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ABSTRACT

The monograph presents the theoretical and methodological basis of the
controlled heat straightening techniques for the rolling stock structures
(particularly, wagons) and their prospective implementation in engineering
industry. Specifically, it is concerned with a range of fundamental and
applied problems of straightening distortions (occurred in the processes of
production, repair and operation in structural components of the rolling
stock) by applying controlled heat straightening.

The monograph scientifically substantiates the promising trends in the
technological advancement of the production and repair processes of rolling
stock and analyses the techniques used for investigation of temperature
fields, distortions and stresses. It describes reasons for residual stresses and
distortions in the freight wagons elements during their service life, and
rational approaches to their elimination. Heat straightening as an after-
welding treatment for wagon metal structures has been described.

The study presents specia aspects of the straightening process for the
basic open wagon elements (center sill and top cord with technologica
distortions) by applying heat smooth straightening, called the wedge-shape
heating. The generalized three-factor mathematical model (obtained through
the mathematical planning of the experiment) is used to describe a change in
the basic factor (beam deflection) depending on variation of the controlled
variables presented by the geometrical parameters of a wedge (width and
height), and the heating temperature. The additional diagrams (binary
sections) demonstrate the contour lines of deflection (lines of equal values).
According to the results of these diagrams the optimal values of the wedge
dimensions and the heating temperature were found; they may be used for
elimination of deflections in the above-mentioned basic elements of open
wagons in production.

The finite element model of the top cord of an open wagon was built,
and the results of the modelling of the heat straightening techniques
conducted by means of the special module Cosmos of the SolidWorks
software were compared with the experimental research on determination and
elimination of residual weld distortions on the full-scale specimen.

The structural and physical transformations in the bearing structures of
freight wagons due to thermal welding and heat straightening were described.
The study presents the results of the research of the metal structure in the
heating zone before and after heat straightening, along with its mechanical
characteristics.



The results and special features of the work in restoration of
serviceability of the rolling stock structures by applying controlled heat
straightening have been published in some Ukrainian and internationa
journals, discussed, and received approval at some international scientific and
technical conferences.

The heat straightening techniques proposed for the bearing structures of
freight wagons will be effective for other metal structures of transport and
mechanical engineering.

The monograph is for specialists in the field of transport engineering,
the information presented can be of interest for design engineers, developers,
researchers, and post graduate students. Moreover, it can be used as a
textbook for graduate students of rail transport engineering.

Keywords: transport mechanics, engineering, railway transport, rolling
stock, distortion, straightening techniques.
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TERMSAND DIFINITIONS

Straightening is a technological operation consisting of generation of
plastic deformations in compression zones by constant loads. It requires
various presses or rolls for long objects, e.g. pipes or I-beams, for generating
deformations when needed.

Thermal straightening with local heating is conducted with a gas
flame or a carbon arc as a local heating source. The heating temperature is
700-900°C, asit is favourable for plastic deformations on the deformed area.
This method is widely used in production, asit is simple, convenient, precise,
and cheap, and can straighten both general and local deformations.

Cold straightening is fulfilled with a force impact on the presses with
hydraulic, pneumatic, mechanic or manual drives. Welding deformations
emerge during welding process and remain after cooling the structure.

Thermal stresses are mechanic stresses between macro- and micro-
elements of a solid body as a result of internal forces conditioned by heat
impact and generate deformations.

Welding thermal stresses are internal stresses emerging after welding
and during cooling.

Residual welding deformations are changes in forms and sizes of a
detail under internal and external forces during athermal welding cycle.

Residual welding stresses are inner stresses emerging during a thermal
welding cycle, as a result of thermoplastic deformations and structura
transformations on certain areas (generally, near and in joints).



