 μm, and silicon carbide (GOST 3647—71)

with the size of particles of not more than 3 μm,
were used.

The composition of initial mixture was se-
lected basing on the thermodynamic evaluation
of possible reactions of silicon carbide with mo-
lybdenum and iron. The calculations showed that
in interaction of SiC with iron the reaction of
formation of iron silicide (Fe3Si) is most probable
from the thermodynamic aspect with precipita-
tion of free carbon, while in interaction of SiC
with molybdenum the reaction of formation of
mixture of molybdenum carbide (Mo2C) with
molybdenum silicide (Mo3Si) is probable. These
reactions are characterized by maximum values
of heat effect and adiabatic increase of tempera-
ture (Table 1).

As the ferromolybdenum contained
65 wt.% Mo and 35 wt.% Fe, then according to
the calculation it is necessary to add
11.65 wt.% SiC to the mixture for full running
of above-mentioned reactions.

The process of MCS of mixture of powders of
the mentioned composition was performed using
planetary mill «Aktivator-2S» in the air environ-
ment at the speeds of drum rotation of 1500 rpm,
ratio of mass of balls to the mass of charge was
10:1 during the period of 0.5—5.0 h. In the MCS
process after 0.5, 1.5, 3 and 5 h of treatment the
samples were taken for investigation of phase
composition of mixture, hardness, size and shape
of particles.

Detonation coatings were sprayed on steel
specimens in the installation «Perun-S» at the
consumptions, m3/h: propane—butane – 0.5,

Table 1. Thermodynamic activity of process of synthesis of prod-
ucts of the most probable reactions in FeMo—SiC system

Reaction
SiC,
wt.%

ΔH298
0 ,

kJ/mole
ΔTad,

K

5Mo + SiC = Mo2C + Mo3Si 7.7 —85.02 342

3Fe + SiC = Fe3Si + C 19.0 —27.98 167

Figure 1. Microstructure (×500) of particles of initial pow-
ders: a – FeMo; b – SiC

Figure 2. X-ray photographs of initial powders: a – FeMo; b – SiC
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oxygen – 1.3, air – 0.65, air for transportation
of powder – 0.12, and spraying distance of
100 mm.

CP and sprayed coatings were investigated us-
ing methods of metallographic analysis, X-ray
diffraction phase analysis (X-ray DPA) (instal-
lation DRON-UM-1, radiation CuKα, monochro-
matized), microdurometric analysis (at indenter
load of 25 g for powders and 50 g for coatings)
and also microindenting (of coatings only).

Microindenting was carried out in the instal-
lation «Micron-gamma» at room temperature
(loading in the range of up to F = 2 N) using
Berkovich diamond pyramid at the sharpening
angle of 65° at automatically performed loads
and unloads during 30 s. Simultaneously, the
record of diagram of loading, holding and unload
in the coordinates F—h was carried out. Accuracy
of determination of force F amounted to 10—3 N,
depth of penetration of indenter h was ±2.5 nm.
Values of diagram F, hmax, hres, hc were fixed
according to the data of 2,000 points on the dia-
gram of indenting [11]. Calculation of such char-
acteristics of material as hardness HIT, contact
modulus of elasticity E* was carried out according
to the standard ISO 14577-1:2002(E).

Wear under the conditions of dry friction of
sliding was investigated in the friction machine
M-22M, where it was possible to measure simul-
taneously the coefficient of friction, wear of

specimen with coating and temperature in the
contact zone. The coating was deposited on the
insert of steel 45, the shaft of hardened steel 45
(HRC 55—58) served as a mating body. The tests
were carried out at the loading of 2 MPa and

Figure 3. Constitutional diagram of FeMo systems (arrow
indicates the composition of alloy)

Figure 4. Microstructure (×1000) of powder particles of FeMo—SiC system produced using MCS method at different
duration of treatment: a – 0.5; b – 1.5; c – 3; d – 5 h; etched
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speed of sliding of 5 m/s. The path of sliding
was 4 and 5 km.

Corrosion resistance of coatings in sea water
and 10 % solution of H2SO4 was investigated
using method of measurement of polarization po-
tential in the potential controlling device P-
5827M using three-electrode cell YaSE-2.

Experiment results. During investigation of
structure and phase composition of initial pow-
ders (Figures 1 and 2) it was established that

ferromolybdenum, containing 65 wt.% Mo ac-
cording to GOST 4759—91, consists of molybde-
num Fe3Mo2 (μ-phase), and silicon carbide only
of α-SiC, as is followed from the equilibrium
constitutional diagram (Figure 3).

In the process of MCS of powder mixture
FeMo + 11.65 wt.% SiC at the initial stage
(0.5 h) the refining of metallic particles FeMo
with embedding of fine-dispersed particles of in-
itial silicon carbide to them is observed (Figure 4,
a). Further on, the formation of composite par-
ticles composed of initial components (Figure 4,
b) and also products of their chemical interaction
(Figure 4, c, d) is occurred. On the X-ray pho-
tographs of samples of powders taken from the
reactor in the process of MCS, due to a high level
of their cold working, on the background of halo,
which evidences of high level of amorphisation
of particles, one can detect only single X-ray lines
of initial phases (Fe3Mo2, SiC) and products of
their interaction (Mo2C, Mo3Si and Fe3Si) (Fi-
gure 5), formation of which was supposed ac-
cording (see Table 1) to the thermodynamic
evaluation of possible reactions of molybdenum
and iron with SiC.

Microhardness of particles of FeMo—SiC CP
with increase of duration of MCS grows monoto-
nously reaching 10,520—1720 MPa at the period
of treatment of mixture of 5 h (Table 2). At
variation curves of microhardness two maximums
are observed, which signify two the most obvious
and characteristic values of hardness of particles
(Figure 6). It is characteristic that with increase
of duration of MCS both maximums and also the
average value of microhardness of particles move
to the region of the higher values.

For detonation spraying of coatings the
FeMo—SiC CP, produced by MCS at the time of
processing of 5 h, and the powder of ferro-
molybdenum with the size of particles of not more
than 63 μm, were used for comparison. In both
cases the dense, thin lamellar coatings with oxide
sublayers at the boundaries of lamellas and small
number of round metallic particles are formed.
Defects and delaminations of coatings at the

Figure 5. X-ray photographs of powder particles of FeMo—
SiC system depending on duration of MCS: a – 0.5; b –
1.5; c – 3; d – 5 h

Table 2. Phase composition and microhardness of CP of FeMo—SiC system depending on MCS duration 

Duration of
MCS, h

Phase composition
Microhardness, MPa

Average Most probable

Initial Fe3Мо2, Мо, SiC 7270 ± 1870 (FeMo), 27200 (SiC) [12] —

0.5 Fe3Мо2, Мо, SiC, amorphous phase 7950 ± 1760 6375, 11125

1.5 Fe3Мо2, Мо, SiC, amorphous phase 8710 ± 2230 7750, 11250

3.0 Fe3Мо2, Мо, Мо2C, Мо3Si, Fe3Si, SiC, amorphous phase 10090 ± 1530 8900, 11300

5.0 Fe3Мо2, Мо, Мо2C, Мо3Si, Fe3Si, SiC, amorphous phase 10520 ± 1720 9700, 11750
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boundary with the base were not observed (Fi-
gure 7).

According to the results of X-ray DPA, the
complex oxide Fe2MoO4 was revealed in the coat-
ing of ferromolybdenum except the basic phase
of initial powder, while in the coating of FeMo—
SiC CP, except the phases included into the com-
position of initial powder, the same oxide
Fe2MoO4 and disilicide of molybdenum MoSi2
were revealed (Figure 8). It can evidence about
active proceeding of interfacial interaction of CP
components under the conditions of detonation
spraying, all the more the traces of SiC in the
coating were not detected.

The mechanical characteristics of coatings of
powders of ferroalloy FeMo (with content of
65 wt.% Mo) and products of MCS in the mix-
ture FeMo—SiC were investigated using method
of microindenting (Figure 9).

According to the modern existing point of
view in evaluating the surface of resistance to
wear it is necessary to consider not only the value
of its hardness, but also to the same extent the
modulus of elasticity of its material. Therefore,
at the present time the ratio H/E is used as the
characteristic of wear resistance of surface [13].

At the same time, the behavior of coatings in
the process of wear depends on the level of its
resistance to plastic deformation, which is pro-
portional to the value of ratio H3/E2 [13]. There-
fore, the above-mentioned characteristics of me-

chanical properties of materials and coatings, de-
termined as a result of application of method of

Figure 6. Variation curves of microhardness of CP particles of FeMo—SiC system depending on the duration of MCS:
a – 0.5; b – 1.5; c – 3; d – 5 h

Figure 7. Microstructure (×400) of detonation coatings of
ferromolybdenum (a) and FeMo—SiC CP (b)
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nano- (or micro-) indenting, are used as the cri-
teria of their wear resistance [13, 14]. As the
generalization of results of measurements of these
characteristics for a wide range of materials and
coatings showed, their value depends both on the
composition as well as on the structural state of
material of surface (single- and coarse-crystal-
line, fine and nanocrystalline, amorphous and
amorphous-nanocrystalline) [11].