CHAPTER 1
ANALYSISOF TEMPORARY STATE OF THE PROBLEM
OF POST-WELDING DEFORMATIONS OF FREIGHT WAGON
CARRYING STRUCTURES

1.1 Analysis of implementation of welded joints in production
and maintenance of freight wagons

The main technological process in production and maintenance of
freight wagons (e.g. open wagons) is welding. Nowadays the most important
condition to improve the welding process is not only development of
fundamentals of the welding process based on advanced achievements in
different branches of fundamental and applied sciences, but also creation of
highly effective techniques and methods of modelling and simulation of
welding processes. Application of mathematical methods and mathematic
modelling for welding processes has become a powerful instrument for
research and study of processes running in complex technological systems; it
allows the specialists to obtain a formalized description of their basic
dependencies and to learn how to control them most efficiently. The
mathematical modelling can optimize conditions of welding processes, avoid
emergence of intolerable defects in welded joints for the structure, and
simultaneoudly increase efficiency of welding operations. Therefore, higher
labour efficiency and lower production cost have aways been in the center of
attention for any production. Similarly to other technological processes, welding
greatly influences the technical level of many industries, particularly, the wagon
production, which istestified in the studies presented [1, 2].

Successes in welding science and engineering have broken a new
ground in the wagon building, created brand new highly-efficient freight
wagon structures, increased labour efficiency of production [3].

Application of welding has considerably facilitated the whole process,
increased strength and decreased labor efficiency. Production and
maintenance of metal structures of freight wagons require welding for joining
their elements. Most metal structures must meet high requirements for
strength, reliability and operability. Therefore, the comprehensive and
complete estimation of strength, reliability and operability of carrying
structures of freight wagons requires sufficient information on the stress-
strain behavior of metal, not only on critical sections, but also in stress
concentration areas where cracks emerge and develop [4].



For welded structures such stress concentrators are various
technological defects emerging under welding, and transition areas between
joint and base metal. Presence of such stress concentrators, particularly in
most loaded zones, considerably decreases the strength and the operational
capacity of a structure. Specia attention is given to rolling stock units, as
they are the key element of traffic safety for passengers, staff, and security of
the cargo transported. Welded joints of wagon structures in comparison with
other machine building structures have some peculiarities in terms of loads
and operational conditions regarding various climatic zones. The research
into the processes of crack emergence and development demonstrates that
considerable plastic deformations are running in the stress concentration
areas before damage in the local areas; it results in creation of dissipative
structures generating this damage.

A fundamental contribution to estimation and increase of the strength
and reliability of wagon structures was made by E.P. Blokhin,
Yu.P. Boronenko, S.V. Vershinsky, O.V. Fomin, V.M. Danilov, I.P. Isaev,
M.O. Kostenko, K.P. Koroliov, V.M. Koturanov, L.D. Kuzmich,
O.S. Lisovsky, V.P. Lozbinev, B.A. Meisner, E.M. Nikolsky, L.M. Nikolsky,
M.M. Ovechnikov, A.P. Prikhodko, A.I. Rechkalov, A.M. Savoskin,
O.M. Savchuk, M.M. Sokolov, V.D. Khusidov, L.A. Shadur, M.M. Shaposhnikov
and others.

The problems of higher strength of materials and welded structures
were thoroughly studied in research by A.E. Andreikin, G.S. Vasilchenko,
V.A. Vinokurov, PM. Vitvitsky, A.G. Grigoriants, V.F. Demchenko,
V.S. Ivanova, V.A. Karkhin, SN. Kisdiov, V.L. Kolmogorov,
L.A. Kopedman, A.Ya Krasovsky, S.A. Kurkin, V.I. Makhnenko,
M.A. Makhutov, O.M. Morozov, V.F. Lukianov, G.A. Nikolaev,
V.A. Osadchuk, V.V. Panasiuk, V.Z. Paton, G.S. Pisarenko,
YasS. Podstrigach, N.M. Prokhorov, O.M. Romaniv, V.I. Savchenko,
V.1. Trufiakov, G.P. Cherepanov, A.O. Chizhik, D.M. Shur, SYa. Yarema,
D. Dugdale, R. Dolby, T. Ekobori, D. Irwin, F. McClintock, D. Nott, D. Rice,
D. S, A. Wdls, F. Erdogan, D. Eshelby, V.Kh. Munze, R. Olivir,
Zh. Vocney, J. Cravmer, V. Langenekker, A. Solokian and others.