Coming from the above-mentioned, for evalu-
ation of wear resistance of coatings FeMo—SiC
the parameters HIT/E* and HIT

3 /E*2 were added
to the obtained data of microindenting, presented
in Table 3.

The analysis of results of microindenting
shows that coating, produced of CP of the system
FeMo—SiC, has higher values of wear resistance
than the coating produced of the powder FeMo.
Thus, parameters H/E* grow from 0.066 to 0.080

Figure 8. X-ray photographs of detonation coatings of powder FeMo (a) and FeMo—SiC CP (b)

Table 3. Results of microindenting of detonation coatings of FeMo—SiC system

Characteristic of microindenting

Composition of sprayed powders

Ferroalloy FeMo
(65 wt.% Mo)

Product of MCS FeMo
(65 wt.% Mo) + SiC

Maximum depth of penetration of indenter hmax, μm 3.934 3.575

Contact depth of penetration of indenter hc, μm 3.256 2.856

Hardness at indenting of HIT, GPa, in the dent contact region of depth hc 7.7 ± 3 10.3 ± 25

Contact modulus of elasticity E*, GPa 115.0 127.6

HIT/E* 0.066 0.080

HIT
3 /E*2 0.0345 0.0670

Relative out-of-contact elastic strain εel, % 2.04 2.47

Stress of out-of-contact elastic strain εel, GPa 2.5 3.16

Figure 9. Diagram of detonation coatings of powder of ferroalloy FeMo (a) and FeMo—SiC CP (b) obtained using
microindenting
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and HIT
3 /E*2 – from 0.0345 to 0.0670. Growth

of parameters εel and σel (from 2.04 to 2.47 and
from 2.50 to 3.16, respectively) evidence also of
improvement of ductile properties of CP coating
of the system FeMo—SiC, as compared to the
coating of pure ferroalloy FeMo, in particular
increase of its resistance to abrasive wear. Be-
sides, the combination of simultaneous growth
of HIT and εel at consideration of map of types
of structural states of materials, suggested by the
authors of work [11], can evidence of shifting
the structure of coating from CP of the system
FeMo—SiC (as compared to the FeMo coating)
to the region of nanocomposite one containing
micro- and nanodimensional phases (Figure 10).
This is confirmed also by X-ray photographs of
coatings (see Figure 8), where larger widening
of peaks in case of coating of FeMo—SiC CP is
observed.

To evaluate the functional properties of pro-
duced FeMo—SiC-coating the measurement of its
tribotechnical and electrochemical charac-
teristics was carried out. In Table 4 the results
of determination of linear wear and coefficient
of friction of investigated detonation coatings un-
der the conditions of dry friction on the path of
4 km at loading of 2 MPa, as compared to deto-
nation coating of mechanical mixture NiCrBSi-
PG-10N-01 + WC (63/35) alloy and steel 45
with HRC 55—58, are given. As we see, in deto-
nation coating of FeMo—SiC CP the resistance
to wear under the conditions of dry friction is
5—10 times higher than for FeMo alloy coating,
2.5—5 times higher than for coating of powder
containing 65 wt.% of nickel self-fluxing alloy
PG-10N-01 in mixture with 35 wt.% WC, and
35—75 times higher than  that of steel 45. The
coefficient of friction in this case is maintained

at the level of 0.6—0.7. These results coincide with
high wear resistance of coating of FeMo—SiC CP
predicted above based on the values HIT/E* and
HIT

3 /E*2, and obviously connected both with its
structural state and also with phase composition.

The results of measurement of electrochemical
characteristics of coatings, given in Table 5, evi-
dence of high corrosion resistance of detonation
coating of FeMo—SiC CP not only as compared
to FeMo-coating but also to galvanic chromium
coating.

The estimated rate of corrosion of detonation
coating of FeMo—SiC CP in sea water amounts
to 0.077 against 0.1 and 0.18 mm/year for FeMo
coating and galvanic chromium one. According
to this fact the service life of protective coating
0.5 mm thick is equal to 6.7, 4.8 and 4.5 years
for coatings of FeMo—SiC CP, FeMo and gal-
vanic chromium, respectively. The reasons of

Figure 10. Map of types of structural state of materials
[11]: I – coarse-crystalline; IIa – fine-crystalline; IIb –
nanocrystalline; III – amorphous-nanocrystalline; 1 –
FeMo; 2 – FeMo—SiC CP coating

Table 4. Linear wear and coefficient of friction of detonation coatings

Material of coating Method of preparation of powder Linear wear, μm/km Friction coefficient

FeMo Refined alloy 20 0.6

FeMo—11.65SiC CP MCS 2—4 0.6—0.7

PG-10Н-01 + WC Mechanical mixture (65/35) 11 0.6

Steel 45 — 145 0.72

Table 5. Electrochemical characteristics of detonation coatings in different testing environment

Material of coating

10 % H2SO4 water solution Sea water

Corrosion potential E, V
Rate of corrosion i⋅105,

A/cm2 Corrosion potential E, V
Rate of corrosion i⋅106,

A/cm2

FeMo —0.20 6.4 —0.32 9.2

FeMo—11.65SiC CP (MCS) —0.12 3.6 —0.32 5.0

Galvanic chromium —0.12 720 —0.18 9.6
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such increase of corrosion resistance should be
attributed to appearance of silicide phases in the
coating, and also, probably, to the peculiarities
of structural state of detonation coating of
FeMo—SiC CP.

Conclusions

1. As a result of MCS process proceeding during
5 h in the planetary mill, the CP particles are
formed of mixture of powders of ferroalloy FeMo
and SiC containing, except of Fe3Mo2 and Mo,
the products of synthesis in the form of Mo2C,
Mo3Si and Fe3Si. Here, the average microhard-
ness of particles on the base of FeMo is increased
from 7270 to 10,520 MPa.

2. Using powders FeMo—SiC with size of par-
ticles of less than 63 μm for detonation spraying
the dense coatings were produced containing
phases MoSi2 and Fe2MoO4 with features of
amorphisation of coating, except of phase com-
ponents of initial powder.

3. Using method of microindenting the meas-
urement of mechanical characteristics of coatings
of FeMo and FeMo—SiC CP was carried out. It
was found that coating of products of MCS of
FeMo—SiC possesses a complex of properties de-
scribed by the criteria HIT/E* and HIT

3 /E*2, the
values of which allow predicting its increased
wear resistance as compared to FeMo coating (re-
spectively, for the coatings of FeMo and FeMo—
SiC CP HIT/E* is equal to 0.066 and 0.080,
HIT

3 /E*2 is 0.0345 and 0.0670).
4. The analysis of nature of structure of coat-

ings using the map of types of structural states
showed that in case of application of FeMo—SiC
CP produced by MCS for detonation spraying,
the coating according to its mechanical charac-
teristics lies in the region of micronanostructured
state.

5. During investigation of tribotechnical and
electrochemical characteristics of detonation
coatings of powders FeMo and FeMo—SiC CP it
was established that coatings, produced of MCS
products FeMo—SiC, have higher wear (under
the conditions of dry friction) and corrosion re-
sistance (in 10 % H2SO4 solution and sea water)

than FeMo coating, and also coating of mixture
PG-10N-01 with WC (in case of wear) and of
galvanic chromium (under the conditions of cor-
rosion effect). The reasons for this fact are the
formation of silicide phases in the coatings and
also increased dispersity of their structure.
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PROSPECTS FOR DEVELOPMENT
OF LOAD-CARRYING ELEMENTS

OF FREIGHT CAR BOGIE

O.V. MAKHNENKO, G.Yu. SAPRYKINA, I.V. MIRZOV and A.D. PUSTOVOJ
E.O. Paton Electric Welding Institute, NASU

11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

In recent years accidents related to fracture of cast load-carrying elements of three-piece bogies of freight
cars have become more frequent in the railways of Ukraine and Russia. The work substantiates the rationality
of development and application of all-welded load-carrying elements of freight car bogie (FCB), improving
their operational reliability. Welded structures of FCBs are widely applied in West Europe. Attempts to
develop structures of all-welded elements of FCBs irreplaceable with cast structures are made in Ukraine
and Russia. However, none of the developed welded structures is currently applied at regular cargo trans-
portation, because of non-optimal design of bogie welded elements in terms of ensuring the required fatigue
resistance margin. To develop a competitive welded solebar and bogie bolster it is, first of, all necessary
to increase the fatigue resistance of bogie elements, improve the accuracy of solebar fabrication to avoid
skewing of wheelset axles, leading to fast wear, lower their weight and cost, increase element run between
scheduled depot repairs. Strength analysis of bogie welded elements should be performed in keeping with
the norms currently in force, as well as current world standards, norms and recommendations, allowing
for the most recent achievements in the field of dynamics of railway cars and methods to determine welded
joint fatigue resistance. 20 Ref., 8 Figures.

Keywo r d s :  welded structure, three-piece bogie of
freight car, solebar, bogie bolster, solebar fracture, fa-
tigue resistance

In recent years accidents related to freight car
bogie (FCB) fracture (Figure 1) have become
more frequent in railway transportation. By the
data of OJSC «RZhD» in 2011, 25 fractures of
FCB solebars occurred, and in 2012, 23 accidents
took place [1], by December 1, 2013, 37 cases of
solebar fractures were recorded (Figure 2) with
human casualties.

Analysis of operating reliability of cast struc-
tures of bogie solebar of 18-100 type freight car
showed that fatigue crack initiation is the main
cause for solebar failure [2], as the solebar of this

bogie model does not have a sufficient margin of
fatigue resistance and survivability [3]. There-
fore, the task of improvement of its fatigue re-
sistance is quite urgent. Large steel castings of
FCB elements have several disadvantages of tech-
nological and design nature. Steel casting walls
have a quite large scatter of thickness [4]. More-
over, casting has inherent defects such as pores,
blowholes, etc., repair of which is labour-con-
suming [5].

Modern economic situation motivates manu-
facturers to look for an alternative to traditional
cast elements of FCBs (solebars and bogie bol-
sters), the quality and reliability of which is not
high enough. One of the optimum variants is
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Figure 1. Fatigue fracture of cast structure of freight car solebar along R55 radius (a) and its fragment (b)
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manufacture of the above parts by the technology
of welding using rolled sheets.

Transition to all-welded structures of bogie
elements can primarily ensure higher reliability
of freight car structure, leading to lower number
of operational failures and considerable reduction
of the cost of unscheduled repair and recondi-
tioning operations, respectively. Moreover, re-
duction of these elements mass by 5 to 10 % com-
pared to cast variant can be achieved, that is a
quite significant value in the overall freight traf-
fic volume. In fabrication of solebar welded struc-
ture it is possible to ensure basic size accuracy
within ±1 mm, that eliminates the possibility of
wheelset axles skewing at bogie formation and
will essentially reduce wheel wear for this reason.
Putting bogie elements into production with ap-
plication of welding technology is not so costly,
compared to casting technology, and it can be
implemented in practically any mechanical engi-
neering plant, that can create the conditions for

market saturation with quality elements of the
bogie, namely solebar and bolster beam with im-
proved fatigue resistance characteristics.

Known are different variants of welded struc-
tures of FCBs. In 2002, V.M. Bubnov Chief Spe-
cialized DB of Car Construction (GSKBV Ltd.)
(Mariupol, Ukraine) together with SUE «NVTs
Vagony» (St.-Petersburg) developed a welded
structure of three-piece bogie of 18-1711 model
with 25 tf axle load (Figure 3). However, the
first test samples of solebars and bolster beams
did not pass bench testing. With the assistance
of PWI specialists bogie bolster design has been
improved: fatigue resistance of its welded joints
has been increased [7]. During performance of
abbreviated accelerated tests of two test samples
of bogie bolster for cyclic load, 30 mm long
macrocrack was found in the first bolster at
2.745⋅106 load cycles, in the second bolster no
fatigue macrocrack was found after 6⋅106 load
cycles and testing was stopped. These tests
showed that welded bolsters provide the required
fatigue life, are not inferior to cast products in
terms of strength and weight characteristics, and
can be recommended for performance of the com-
plete test cycle.

In 2004, OJSC «Kryukovsky Railway Car
Building Works» (KVZ) (Kremenchug, Ukraine)
developed a welded structure of FCB (Figure 4),
in which solebars and bogie bolsters were made
welded from rolled sheets of low-alloyed 09G2D
or 09G2S steel (GOST 19281—89) of not lower
than 295 strength class [8].

Development prototype was bogie of 18-100
model. It was anticipated that putting the devel-

Figure 2. Dynamics of cases of solebar fracture in FCBs
along R55 by years [1]

Figure 3. Schematics of welded structure of three-piece bogie of freight car developed by GSKBV together with company
«Vagony» [6]: a – bogie from solebar side; b – bogie bolster developed with participation of PWI specialists
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oped design into production will improve the
quality of large-sized parts of solebars and bogie
bolsters and co-axiality of wheelsets in the bogie
lower product cost, and reduce the dependence
on casting suppliers.

In 2004, company «Vagony» and CJSC «Tver
Institute for Car Construction» (TIV) (RF) de-
veloped the basic two-axle bogie of 18-9750
model of the typesize range with 25 tf static axle
load (with the possibility of application for axle
load of 23.5 tf), with welded structure of solebar
and bogie bolster [9]. Its solebar (Figure 5) has
closed box-like section along its entire length and
consists of the upper and lower chords connected
by an inclined chord. Note that widened form of
spring opening allows a significant increase of
rounding-off radii in its corners to lower stress
concentration, as well as provides access for brake
block examination.

In 2007, FSUE «F.E. Dzerzhinsky Uralvagon-
zavod» (Nizhny Tagil, RF) developed a stamp-
welded variant of FCB [10]. Main load-carrying
parts of box-like section (bogie bolster and sole-
bar) are made of two parts, each of which is one
stamped blank joined to its counterpart along a
vertical longitudinal part plane (Figure 6).

However, despite a whole number of attempts
to create in CIS territory welded structures of
load-carrying elements of three-piece bogies of
freight cars, irreplaceable with cast structures,
none of the developed welded structures is cur-
rently applied at regular cargo transportation.
One of the causes is related to the fact that they
do not ensure the required reliability and fatigue
life. Welded structures were poorly optimized in
terms of fatigue resistance of welded joints.

In the railways of the USA, Canada, China
and Japan three-piece two-axle bogies are mainly
used, which are similar to bogie of 18-100 model,
with cast load-carrying elements. In West Europe
a unified bogie of Y25 type and its numerous

modifications with axlebox suspension and with
rigid H-shaped welded frame is used (Figure 7).
Wide application of welded bogies of Y25 type
(1435 mm track, 25 t capacity per axle) is due
to high reliability of the structure, as well as low
cost of their fabrication and maintenance. New
designs of welded FCBs with high operating char-
acteristics are developed, for instance RC25NT
bogie (1435 mm track, 25 t capacity) manufac-
tured by ELH Company (Halle, Germany) with
frame structure and central spring suspension
(Figure 8).

In order to develop a competitive welded sole-
bar and bogie bolster irreplaceable with cast vari-
ant of solebar of 18-100 type bogie, the following
problems should be solved: first, fatigue resis-
tance and reliability of bogie elements should be
improved; secondly, accuracy of solebar fabrica-
tion should be increased to eliminate skewing of
wheelset axles leading to fast wear of wheels,
third, solebar weight and cost should be lowered
through application of rolled sheets and welding
fabrication technology; fourth, bogie element run
between scheduled depot repairs should be in-

Figure 5. Design of 18-9750 model bogie of freight car of
companies «Vagony» and TIV

Figure 4. Schematic of welded structure of FCB of KVZ [8]: a – sectional view of solebar along the axis of symmetry;
b – solebar; c – bogie; d – bogie bolster
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creased. Additional complexity of solving these
problems consists in strict limitations in design
of welded structures, associated with a large num-
ber of unchanged overall dimensions of seats.

Thus, the main objective is ensuring the reli-
ability of welded variant of load-carrying ele-
ments of three-piece two-axle bogie, in particu-
lar, due to improvement of fatigue resistance and
survivability compared to cast structure. In de-

velopment of all-welded structures, it should be
taken into account that in keeping with the norms
[11], strength of FCB elements is assessed by
working stresses in the main design conditions
(I and III).

In design condition I a relatively rare combi-
nation of extreme loads is considered. In this case
the main requirement in strength analysis is pre-
vention of residual deformations (damage) in the
assembly or part. In operation, condition I cor-
responds to backup and breakaway of heavy
trains at manoeuvring, in particular at automatic
shunting from hump yards, and emergency brak-
ing in trains at low movement speeds.

In design condition III a relatively frequent
combination of medium loads is considered,
which is characteristic for normal operation of a
car in a moving train. Main requirement in design
by this mode is prevention of fatigue fracture of
the part assembly. In operation this design con-
dition corresponds to the case of car movement
as part of the train along straight and curvilinear
track sections and points at allowable speed, at
periodical adjusting braking, at periodical me-
dium jerks and jolts, and at normal operation of
the car mechanisms and assemblies.

Fatigue resistance of the developed all-welded
structures of FCB elements should be calculated

Figure 6. Schematic of bogie of freight car of company «Uralvagonzavod» (a), its solebar (b), bogie bolster (c) and
A—А section of bogie bolster (d)

Figure 7. General view of Y25 bogie structure (a), cast
structure of Y25Cm type bogie (b) and welded structure of
Y25C bogie (c) Figure 8. General view of RC25NT bogie welded structure
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in keeping with the norms [11] by the coefficient
of fatigue resistance for different evaluated zones
(base metal and welds) and allowing for the dis-
tribution of vertical dynamic factor in the oper-
ating speed ranges (load spectrum) [12].

Fatigue resistance coefficient of a structure is
evaluated by the formula

n = 
σa, N

σa, e
 ≥ [n], (1)

where σa, N is the fatigue limit (by amplitude)
at symmetrical loading cycle at test base of N0 =
= 107 cycles; σa, e is the design value of dynamic
stress amplitude of a conditional symmetrical cy-
cle, equivalent to real condition of service stresses
during part operating life in terms of damaging
impact, which is determined based on linear dam-
age accumulation (Palmgren—Miner method);
[n] is the allowable minimum value of fatigue
resistance coefficient, assumed in keeping with
the norms [11], for the newly designed bogie
[n] = 2.