All modern wagon types in service in the rail transport are complex
welded spatial structures of different rigidities, intercrossed and joined (e.g.
center sill, cross beam, poles, etc.), of various spatia location, mutually
intercrossed, most popular of which are welded T-joints. Such welded joints
and structural forms can create considerable stress concentrations and, thus,
greatly impact the strength and the reliability of a wagon. Besides, it should
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be mentioned that freight wagon elements are produced with virtually all
known types of welded joints.

The most complicated welded assemblies of freight wagons, which are
subjected to considerable damage in operation are locking angles of corner
posts and side stakes of open wagons, cross unit of the frame, linking beams
of heavy eight-axle wagons, truss joints of side wall of a box car, frame and
body of a tank wagon. Besides, there are a lot of welded joints in other
assembly units and wagon el ements.

The welding technological process increases strength of products and
reduces labour intensity. All over the world welded elements have
structurally been improved and the welding process has been automated. A
number of scientific and technical publicationsin Ukraine and other countries
[5] have demonstrated that research and design studies dedicated to improved
welding technology and optimization of welded structures in wagon building
are continuing.

Among lines of research in wagon production mentioned in the studies
above are the following: research of structural properties of joint metal and
the appropriate area of therma impact under welding; development of
methods aimed at determination and further decrease of stresses and
deformations in welded structures; research into strength characteristics of
joints and metal properties; study of changes in strength properties of metal
under cyclic loading; improved methods of mechanization and automation of
welding processes in production and maintenance of wagons.

Nowadays welded structures are basic carrying and frame elements in
wagon production. Among main types of existing welded structures in
modern railway wagons are beams, frames, floors, side and end walls, doors,
roofs and tank shells. The structures of welded assemblies of wagons and
their production technologies are constantly improving.

In production and maintenance of open wagons, welding processes
account for about 80% of all works. As far as the strength of an open wagon
is defined by the rational combination of characteristics of materials used,
geometry of details and assemblies, technological production and
maintenance processes, and operational conditions, the specialistsinvolved in
the development and maintenance of open wagons must give considerable
attention to a further increase of operational efficiency of wagons. And
specia attention should be paid to welded joints because the main reason
when an open wagon must be send to uncoupling and scheduled repairs is
fatigue damage of its elements along with plastic deformations in metal
crystals, which generates fatigue cracks after two or three years of service. It
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was established that about 90% of fatigue cracks is located in welded joints,
which generated initial defects and damages [6, 7]. Besides, it should be
mentioned that welding-on various pads, patches, joints and other details as
part of roundhouse servicing of main assemblies for an open wagon during its
service life increases the labour intensity four times in average, and
current/scheduled repairs of an open wagon require about 12 tons of metal,
thus twice exceeding its tare weight [8].

At present the electric arc welding (half-automatic, manual or flux) is
widely used in production and repair of freight wagons. This welding is
characterized by fast local heating, conditioned by an impact from a
concentrated heating source (which makes the metal on welding area plastic
and liquid), with comparatively quick cooling of the area. And the result of it
is temporary and residual welding stresses in the structure. The temporary
stresses can be seen only under welding with change in temperature, and,
generally, disappear after cooling. The residual stresses remain in the welded
structure after welding, complete cooling and taking fixation loads off.

There are such residua stresses according to the length and physical
nature of the stress field: Stresses of 1% kind (macro-stresses balanced within
the zones comparable to the dimensions of a product); Stresses of 2™ kind
(micro-stresses balanced within the metal grain size); and Stresses of 3" kind
(sub-micro-stresses  balanced within  several interatomic  distances).
Generally, welded structures of low-carbon and low-alloyed steels undertake
welding stresses of the 1% kind, while some welded alloy and high-alloyed
steels can suffer from stresses of the 2" and the 3" kinds. And there are
several welding stresses according to spatial location and interaction: linear —
single-axis, two-dimensional — two-axis, three-dimensional — three-axis; and
by direction of action: longitudinal — parallel to the weld axis, and transverse
— perpendicular to the weld axis. Residual welding stresses appear after
welding and taking fixation off the welded structure. Along with that, the
stress-strain behaviour of a structure re-distributes, residual deformations
emerge, and internal stresses also re-distribute [9].