It is rational to perform strength analysis at
loads corresponding to static strength testing and
abbreviated accelerated fatigue resistance test-
ing, which are specified by currently valid nor-
mative documents [13, 14].

Proceeding from the most recent achievements
in the field of determination of welded joint fa-
tigue resistance, it is rational to perform fatigue
resistance design of bogie elements also in keeping
with IIW recommendations [15] by the condition
of fatigue fracture initiation (macrocracks) in dif-
ferent evaluated zones of the structure (welded
joint zones), allowing for the specified service
load spectrum. This document generalizes a large
scope of experimental studies for typical welded
joints that allowed determination of the admis-
sible range of nominal stresses at regular loading
for each of them:

[Δσ] = 
FATf1(R)f2(N)f3(δ)f4(T)

γM
, (2)

where FAT is the joint class or admissible range
for a given joint based on 2⋅106 cycles of regular
loading (constant parameters of loading cycle)
at f1 = f2 = f3 = f4 = γM = 1; f1(R) is the coefficient
of the impact of loading cycle asymmetry; f2(N)
is the coefficient allowing for limited fatigue;
f3(δ) is the correction for adjacent element thick-
ness; f4(T) is the correction for working tempera-
ture of joint operation; γM is the safety factor.

In the case of allowing for the load spectrum
of 10 regular cycles in keeping with the norms
[11] structure fatigue life can be determined from

the condition of accumulated damageability not
exceeding a unity:

∑ 
j = 1

10

nj

Nj
 ≤ 1,

(3)

where nj is the number of j-th cycles with range
Δσj; Nj is the fatigue life limit at regular loading
with range Δσj for j-th element of the spectrum:

Nj = C 
⎛
⎜
⎝

FATf1(R)f3(δ)

ΔσjγM

⎞
⎟
⎠

m

;
(4)

C = 2⋅106, m = 3 at N < 107 cycles, at 107 < N <
< 109 cycles C = 1⋅107 and m = 22, or it can be
assumed that the amplitude does not change [15].

If nj = PvjNspec, where Pvj is the fraction of
j-th loading in the total loading on the base of
Nspec cycles, then it follows from (3) that fatigue
life limit for the spectrum is

[Nspec] = 
1

∑ 
j = 1

10
Pvj

Nj

. (5)

Among the normative documents currently in
force in Ukraine the most modern approaches to
fatigue analysis of steel structure elements, in-
cluding welded elements, are given in document
[16]. According to these approaches, limit admis-
sible cycle number Nj at calculation of steel struc-
ture accumulated damageability and at stresses
σi is determined as follows:

Ni = 
Aρ

ln 
⎡
⎢
⎣

2σi

(1 — ρi)Rρ

⎤
⎥
⎦

 — Bρ, (6)

where Rρ is the design fatigue limit of the calcu-
lated cross-section; Aρ, Bρ are the parameters de-
termined from the tables [16]. By design-techno-
logical features base metal, welded joints, high-
strength bolted connections of elements and assem-
blies of the structure are divided into 7 groups,
allowing for the impact of forces relative to design
cross-section. Fatigue limit value Rρ for element
groups is given by the following formula:

Rρ = 
2σ—1

2 — DN(1 + ρ)
 
⎛
⎜
⎝
1 — 1.63 

Sσ — 1

σ—1

⎞
⎟
⎠
. (7)

Values of parameters σ—1, DN, Sσ — 1 in (7)
are taken from the tables [16].

As reported by European developers the fol-
lowing standards are the most often used in design
of load-carrying welded structures of railway ve-
hicles [17]: TSI standard [18], British standard
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prEN 12663-2:2007 [19] and Eurocode 3 stan-
dard, Pt 1.9 [20]. TSI specifies standard loads
at testing of freight cars, as well as all the types
of loads, which are applied to car structures in
operation. In keeping with the requirements of
prEN 12663, static loads applied to car structure
are determined: horizontal and vertical loads, and
the most unfavourable combination of horizontal
and vertical loads. In calculation of dynamic
strength of freight cars, dynamic load is taken in
the range of ±30 % of the static one along the
vertical, because of vertical loads, in keeping
with TSI standard and prEN 12663. In fatigue
analysis of car welded joints Eurocode 3 stand-
ard, Pt 1.9, is used.

It should be noted that the design and test loads
specified by European standards, differ essentially
from those accepted in Ukraine, Russia and other
CIS countries. This is, primarily, related to railway
track condition and operating conditions of railway
cars. Therefore, in development of welded struc-
tures of load-carrying elements for FCBs it is highly
rational to apply, alongside the norms currently in
force, also the most recent achievements in the field
of dynamics and strength of railway cars, as well
as recommendations on welded joint fatigue resis-
tance analysis.

Conclusion

On-going upgrading of freight car fleet deter-
mines the high demand for their bogies. As shown
by railroad accident statistics, production of cast
load-carrying elements of the bogies is charac-
terized by a high degree of probability of internal
defect formation and, therefore, by instability of
strength values, particularly at cyclic loads.
Therefore, development of all-welded load-car-
rying elements of FCBs, which will be more re-
liable and irreplaceable with those currently
manufactured, is expedient. It should be further
noted that fabrication of all-welded variants of
bogie load-carrying elements does not require any
expensive equipment as in casting production
that makes element manufacture more affordable
and lowers the dependence of car manufacturers
on casting suppliers.

In order to develop a competitive welded sole-
bar and bogie bolster, irreplaceable with the cast
variant of the bogie of type 18-100, it is necessary
to, first, increase the fatigue resistance of bogie
elements; secondly, improve the accuracy of sole-
bar manufacturing to prevent skewing of wheel-
set axles leading to rapid wearing of wheels;
third, lower the weight and cost, and fourth,
increase bogie element run between scheduled
depot repairs.

Strength analysis of bogie elements should be
performed in keeping with the norms currently
in force, as well as allowing for the current world
concepts, standards, norms and recommendations
in the field of railway car dynamics, and methods
of welded joint fatigue determination.
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Considered are the technological peculiarities of current production of gas-and-oil line pipes of 159 to
530 mm diameter using high-frequency method of welding at PJSC «Interpipe NMPP». After modernization
performed, preparation of welding edges of coiled strip is carried out by milling. Advanced structural-and-
technological solutions are used for pipe welding and molding. Local heat treatment of a zone of longitudinal
weld is introduced. A section was organized for complex non-destructive testing, including ultrasonic (pipe
body and, in addition, weld metal, near-edge zones of welded joint and end section of the pipe), as well
as magnetic particles testing of machined edges. Deposition of corrosion-resistant coating on external surface
of the pipe is carried out. Information technologies and automated systems are used in regulation of
production processes during quality control and tracking of pipes. Applied technology allows manufacturing
of gas-and-oil line pipes of medium diameter in a wide range of grade schedule in accordance with the
requirements of current domestic and foreign reference documents. High quality and safety of manufactured
gas-and-oil line pipes are verified by the documents of authorized certification centers, as well as by the
results of performed full-scale tests of pipe specimens before fracture. Pipes of «Interpipe NMPP» production
are allowed for application in the systems of main gas-and-oil pipelines in CIS, as well as in far-abroad
countries, by authorized accreditation bodies. 5 Ref., 5 Tables, 5 Figures.

Keywo r d s :  gas-and-oil line pipe, medium diameter,
production, technology, edge preparation, high-frequency
welding, local heat treatment, non-destructive testing,
schedule, specification, tests, certification, accreditation

Production of gas-and-oil line pipes using high-fre-
quency welding was organized at Novomoskovsk
Pipe Plant («Interpipe NMPP» company) in
1965. Technological process of production mas-
tered in that period was typical at application of
high-frequency (HF) method of welding and lied
in feeding of coil of up to 20 t weight, straight-
ening, cutting out of end sections and joining of
adjacent strips using butt welding machine, cut-
ting of side edges by circular knifes, roll molding,
welding (using induction heating, fusion and up-
setting of the edges), removal of flash and divi-
sion of «endless» pipe for specified lengths. Fur-
ther, the welded pipes were subjected to 3D ther-
mal flame treatment by normalizing mode, ma-
chining of edges, necessary finishing operation,
NDT, mechanical and hydraulic tests.

For the last years, the Plant accumulated sig-
nificant technological experience of production
of gas-and-oil line pipes of medium diameter. Till
2005 more than 20 mln t of gas-and-oil line pipes

of 159—530 mm diameter were manufactured us-
ing HF welding based on specifications and
standards of former USSR and then RF, Ukraine
and others countries, and they are operated in
different systems of main pipelines.

Nevertheless, signs of obsolescence of the plant
technology from advanced foreign analogues ap-
peared in the 1990s of the last century under
conditions of transfer to market relationships.
Pipe production volumes decreased and world
marketing of manufactured products became dif-
ficult. Some consumers had doubts as for safety
of HF-welded pipes due to limited capabilities
of accepted system of NDT.