The main reason for residual welding deformations in freight wagon
elements is formation of the so-caled heat-effected or plastic zones.
Therefore, research into dependencies under formation of heat-effected zones
and reasons for that, study of residual deformations and displacements,
development of techniques to regulate and control them is at present of
primary importance for wagon production. Besides, residual welding stresses,
as known, increase the potential energy accumulated in the structure, which
intensifies negative effects of fatigue damage [10, 11], and in operation the
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residual deformations and stresses decrease strength, corrosion stability and
accuracy of awelded structure.

Conventional methods to decrease these stresses, such as an increase of
the metal thickness, stabilization of post-welding works, and elimination of
allowances do not always meet the up-to-date requirements for energy
consumption, labour intensity and metal capacity of a structure. As far as
each existing welding technique does not ensure zero-defect welded joint,
post-welding treatment of joints has been widely used in the world in recent
years, it implies to straightening methods which can renew the detall
geometry after welding [12].

1.2 Review of existing methods for determination of welding
deformationsin carrying welded structures of freight wagons

A wide use of welded structures in wagon production has made it
possible to distinguish problems of negative effects of stresses and
deformations emerging under welding and affecting the carrying capacity of
freight wagon elements. Among the methods used for determination of such
stresses and deformations are:

- grapho-andlitical, based on the plane-section hypothesis and
assumptions of one-dimensionality of a high field by G.A. Nikolaev [13],
later studied by N.O. Okerblom [14], V.P. Vologdin, K.M. Gatovsky [15]
and other speciadists. A disadvantage of the graphic-analytical methods is
thelr restriction to one-dimensional problems;

- analytical methods with the mathematical apparatus of the theory of
elasticity and plasticity. The appropriate mathematical tool presented in
studies by B.S. Kasatkin, L.M. Lobanov [16] was used to determine an
uneven temperature distribution and stresses during welding processes. At the
same time the analytical research into welding stresses and deformations with
the use of this apparatus is restricted to the models, which consider the
development of elastic-plastic deformations in the technological welding
process as ideal;

- numerical methods with the use of the theory of elasticity and
plasticity [17, 18]. These methods allow caculation of stresses and
deformations during a free temperature distribution by the law set
analytically or numerically with computers. The combination of numerical
methods and modern computer means has proved their potential for
calculation of welding stresses and deformations;
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- computational and experimental. The use of them gives consistent
resultsin terms of actual welded joints regardless welding patterns;

- experimental [19], for determination of welding stresses and
deformations directly on welded objects, such as samples or models. And the
main feature in determination of welding stresses and deformations is a need
to conduct experiments in high temperature areas.

These methods helped establish a number of basic dependencies in
creation and distribution of welding stresses and deformations for modern
structures. However, due to the complicated nature, there is no single method
for determination of welding stresses and deformations. Most researchers
believe that plastic deformation accounts for 2% of the weld line length in
average. It testifies that the reason for deformation causing changes in the
metal structure is a plastic deformation zone. Thus, development of stresses
and deformations in the weld bath area depends on main and additional
factors. Among the main ones are: temperature gradient, metal stiffness,
initial state of the metal, type of welded joint and external ties. The role and
the impact of a certain factor are complex and have to be considered for each
particular case[2, 4, 12, 32].

Welding deformations and stresses lead to deflections in geometrical
forms and dimensions from the design ones, which increase the labour
intensity in production of a welded structure, decrease operational
characteristics, worsen stability and carrying capacity, complicate assembly
of certain units, or even make this assembly impossible. Thus, one of the
most important problems in production of welded structures is determination
of welding deformations and stresses which affect the operationa
performance of welded joins and structures very differently.

The problem of internal and residual stresses under heating of metal
during welding was firstly outlined by Russian steel worker N.V. Kalakutsky
as early as in 1887. In his study “Research into internal stresses in iron cast
and steel” N.V. Kaakutsky demonstrated that such stresses had of a wide
boundary range. Thus, a design engineer must consider them and recommend
some reliable methods for their regulation and control.