Set of measures for significant technological
modernization of production of HF-welded pipes
was taken at «Interpipe NMPP» after 2005 in
order to expand schedule, provide for the require-
ments of current world standards, reduce prime
cost, further improve quality and safety, and, as
a result, competitiveness of the pipe products.
Modernizing of technological equipment was car-
ried out considering advanced foreign experience
and recommendations of the E.O. Paton Electric
Welding Institute. Novel technological equip-
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ment was delivered by enterprises of Austria,
Great Britain, USA, Germany, France, Korea,
Holland and Czech Republic.

Sections of a line of 159—530 mm pipe welding
mill used for preparation of side edges, molding,
welding and removal of external and internal
burr were modernized and local heat treatment
(LHT) of welded joint was introduced. Areas of
current NDT and external corrosion-resistant
coating of pipes were organized and automated
information system was embedded. Production
of inch series pipes of 355.9, 406.4 and 508 mm
diameter was mastered and calibration of 530 mm
diameter pipes was improved.

This paper considers current state, technologi-
cal peculiarities, achievements and capabilities
of production of HF-welded gas-and-oil line pipes
at indicated enterprise.

Milling of the side edges of coil led strip was
introduced after modernizing of technological
equipment. Edge milling machine provides for
cutting of a layer of metal of side edges for up
to 10 mm width, which could have technological
defects (flashes and cleavages after circular knifes
treatment), as well as defects of metallurgical
production (tears, laminations, split cracks).
Also, treatment of edges by milling completely
eliminates structural and geometrical inhomo-
genieties of the edge surface (plastic collapse,
shear, cleavage), which have destabilizing effect
on process of further welding.

Edge milling machine allows receiving accu-
rate width of a strip along its whole length with
allowable deviation ±0.25 mm, that provides for
optimum width along the whole length, and, re-
spectively, rises stability of bringing together of
edges in a closed pass of welding stand. This
improves weld quality and ensures accuracy of
pipe geometry parameters. The edge milling ma-
chine is equipped with automatic strip-width
gouge providing readings displaying.

New welding generator, allowing pipe welding
by currents of 150 kHz frequency, was installed
instead of earlier applied 10 kHz current source.
This permitted process stabilization and perform-
ance of welding in accordance with the require-
ments of foreign standards [1]. In addition, in-
creased current frequency reduces HAZ and de-
creases depth of current penetration in the part.
The generator is equipped with intelligent auto-
matic diagnostics system, having capability of
graphic displaying of the main welding process
parameters in real-time mode, i.e. power takeoff,
voltage, welding speed (Figure 1). Automatic
control of the parameters of HF welding process
during pipe manufacture is carried out based on
control of metal temperature in a zone of edge
surface melting using laser and fiber-optic device.
Automatic devices allow significantly reducing
negative effect of deviations from welding con-
ditions on parameters of mode and weld quality.

Weld constricting five-roll stand is mounted
in the welding zone. Such a structure provides
for accuracy and stability of pipe geometry pa-
rameters due to application of two side, one bot-
tom support and two near-edge rolls in the closed
pass. In turn, the accuracy of pipe profile geome-
try in the welding pass ensures stability of one
of the most important parameters of HF welding,
namely, edge upsetting, as well as eliminates for-
mation of «edge displacement» defect in pipe
billet. The five-roll welding stand is equipped
with the trimmers providing quality removal of
outside and inside flash.

Installed computer system registers the results
of ultrasonic testing of quality of removal of in-
ternal flash and thickness of wall in place of its
removal in real-time mode (with print-out capa-
bility).

Technology of LHT of pipe welded joint at
width of heating zone not less than 20 mm was
introduced instead of volume one. New automatic
medium-frequency induction units (Figure 2) were
mounted. Normalizing mode during LHT provides
for relieve of residual stresses and re-solidification
of microstructure, that determine rise and stability
of mechanical properties of the welded joint. Base
metal properties in LHT remain virtually the same,
technology of production of coiled stock provides
its high quality indices.

Equipment of a line for heat treatment of pipe
welds is equipped with systems of automatic regu-
lation and control for stabilizing of heating tem-
perature with ±20 °C accuracy, as well as radial
tracking of position of welded joint in zone of
regulation (±15°).

Indicated above automated systems for con-
trol, as well as regulation (stabilizing and regis-Figure 1. Control of parameters of HF welding of pipes

40 3/2014



tration) of parameters of industrial processes,
based on application of current information tech-
nologies, are the integral part of a step system
of technological and acceptance control of the
pipes existing at the Plant.

Technological inspection includes:
• incoming inspection of coiled steel;
• visual inspection of pipe surface;
• NDT of welded joint integrity and quality

of flash removal in a mill line;
• sampling of bend test specimens from start

pipes at technological transfers (change of diame-
ter, wall thickness, steel melting);

• continuous and periodic inspection of each
step of process of pipe production by workshop
and technical control department personnel, re-
spectively.

Acceptance inspection provides for: 
• NDT of pipe metal integrity by means of

external examination and application of physical
methods. New equipment for ultrasonic testing
allows inspection of the whole pipe body (Fi-
gure 3). Additionally, ultrasonic testing of weld
metal and adjacent to it near-edge zones, as well
as pipe end sections is carried out. Surface integ-
rity of pipe edges is evaluated by means of mag-
netic particle testing;

• check of pipe mechanical properties;
• metallographic inspection of welded joint

after LHT;
• inspection of geometry parameters of pipe

edges and body, including the areas of internal
and external flash removal;

• hydraulic testing of pipes.
Automated system used for traceability, ac-

counting of production and control of product
quality was implemented. New equipment allows
documentation of technological parameters of the
pipe production process in reference to number
of each pipe. Registration of diameter, wall thick-
ness, steel grade, welding rate, takeoff power and
temperature of edges in fusion zone, results of
technological ultrasonic testing, temperature of
welded joint heat treatment; results of hydraulic
tests (pressure, time of soaking, strength evalu-
ation), results of other acceptance tests (mechani-
cal, chemical, non-destructive) is carried out.

Besides, the system provides for automation
of the process of receiving of reliable and timely
information on state of product production; re-
vealing of mismatch of parameters of technologi-
cal process, quality of products and taking of
effective corrective actions; accumulation and
processing of statistical data on quality of metal
delivered into production and output products
on different criteria; drawing of document for
output products and quality certificates in paper
and electronic forms.

Corrosion-resistant coatings are deposited
over external surface of 114—530 diameter pipes,
which had undergone full technological cycle and
were declared valid during acceptance. Insulating
materials are applied after performance of pre-
liminary certification tests. Depending on cus-
tomer requirements, corrosion-resistant coatings
of different compositions are deposited:

• one-layer epoxy coating of up to 800 μm
thickness;

• double-layer coating with application of ad-
hesion layers and polyethylene at total thickness
of the coating from 1.8 to 5.0 mm;

• three-layer coating based on ground (epoxy
primer), adhesion and polyethylene layers. Total
thickness of the coating makes from 2 to 5 mm.

Acceptance of pipes with coatings is carried out
considering test performance according to specified
technical requirements. Results of coating tests are
registered in certificates of pipe quality.

Selection of suppliers of materials for corro-
sion-resistant coatings is carried out considering
performance of wide complex of tests for the pur-
pose of determination of indices of dielectric uni-
formity, adhesion to steel, area of cathode de-
tachment, transient resistance, cracking resis-
tance, resistant to temperature cycling etc. Pipes
having technical characteristics of corrosion-re-
sistance coatings, which correspond to the re-

Figure 3. System for ultrasonic testing of base metal and
pipe welded joint

Figure 2. LHT of pipe welded joint
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quirements of domestic or foreign standards, are
manufactured by customer order.

Correspondence of Plant accepted scheme on
maintenance and control of product quality to
the requirement of current standards (ISO:
9001:2008, DSTU ISO 9001—2009, GOST R ISO
9001—2008, API Q1 specification, ISO
14001:2009) is verified by the documents of
authorized certification centers of Ukraine, Ger-
many, USA and RF.

Application of studied technical solutions al-
lowed significantly expanding schedule of pro-
duced HF-welded pipes at providing their high
service reliability. In recent years, Plant work-
shop for electric welding of pipes repeatedly
manufactured gas-and-oil line pipes of 159—
530 mm diameter of different grade schedule, in-
cluding strength category from L245 to L415 on
EN 10208-2, B and from X42 to X70 on API 5L
PSL2 (now ANSI/API Spec 5L/ISO

3183:2007), and from K43 to K60 on standards
or specifications of RF and Ukraine.