The most popular methods for determination of welding deformations
are calculation methods based on the theory of therma plasticity, and
approximate calculation methods. At the same time experimental methods are
rarely used for prediction of welding deformations in large structural
systems. They are mostly used for estimation of fabricated structures
according to different input parameters. And on the basis of such
experimental data it is possible to construct corresponding parameter-oriented
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prediction models. Some well-known studies [20, 21] use the approaches
based on neural networks; it means that the corresponding computer database
includes a selection of experimental data with consideration of a certain
variation of output parameters, and on the basis of them the computer
program generates the solution which, by far, has some restrictions regarding
prediction of deformations emerging during welding of metal structures of
large overall dimensions.

At present existing methods for determination of welding stresses and
deformations are based on mathematical modelling of physical processes
forming the stress-strain behaviour during welding which is similar to the
residual state. Thus, welding process actuates changes in the metal
microstructure, forms temperature fields, mechanica and thermal-physical
properties, and also stress fields leading to elastic plastic deformations. It
should be mentioned that this approach is of interest for many scientists and
researchers all over the world.

Historically, a great contribution to the analysis of thermal mechanical
processes during welding was made by Soviet scientists [22, 23] as early as
in 1960s, which is shown in the studies on the subject. Unfortunately, the
findings were not presented in other countries because of the language
barriers. For example, European countries could read the academic papers of
M.O. Okerblom, V.A. Vinokurov and V.l. Makhnenko only when they were
translated into English many years later [24,25,26]. Thus, we can witness that
researchers from Western countries, and Japanese specidlists [27, 28]
presented the results, which were obtained by Soviet scientists 10 — 20 years
before. However, developments of scientists from Western countries were of
higher quality due to application of computer technologies and up-to-date
methods. Soviet scientists used various approaches for prediction and
computation of welding stresses and deformations. The approach based on
thermal plasticity was classical. It was developed and presented in study [14]
by N.O. Okerblom. At the same time, the prediction methods for residual
stresses and deformations based on the use of material shrinkage which
accompanies welding of certain joints were in good progress [29]. These
approaches can be classified as approximation methods based on the
shrinkage function of welded joints. E.O. Paton along with co-workers was
the founder of the trend to consider the shrinkage function [30]. It should be
mentioned that his work published as early as in 1936 is still used and of
scientific and practical interest, as far as his idea to use the computationa
estimation of residual welding deformations with methods of the theory of
elasticity through a set value for experimental shrinking deformations (simple
tests) is now widely referred to in many studies.
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Scientific and technical literature presents a great variety of methods
for measurement of welding deformations according to the purpose. And
there is a difference between measurements of welding deformations in the
metal of a welded joint and measurements of displacements of certain points
of a welded metal structure. At the same time temporary and residual
deformations in welded joints result in development of local and general
deformations in welded structures. Such local deformations as longitudinal
and transverse shrinkages, angular deformations, deflections and others are
insignificant by the absolute values. General deformations of welded
structures, among which are shortenings, deflections and torsions, as well as
some types of local deformations, which can appear as displacements of
certain points can reach considerable values. Existing experimental methods
for measurement of local and general welding deformations differ by range
and measuring accuracy. They can be measured either in one point of a
welded structure or along a specific length. Therefore, measuring methods of
deformations can principally differ.

The traditional measurement of residua displacements is fulfilled with
standard measuring instruments and detecting heads [22]. Displacements of
small structures are determined by measurements on the plate (Fig. 1.1, @),
and large ones — with a stretching string (Fig. 1.1, b). And such deformations
as cambers are determined with a portable stiff linear (Fig. 1.1, c). For this
reason one should place it on the structure and transfer the detecting head
which will record displacements of isolated points (Fig.1.1, d). The detecting
head can also be fixed on the mount pillar moving on the plate. Sometimes
deflections can be measured with a special device of prisms and a detecting
head (Fig. 1.1, f).
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Fig. 1. 1. Measuring diagrams of residual displacements in welded
structures
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Displacements (deflections) of such welded elements as pillars, can be
measured with a weighted string submerging in a bath with a liquid which
absorbs oscillations (Fig. 1.1, €). Perimeters can be measured by stretching
the string around (Fig. 1.1, g).