Coiled strip of optimum technical charac-
teristics (chemical composition, mechanical
properties, microstructure, geometry, quality,
rolled surface) is used for manufacture of gas-
and-oil line pipes. Practice of pipe manufacture

Figure 4. Frequency distribution of impact toughness KCU
of base (2, 4) and HF-welded joint metal (1, 3) of pipes
manufactured from steels with different fraction of carbon
and impurities, wt.%: 1, 2 – 0.18 C; 0.30 Si; 0.015 S;
0.019 P; 3, 4 – 0.12 C; 0.49 Si; 0.004 S; 0.015 P

Figure 5. Microstructure (×200) of base (a) and welded
joint metal (b) on K52 strength class pipe

Table 1. Results of tensile tests of pipe base metal

Design: pipe
symbolic code

Steel grade, strength category, carbon
equivalent, manufacturer

Dimension-type,
(reference document)

σy, MPa σt, MPa δ5, %

Standard:

A1 20, K42, 0.29, OJSC MMK 426 × 6
(TU 14-3-377—99)

359—374 (367)
≥245

503—508 (506)
≥412

34—35 (34.5)
≥23

A2 L360, MB, 0.33, OJSC «Severstal» 323.9 × 8
(EN 10208-2)

360—416 (425)
360—510

478—537 (507)
≥460

30—34 (32)
≥20

Increased
strength:

B1 10G2FBYu, K60, 0.34, OJSC MMK 530 × 10
(GOST R 52079—2003)

537—540 (539)
≥451

604—620 (612)
≥590

27—29 (28)
≥20

B2 X70, Pcm = 0.16, OJSC MMK 508 × 8.7
(API 5L PSL2)

493—500 (496.5)
485—635

618—635 (626)
570—760

33—34 (33.5)
≥26

Cold- and corro-
sion-resistant: B

09GSF, K52, MB, 0.30,
OJSC «Severstal»

325 × 9.5
(ТU 1303-006.3-
593377520—2003)

355—395 (375)
353—510

620—635 (628)
≥510

34—36 (35)
≥20

Note. Here and in Tables 2—5, minimum and maximum values are given in a numerator, the average ones – in the brackets, and standard
values of index – in a denominator.
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verifies a relevance of application of steel with
reduced content of carbon and impurities for im-
provement of toughness characteristics of base
and welded joint metal (Figure 4) [2, 3]. Current
technologies of metallurgical production allow
obtaining of coiled stock of a necessary strength
level with fine-grained structure at reduced con-
tent of carbon in steel [4, 5]. In particular, pipes
of K52 strength class are manufactured from steel
of 17G1S-U type with limitation on content of
carbon (not more than 0.14 %). Microstructure
of base and welded joint metal of pipe from in-
dicated steel are shown in Figure 5.

Tables 1—4 show, as an example, data on tech-
nical characteristics of metal of different types
of HF-welded gas-and-oil line pipes of current
«Interpipe NMPP» production. Data charac-
terizing technical indices of corrosion-resistant
coating are given in Table 5. These examples ver-
ify that modernization of the enterprise process
provided for the possibility of production of high-
quality HF-welded pipes for various service con-
ditions of the main gas-and-oil pipelines.

High working capacity of HF-welded pipes,
manufactured on modernized mill, is confirmed

by the results of full-scale hydraulic testing. The
E.O. Paton Electric Welding Institute carried
out the investigations of a branch pipe (using
internal pressure), cut out from 530 × 8 mm pipe
(17G1S-U steel), in a mode of low-cycle and
further static loading up to failure. Tests, at in-

Table 3. Results of impact toughness tests of base metal and metal of pipe welded joints 

Pipe symbolic code Impact toughness index
Base metal Impact toughness of welded

joint metal
Impact toughness Portion of tough fracture, %

A1 KCU—40, J/cm2 60—73 (65)
34.3

N/D 55—83 (73)
24.5

A2 KV0, J 120—298 (209)
≥40

Same 45—96 (70.5)
≥40

B1 KСV0, J/cm2 205—283 (248)
24.5

100 53—180 (91)
24.5

KCU—40, J/cm2 217—250 (233)
34.3

100 25—133 (70)
24.5

B2 KV0, J 127—140 (132)
≥27

N/D 40—44 (41)
≥27

KV—20, J 47—57 (53)
≥27

Same 29—32 (31)
≥27

C KСV—50, J/cm2 135—190 (163)
59

85—95 (90)
50

230—250 (240)
59

Note. Impact tests for pipes of up to 377 mm diameter are carried out on longitudinal specimens.

Table 4. Results of corrosion resistance tests of 09GSF steel pipes (pipe symbolic code C)

Rate of total corrosion,
mm/year

Hydrogen cracking, %
Resistance to stress sulfide-induced cracking

(at σth/σ0.2 ≥ 0.7)Base metal Welded joint metal

CLR CTR CLR CTR

0.327702
≤0.5

0/≤6 0/≤3 0/≤6 0/≤3 No fracture
Without fracture of specimens

Note. Here CLR, CTR are the coefficients of length and thickness of crack, respectively; σth – the stress during testing of specimens on re-
sistance to sulfide-induced cracking.

Table 2. Results of tensile and static bending tests of metal of
pipe welded joints

Pipe symbolic
code

σt, MPa Bending angle, flattening

A1 556—564 (560)
≥412

180° (no cracks)
Cracks are not allowed

A2 493—536 (514)
≥460

Flattening (no cracks)
Cracks are not allowed

B1 595—637 (598)
≥590

180° (no cracks)
Cracks are not allowed

B2 620—638 (629)
570−760

Flattening (no cracks)
Cracks are not allowed

C 595—637 (598)
≥510

180° (no cracks)
Cracks are not allowed

Note. Grade of steel and pipe dimension-type in Tables 2—4 corre-
spond to those in Table 1.
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itial stage of loading, were carried out on the basis
of 10,000 cycles at 0.5—0.9 MPa pressure (loading
frequency was 2 cycles per minute). Further, the
pipe failed in a course of single loading. Pipe speci-
mens withstood cyclic loadings without formation
of cracks and leakages. It was determined in the
process of static test that pipe metal yield began
at 120 kgf/cm2 (11.8 MPa) pressure. Failure pres-
sure made 172 kgf/cm2 (16.9 MPa) that 2.64
times exceeded service pressure. The fracture took
place in a middle part of the specimen at 125 mm
distance from the pipe weld.

Similar tests were carried out at Central RSI
of Shipbuilding Technology (Moscow). Tested
530 × 10 mm size pipe of K60 strength category
withstood 10,000 cycles of loading at 90 kgf/cm2

(8.83 MPa) maximum value of internal hydraulic
pressure, that corresponds to the conditions of pipe-
line continuous duty. Then, the pipe was tested
until fracture, which took place along base metal
at 223 kgf/cm2 (21.9 MPa), that created loading
at the level of base metal tensile strength.

Specimens of base and welded joint metal of
pipes with increased corrosion resistance, manu-
factured from 09GSF and 13KhFA grade steels,
were successfully tested by special organizations,
namely Samara Engineering Center (RF) and Re-
search-Tecting center «Kachestvo» (Dnepropet-
rovsk, Ukraine). At that, resistance to hydrogen
and stress sulfide-induced cracking, as well as
total corrosion rate, were evaluated. Indicated
pipes are used for construction of commercial
fields of OJSC TNK and others companies.

Possibility of manufacture of the pipes at the
level of requirements of current world standards,
providing of high operation capacity and ensuring
of the guarantees of pipe quality and reliability
served a basis for receiving of accreditation by
the enterprise from authorized bodies, including
USA, EU and RF, and rights for delivery of their
products in the countries of near and far abroad
for construction of main gas-and-oil pipelines.

Conclusions

1. Modernizing of technological process allowed
«Interpipe NMPP» expanding schedule of HF-
welded pipes manufactured for main gas-and-oil
pipelines considering the requirements of current
standards to their quality. In recent years, the
Plant has mastered production and carries out
regular deliveries of gas-and-oil line pipes of 159—
530 mm diameter of different strength level (with
standard ultimate strength up to 588 MPa) and
designation (conventional design, cold- and corro-
sion-resistant) in accordance with the requirements
of EU, USA, Ukraine, RF and other countries’
standards. The Plant was granted a right by author-
ized centers of accreditation to delivery of the pipes
for systems of main gas-and-oil pipelines, including
in the far-abroad countries and RF.

2. Improved guarantees of stability in quality
of HF-welded pipes are provided based on appli-
cation of current technological equipment, com-
plex of technological and acceptance control, as
well as implementation of information technolo-
gies. Corresponding technical level of product
quality management is verified by the documents
from authorized international and domestic cer-
tification centers.
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Table 5. Results of tests of corrosion-resistant coatings of pipes manufactured on TU U 27.2-05393139-017:2008

Dimension-
type, mm

Coating structure, material (manufacturer)
Coating

thickness,
mm

Dielectric uniformity,
kV

Impact strength,
J/mm,
at T, °С

Adhesion to steel,
N/cm,
at T, °С

219 × 7.0 Double-layer, Trizolen 200U adhesive
(Germany), Alcudia 380N polyethylene
(Leuna Euro—Kommerz GmbH)

2.7
2.0

No breakdown
(at U = 18.5 kV)
5 kV per 1 mm of

thickness

8.7/6, —40 ± 3
7.1/5, 20 ± 5
5.2/3, 60 ± 3

150/70, 20 ± 5
80/30, 60 ± 3

530 × 8.0 Three-layer, Corro-Coat EP-F2002 HW
epoxy powder (Jotun Powder Coatings,
Czech Republic); Coesive L 8.92.8
adhesive (Materie Plastiche Bresciane,
Italy), Luxene HDPE 3450 polyethylene
(Same)

3.4
2.2

No breakdown
(at U = 22.5 kV)
5 kV per 1 mm of

thickness

17.5/6, —40 ± 3
14.8/5, 20 ± 5
7.4/3, 60 ± 3

166/100, 20 ± 5
115/50, 60 ± 3
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RESISTANCE BUTT WELDING
OF CONCRETE REINFORCEMENT

IN CONSTRUCTION SITE*

P.N. CHVERTKO, N.D. GORONKOV, N.A. VINOGRADOV, S.M. SAMOTRYASOV and V.Yu. SYSOEV
E.O. Paton Electric Welding Institute, NASU

11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

Considered are the issues of joining of concrete reinforcement bars in construction site using resistance butt
welding (RBW). Pilot tests of developed technology for RBW of concrete reinforcement bars and equipment
for its realizing were carried out directly in the construction site. It is shown that application of RBW in
construction site provides for high economic effectiveness, rises construction efficiency and significantly
reduces number of rejected joints. 7 Ref., 8 Figures.

Keywo r d s :  concrete reinforcement bars, mobile
complex for resistance butt welding, cast in-situ rein-
forced concrete, resistance butt welding

Conditions of current construction of buildings
from cast in-situ reinforced concrete require elon-
gation of the reinforcement bars directly in con-
struction site. This, first of all, is caused by ap-
plication of reinforced concrete structures of more
than 12 m (maximum length of reinforcement
manufactured by metallurgical plants) and effi-
cient use of metal stock. Different methods of
welding of the reinforcement, mainly arc ones
[1], are widely used in building and repair of
reinforced concrete structures and constructions.
Manual and semi-automatic arc welding as well
as puddle-arc one found the widest distribution
among these methods.

It should be noted that resistance butt welding
(RBW) is widely used in addition to indicated
methods at the plants and concerns, which manu-
facture precast reinforced structures. Today, this
process is one of the leading methods for manu-

facture of reinforcement butt joints using tech-
nology of low-waste processing of bars under sta-
tionary conditions.

RBW process is characterized by high stable
quality of welded joints and high efficiency. Ap-
plication of RBW allows making full-strength
joints, in comparison with base metal, that sig-
nificantly increases safety and service life of re-
inforced concrete structures and provides for high
efficiency. The welding process takes place in
automatic mode, combining assembly and weld-
ing operations in one cycle, and requires no aux-
iliary consumables (electrodes, welding wire,
fluxes, gases etc.) [2]. At that, welders’ qualifi-
cation has no special requirements.

Mechanical tests of the welded joints showed
that they completely fulfil the requirements of
DSTU 3760:2006 and GOST 10922—90 [3, 4]. A

© P.N. CHVERTKO, N.D. GORONKOV, N.A. VINOGRADOV, S.M. SAMOTRYASOV and V.Yu. SYSOEV, 2014

*Based on materials of work made in scope of program «Problems of life and safety of service of structures, constructions and machines».
Kyiv: PWI, 2012, p. 468—472.

Figure 1. RBW joints of reinforcement after tensile testing
Figure 2. Macrosection of HAZ metal of RBW joint on
reinforcement bar of A500 class
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failure takes place out of the welding zone in
specimen tension (Figure 1).

Using of RBW of reinforcement provides for
uniform heating of metal of zone of further de-
formation during upsetting (formation of welded
joint). HAZ has small extension [5, 6].

Figure 2 shows a macrosection of HAZ metal
reinforcement welded joint made using RBW,
and Figure 3 depicts the microsections of RBW
joint and base metal of the reinforcement.

Aim of this work lies in development of a line
for RBW of reinforcement in construction site.

Present experience of development of tech-
nologies and special equipment for RBW of rails

and pipes in field conditions allowed using this
process for joining of concrete reinforcement bars
under semi-stationary conditions directly in con-
struction site. The E.O. Paton Electric Welding
Institute developed the technologies of RBW of
concrete reinforcement bars and pilot sample of
mobile complex for realizing of these technologies
directly in construction site. Modernized machine
K813, earlier developed at the E.O. Paton Elec-
tric Welding Institute, was used in pilot samples
of the complex. This development can be widely
used in construction of commercial and residen-
tial buildings, bridges, trestleworks and other
objects. Performed metallographic investigations

Figure 3. Microstructure (×100) of RBW joint on reinforcement bar of A500 class (a) and base metal (b)

Figure 4. Structures of reinforcement cases of Podolsky bridge crossing over Dnieper River (a), bearers of VIP-sector of
NSC «Olimpijsky» (b) and trestlework of terminal D of Borispol airport (c) (Kiev)
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and mechanical tests of reference industrial speci-
mens showed that quality of the welded joints
completely correspond to the requirements of act-
ing reference documents [3, 4].

Requirements to special-purpose equipment
are manly determined by the conditions of its
operation. The equipment should be mobile, com-
pact, have minimum possible electric capacity
and maximum protection from environment. Ap-
plication of mobile resistance butt machines dur-
ing assembly is sufficiently difficult considering
the complex structures of reinforcement cages of
bridge crossings, trestleworks etc. (Figure 4).
However, development of special mobile equip-
ment for welding of reinforcement continues at
present time.

A technological process for production of long
reinforcement in construction site is developed
in addition to the creation of such equipment.
Prototypes of sites and lines for performance of
indicated works were tested and manufactured.
Figure 5 shows a scheme of typical line. Different
variants of positioning of auxiliary equipment are

Figure 5. Scheme of line for welding of concrete reinforce-
ment bars in construction site

Figure 8. Objects and construction sites, where pilot tests
of technology and prototypes of equipment were carried out
(a—c – same as in Figure 4)

Figure 6. Suspension RBW machine K813 adjusted for re-
inforcement joinig in construction site

Figure 7. Prototypes of line for reinforcement welding in
construction site (a—c – same as in Figure 4)
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possible in the scheme depending on production
conditions.

Since RBW methods received the widest dis-
tribution, all the experiments were carried out
using modernized welding machine K813 (Fi-
gure 6) as base equipment.

The results of pilot tests of prototypes of re-
inforcement welding lines are shown in Figure 7.

Figure 8 shows the objects and construction
sites, where pilot tests of technology and proto-
types of equipment were carried out.

Conclusions

1. Quality of arc-welded joints on reinforcement
bars depends, to significant extent, on welder
qualification and conditions of storage of auxil-
iary consumables. Process efficiency is low, time
of welding of one joint makes approximately
30 min.

2. RBW is carried out in automatic mode and
requires application of no auxiliary welding con-
sumables. At that, welders’ qualification has no
effect on quality of welded joints. Process effi-
ciency is sufficiently high, time of welding of one
joint does not exceed 1 min.

3. Application of RBW in construction site in
the case of large number of welded joints (for
example, hundred thousands to millions of

welded joints are made at one bridge crossing)
provides for high economic effectiveness, in-
creases efficiency of construction and signifi-
cantly reduces number of rejected joints.

4. Results of carried out pilot tests of the
developed technology for RBW of concrete rein-
forcement bars and equipment for its realizing
directly in construction site indicate the prospects
of further development of given direction.
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REASONS OF STRESS CORROSION FAILURE
OF ERECTION GIRTH JOINT OF MAIN GAS PIPELINE

A.A. RYBAKOV1, L.V. GONCHARENKO1, T.N. FILIPCHUK1, I.V. LOKHMAN2 and I.Z. BURAK2
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Considered are some issues of stress corrosion failure of metal of main gas pipeline under operation. It is
shown that, except for conventional orientation of stress corrosion cracks in longitudinal direction, the
defects of such a type can propagate in transverse direction relatively to axis of the gas pipeline. Found
transverse stress corrosion cracks, including ones passing through the whole thickness of the pipe wall,
were formed in a zone of girth weld, joining 1420 mm diameter pipes of K60 strength class. Defective zone
of 800 mm length was located from both sides of the weld and propagated at approximately 60 mm width
from fusion line. Failure surface in zone of defects has specific step nature as a result of coalescence of finer
semi-elliptical cracks, nucleated in different planes being displaced relatively to each other. The cracks are
mainly characterized by rounded tips, that is typical for stress corrosion defects, formed as a result of anode
metal dissolution. Failure of girth welded joint of the pipeline, except for corrosion factors, was promoted,
to significant extent, by additional stresses typical for process of pipe assembly during performance of
«tie-in». Information of this paper can be used during performance of diagnostic operations on main pipelines.
7 Ref., 1 Table, 9 Figures.

Keywo r d s :  stress corrosion failure, main gas pipe-
line, crack orientation, welded pipes, strength class,
girth welded joint, reasons of formation

Today, stress corrosion cracking (SCC) of metal
is one of the main and most frequent reasons of
failure of main pipelines. Damages of such a type
are the cracks formed on external surface of the
pipelines in areas with failure of insulation coat-
ing under effect of corrosion-active media and
stress-strain factor under conditions of cathode
polarization.