It is crucial that the method can be used for determination of the
deformation kinetics during welding (cooling) with the appropriate record of
measuring results. A specia feature in terms of measuring deformations
during welding is high temperature. Therefore, there is a need to use either
thermal resistant electric tensometers, or mechanical tensometers with heat-
eliminating legs (Fig. 1.2, a b). It is more convenient to measure
displacements of some points relative to a certain reference point on the
detail being welded and located outside the zone of considerable
displacements. In the measuring diagrams (see Fig. 1.2, ¢, d, €) the reference
points are on the cold metal. The reference starting point can lie on the
device, e.g. when measuring displacements of the plate edges in the vertical
direction (Fig. 1.2, e, f), or on the backing ring for measurements on the
edges of ashell inradia direction (Fig. 1.2, g).
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Fig. 1.2 Measuring diagrams of deformations and displacements under
welding process
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The measurements with optical and mechanical tensometers are widely
used for experimental research into the stress-strain behavior of welded metal
structures; they differ structurally and by design according to type, measuring
accuracy, measurement range, and also complexity of the metal structure
under study. Their basic operational principle is to determine a change in the
base restricted by the read-out elements of atensometer [31]. The structure of
mechanical tensometers establishes a rather high (no less than 10-20 mm)
minimal gauge length. In practice transverse and longitudinal shrinkage of
welded joints, and angular deformations can be measured with mechanica
tensometers. Such measurements are taken before and after welding with
marked gauge lengths.

The indicating tensometers are widely used for experimental research
(Fig. 1.3) [23]. Their operationa principle is based on the lever of the first
kind, which is placed in the reference holes (see Fig. 1.4); it takes the
deformation and transfers it to the movable indicator bar. The accuracy of
such tensometers depends on the accuracy of their indicators and can be
increased by changing aratio of scale arms.

J 2 /

-l J)

of ¢
%
'ABT ) i
Fig. 1.3. Diagram of indicating Fig. 1.4. Installation of measuring
tensometer: levers of strainmetersin reference
1-rigid lever; holes (a) and on sphere marks (b)
2 —indicator bar;

3—moving lever

The structure of mechanical tensometersis based on alever or a system
of levers. The gauge length of a measuring device depends on the scale of
magnification and the required sensitivity. The mentioned tensometers are
used for static and dynamic measurements. Besides, they can be fixed on the
object under study during the whole testing time, or only for measuring,
therefore, they can be removed later. Mechanical tensometers can also be
used for measuring the deformation kinetics. But their use for experiments on
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welding deformations is restricted as far as they use an obsolete method for
recording results, and the measuring accuracy depends on the human factor.

Analysis of research methods for temperature fields and appropriate
deformations and stresses

Analysis of some areas of the base metal of welded structures of freight
wagons demonstrated that in the areas where they border the melting zone
there appear considerable changes both in properties and in metal structure.
The basic reason for these changes is heating of the metal of a heat-affected
zone to high temperatures with subsequent gradual cooling with simultaneous
effect from appearing stresses and plastic deformations.

A quality welded joint requires an appropriate welding (or fusing)
mode which provides conditions for the optimal structural and phase
transformations for further obtaining the needed properties of materia in the
heat-affected zone. Therefore, development of special methods to research
into phase transformations in materials affected by heat under conditions
similar to the actual welding process is of primary attention of specialistsin
thefield.

One of the first techniques used for studying phase transformations in
metals is a bead-on-plate test developed by M.M. Rikalin and L.O. Fridliand;
for many years it has been used for studying the structure and properties of
material in the heat-affected zone, and for selecting the technology and mode
of welding [32].

In hiswork [33] V.A. Riapolov considered a change in temperaturesin
the cross-cuts of a tank wagon; this change is of non-linear nature, which
must lead to appearance of high stressesin sections of the carrying structure.

The thermal kinetic diagrams give the most comprehensive knowledge
of the processes during continuous cooling. On the basis of a number of
research dilatometers were designed; they allow researchers to obtain
continuous cooling transformation (CCT) diagrams during welding. M.Kh.
Shorshorov and V.V. Belov generalized an extensive materiad on CCT
diagrams of different steels in collection of maps [34]. On the basis of CCT
diagrams it is possible to establish speed limits for steel cooling, which are
most favourable in terms of structure and hardness of the heat-affected zone
of welded joints. These techniques were used in the reasoned research into
aging and properties of the heat affected zone of welded joints for different
steel grades.

By the data presented by A.l. Akulov [35], the heat-affected zone for
low-carbon and low-alloyed steels have some areas of diverse structure and
mechanical properties. The metal area heated to the temperature interva
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between solidus and liquidus forms an incomplete fusing area. This area
consists of partialy fused grains with thin layers between them. Therefore,
the metal composition of this zone can differ from the composition of the
base metal and the joint metal. The length of this area is small and usually
does not exceed 0.5 mm, but the properties of its metal often affect the
properties of the whole welded joint.

Metal heated from the temperature 1100 ... 1150°C to the solidus curve
forms a superheated zone. Here we can see a growth of the austenite grain,
the size of which increases with an increase of the metal temperature. The
coarse metal structure on this zone can lead to formation of the unfavourable
structure. Metal slightly heated over temperatures Acs forms a normalization
(re-crystallization) zone. This zone is of fine-grain texture and good
mechanical properties. On the incomplete re-crystalization area meta is
heated to the temperature between Ac: and Acs. Therefore, it is characterized
by a practicaly uniform ferrite grain, dight grain refining and
spheroidization of perlite zones. Metal heated in arange of temperatures from
500-550 °C to Ac: forms a re-crystallization zone. Here we can witness
fusion of crumbled grains and their increase. As a result, the mechanica
properties of metal on this area can change. On the aging area metal is heated
in a range of 100 ... 500 °C. Its structure does not change, but heating of
some steels to 150 ... 350 °C runs along with a sharp drop in the impact
viscosity.

The structure of welded joints of freight wagons is formed under non-
steady temperatures and stresses, therefore, the properties of a welded joint
depend not only on a therma cycle but also on a deformation cycle
determined by the temperature cycle and rigidity of the welded joint.

Study [36] considers the efficiency of a deformation cycle under the arc
welding of wagon structures of low-carbon steel with Chernov-LUders
deformation lines which clearly reveal the welded joint zone covered with
plastic deformations. It was demonstrated that a deformation cycle covers a
far larger area (to 60 mm), than athermal cycle (to 25 mm).

Study [37] demonstrates that the inter-grain slip processes and the
intra-grain slide processes run aong with accumulation of defects in the
crystal grid. It is proved by findings presented by I. Hryvniak [38], who while
studying the didocation structure of a heat-affected zone, observed a
relatively high dislocation density on the superheat zone of ferrite-perlite
structure oriented to the Widmanstétten structure. In the normalization zone
the dislocation density was dlightly higher than that in the base metal, but
lower than that in the superheat zone.
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The high dislocation density in a heat-affected zone indicates
considerable plastic deformations (over 10%) and poor development of the
return process, which leads to accumulation of elastic energy of crystals
distortions. This energy partially emits in re-crystalization, thus explaining
better mechanical properties in the normalization zone. However, further
heating of metal to point Ac1 and lower demonstrates more intensive plastic
deformations. In spite of a considerable increase in the dislocation density
there is no noticeable changes in the output ferrite-pearlite structure.

According to B.E. Paton [39] it creates favourable conditions for
deformation aging, which results in the above-mentioned deteriorations of the
mechanical propertiesin this area of a heat-affected zone.

Further studies conducted in Ukraine and abroad dealt with a link
between the structure of a heat-affected zone and the mechanical properties
of welded joints. The researchers studied metal samples of the structure
simulating that of a heat-affected zone. Thus, study [40] regards formation of
the structure and properties of metal of welded joints, metal of a heat-affected
zone of welded joints of low-carbon steels by samples of simulated structure.
It was established that a smaller austenite grain with a ferrite zone does not
considerably affect the impact viscosity.

Below is given a short analysis of important studies devoted to
calculation of temperature fields and the corresponding stress-strain
behaviour in element bodies, including ones which are components of
transport structures.