Consequences of failure of the gas pipelines
due to SCC (SCC-failure) are sufficiently im-
pressive. Figure 1 shows, as an example, the
trench and fragments of 820 mm diameter pipe-
line after SCC-failure spread at 40—50 m.

Main external sign, used for determination of
origin of cracks due to SCC (SC-cracks), is pres-
ence of colonies of cracks, oriented as a rule in
longitudinal direction, on the external surface of
the pipes. Work [1] studied different cases of the
stress corrosion damages of main pipelines and
preferred development of SC-cracks in the lon-
gitudinal direction was underlined, however, a
possibility of curving of their orientation due to
bend or shrinkage of gas pipeline (Figure 2) is
noted. SC-cracks are found in a base metal as
well as in a zone of pipeline joints welded at
plant. In the most cases, they are detected in low

part of the pipe section, close to longitudinal
welds, including in a fusion line.

As is well-known, initial stage of stress cor-
rosion damaging lies in formation of a corrosion
pitting, which further transforms in the semi-el-
liptical cracks [2—4]. Conditions for joining (coa-
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Figure 1. Stress corrosion failure of main gas pipeline of
820 mm diameter (a) and fragments of failed pipes (b)
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lescence) of neighbor, closely located cracks, for-
mation of main crack and further failure of the
gas pipeline are created in course of defect de-
velopment.

In accordance to current representations, SCC
can propagate on two mechanisms, namely local
anode dissolution and hydrogen cracking [4—7].
If the first mechanism is realized, electro-chemi-
cal process is localized on the surface of metal
and its intensive dissolution takes place in a crack
tip. Such cracks, as a rule, are characterized by
wider opening, presence of corrosion deposits and
their tip has blunt form (Figure 3, a). In the
second case, diffusion of hydrogen in a metal
lattice is performed under effect of stresses and
corrosion media. More acute tip, transcrystalline
nature of propagation and some splitting (Fi-
gure 3, b) are typical for the cracks of this type.

Several accident of the gas pipelines, caused
by stress corrosion defects, took place in Ukraine.
Figure 4 shows appearance and fracture of the

specimens with SC-cracks, cut out from the pipes
of «Urengoy—Pomary—Uzhgorod» gas pipeline,
failed in May, 2007. Similar failures on this gas
pipeline were registered in May 2003 and in De-
cember 2007. In all described cases, SC-cracks
and failures of gas pipeline were also oriented in
longitudinal direction.

Local gas leakage and its ignition was detected
during operation of main gas pipeline «Progress».
Series of the through-wall defects was found in
a zone of girth welded joints during test drilling
of this section of gas pipeline. The girth weld in
defective section was made by «tie-in» and it
joints double-weld 1420 mm diameter pipe with
15.7 mm wall thickness of K60 strength class,
manufactured at Khartsyzk Pipe Plant, to sin-
gle-weld pipe of the same diameter with 15.4 mm
wall thickness and X70 category of foreign de-
livery (Figure 5). Metal of both pipes was of
similar chemical composition (the Table) and me-

Figure 2. Effect of stress distribution in pipe metal on char-
acter of location of SC-cracks [1]

Figure 3. SC-cracks in metal of gas line pipe formed as a
result of anode dissolution (a – ×20) and hydrogen cracking
(b – ×100)

Figure 4. Fragments of failure of 1420 mm diameter gas pipeline with SC-cracks: a – fracture of specimen with crack
of 470 mm length and 6.8 mm depth; b – colony of transverse macrocracks in zone of failure on pipe metal surface
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chanical properties. It can be assumed based on
this that role of metallurgical factor in formation
of these SC-cracks is minimum.

The pipeline in failure section was covered by
strip polymeric insulation, which was damaged
in the place of defect location.

Damage zone with crack-like defects
(through-wall and surface ones) was located
across the pipe axis and along the girth welded
joint at around 800 mm length from both sides
of the weld (Figure 6). Area of location of de-
fective section in the girth joint on a route cor-
responded to 5—7 h of conventional dial. Width
of the section with cracks, starting from the fu-
sion line in direction of the base metal, made
around 60 mm from each side of the weld.

Two different zones can be clearly observed
on fracture of through-wall cracks after their
opening, namely zone of defect formation from
the side of external pipe surface, and zone of the
final rupture on its internal side. Figure 7 shows
fractures of the through-wall cracks in different
sections. Failure surface in the crack zone has
specific step nature, typical for defect, formed as
a result of coalescence of smaller semi-elliptical
cracks, nucleated in different, displaced rela-
tively to each other, planes. Corrosion deposits
are observed on the surface of cracks. The metal

in the zone of final rupture failures on tough
mechanism.

External surface of both pipes nearby girth
weld was damaged by relatively shallow corro-
sion spots and pitts that verify information about
damage of insulation coating.

Multiple cracks of different depth, namely
from surface ones to those passing through sig-
nificant part of the wall thickness (Figure 8, a,

Figure 5. General appearance of failed erection girth joint
and sections with maximum accumulation of cracks

Figure 6. Sections of erection girth joint (see Figure 5) with maximum accumulation of cracks (arrows show crack
location): a, b – sections 1 and 2, respectively

Chemical composition of pipe base metal, wt.%

Place of
sampling

C Mn Si S P Al Ni Mo Ti V Nb

Pipe A 0.101 1.45 0.272 0.004 0.012 0.031 0.04 0.03 0.004 0.06 0.027

Pipe B 0.119 1.48 0.357 0.003 0.016 0.034 0.05 0.03 0.005 <0.02 0.028
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b) were registered in the metal of damaged zone
of both pipes, as was shown by investigations of
macro- and microsections. The cracks have rela-
tively wide opening with rounded tips (see Fi-
gure 3, a). In the most cases, they are located
along the girth weld in a plane normal to pipe
generatrix or at around 45°.

Thus, the investigated defective section in-
cludes all the signs typical for SCC-failure of gas
pipeline metal, i.e. presence of corrosion damages
on the external surface of pipe metal, colonies of
semi-elliptical cracks of different length and
mainly with rounded tips and corrosion deposits,
and step nature of fracture of the main cracks,
giving evidence of process of coalescence of sepa-
rate defects etc.

Girth weld of the studied joint was made by
manual metal arc welding with some (maximum
up to 2 mm) displacement of pipe edges in radial
direction, that does not exceed a limit set by
SNiP III-42—80 (not more than 3 mm). The girth
weld from internal side of the pipe was parformed
with significant lack of penetration of root layer
up to 3 mm (it is well-known that no lack of

penetration of root part of erection weld in pipe-
line of 1000 mm diameter and more is allowed).
At that, presence of indicated defects, in this
case, was not exactly the reason of girth weld
fracture.

It can be assumed that SCC-failure of girth
welded joint of the gas pipeline, besides the cor-
rosion factors, was promoted, to significant ex-
tent, by additional stresses, typical for process
of pipe assembly during «tie-in» performance. It
is indirectly verified by significant plastic strain
of the metal in formation of through-wall defects,
which can be seen in Figure 9 showing internal
surface of the pipe in defective section.

Thus, the case was considered when SCC of
the girth erection joint became the reason of main
gas pipeline failure. Difference of this failure
from the earlier investigated lies in SC-crack de-
velopment in transverse direction relatively to
the pipe axis.

In the authors’ opinion, this information will
be useful for the specialists working in oil-gas
field during performance of diagnostic operations
on the main gas pipelines.

1. (2006) Stress corrosion cracking of pipes of main
pipelines: Atlas. Ed. by A.B. Arabej, Z. Knoshinsky.
Moscow: Nauka.

2. Sutcliffe, J.M., Fessler, R.R., Boyd, W.K. et al.
(1972) Stress corrosion cracking of carbon steel in
carbonate solution. Corros. NASE, 28(8), 313—317.

3. Polyakov, S.G., Rybakov, A.A., Bekker, M.V. et al.
(2004) Peculiarities of stress corrosion cracking of
main pipelines. Fiz.-Khimich. Mekhanika Materia-
lov, 4, 376—380.

4. Chviruk, V.P., Polyakov, S.G., Gerasimenko, Yu.S.
(2007) Electrochemical monitoring of men-caused
media. Kyiv: Akademperiodika.

5. Kryzhanivsky, E.I., Nykyforchyn, G.M. (2011) Cor-
rosion-hydrogen degradation of oil-and-gas pipelines
and its prevention: Manual. Vol. 1: Principles of
evaluation of pipeline degradation. Ed. by V.V.
Panasyuk. Ivano-Frankivsk: Iv.-Fr. NTUNG.

6. Eadie, R.L., Szklarz, R.E., Sutherby, R.L. (2005)
Corrosion fatigue and near-neutral pH stress corro-
sion cracking of hydrogen sulfide. Corrosion, 61(2),
167—173.

7. Liu, Z.Y., Li, X.G., Du, C.W. et al. (2008) Stress cor-
rosion cracking behavior of X70 pipe steel in an acidic
soil environment. Corrosion Sci., 50(8), 2151—2257.

Received 08.11.2013

Figure 8. Transverse macrosections of girth welded joint in
damage zone (location of cracks indicated by arrows)

Figure 9. Internal surface of the pipe in damage zone

Figure 7. Nature of failure surface (through-wall crack)
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