One of the first studies dealing with temperature stresses was written by
Duhamel [40], where he generadized the basic equations of the theory of
elasticity for the case when the body temperature changed, and, with
generalized equations he considered a number of specific examples of
homogeneous isotropic, mainly symmetrical, bodies. The approach to the
problem and the nature of the tasks set by Duhamel were mostly similar; he
derived equilibrium equations (in stresses) and surface conditions with
considerations of temperatures, used dependencies between deformations and
stresses, and considered isotropic bodies. Duhamel invented the concept of
thermal pressure coefficient, the value of which equals the uniform externa
pressure needed for the body volume to be constant at a uniform increase of
its temperature. For isotropic bodies they both suppose the equal coefficient
in al directions; it is taken as directly proportional to the first degree of
temperature. The temperature is supposed to be independent of externd
forces. Later studies [41, 42] developed and improved the calculation
methods for temperature stresses in rotation bodies.
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B.G. Gaerkin [43] considered stress distribution in rectangular,
triangular and pie plates at the temperature changed only according to the
thickness. Those studies and many others became the foundation for modern
analytical and numerical methods of research into temperature stresses.

A great theoretical contribution to the thermo-elastic behaviour was
made by A.D. Kovaenko [44, 45]. In his monographs the author chose the
natural and best approach, i.e. he built the theory of thermal elasticity based
on the fundamental thermal dynamics laws for non-reversible processes and
laws of classic mechanics. Such an approach allowed him to consider in one
respect the running and interaction of mechanical and heat processes in solid
bodies under deformation, and to obtain an equation system with ratios
between stresses and deformations, heat-transfer equations with a component
dependent on deformations, motion equation, interaction between
deformations and displacements. Such a system of equations at certain initial
conditions generally describes the so-called coupled dynamic thermo-
elasticity problem.

This approach helped clearly classified and stated the fundamental
thermo-€lasticity problems at big and small thermal excitations. Among the
most important problems are coupled dynamic and quasi-static ones.

Taking into account the given classification, most important for
practice is the uncoupled quasi-static thermo-elastic problem which describes
deformation of elastic bodies regardless of inertia terms in motion equations
and an effect of a deformation field on a temperature field. Numerical
methods have become most popular in solution to engineering thermo-
elasticity problems. First of all, among these methods one should mention the
finite element method (FEM), which was actively applied and formed as an
effective method for a great variety of problems. Apart from its universal
nature, it is illustrative and produces exact results, though it requires certain
experience in discretization and powerful computers. When applied for heat
conduction problems it helps consider various boundary and initial
conditions, physical heterogeneity, complicated geometrical form and, thus,
brings the design diagram in proximity with a rea object. Besides, FEM
makes it possible to solve heat conduction problems non-linearly, when
thermal -physical characteristics can change according to the temperature.

Solution to the temperature problems in wagon production was
considered in [33, 46]. The study deas with plane design models, on the
basis of which the authors made a numerical analysis of distribution and
change of temperatures in time on eleven most typical sections of carrying
and supporting structural elements of a 22-4008 open wagon for hot bulky
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metallurgical freight with consideration of cooling directly after loading. The
numerical analysis demonstrated that change in temperature on sections was
non-linear and led to high stresses; the maximum temperature (Tma) for the
carrying and supporting elements was not uniform, and elements of various
cross-sections of beams reached it at different time under heat dissipation
conditions. Thus, the center sill in the center of the wagon had Tmax = 44°C at
the time moment t = 40 min.

The authors developed a technique for determination of temperature
stresses in welded elements of a wagon; it was based on transfer from the
uneven temperature distribution on sections in the basic carrying and
supporting elements of a wagon emerging due to high temperature of the
freight, to the load characteristics (moments and forces) included in the
loading vector.

Study [47] presents a model for the thermal loading of a temperature-
control car for transporting hot semi-finished metallurgical products.

1.3 Analysis of deformations in structural components of
freight wagons

The generalized mathematical model of the stress-strain behaviour of a
body, proposed by V.I. Makhnenko [39], is based on agorithms in which a
temperature field is defined by formula of N.N. Rikalkin [33].

So, the genera strain tensor g;j (x, y, z, t) is given as the sum of three
tensors

_ e p c
g =¢, te) +ep, (1.1

where the index e corresponds to elastic deformation; p — deformations of
instantaneous plasticity; ¢ — deformations of diffused plasticity or creep.
The elastic deformation tensor ¢ is linked with the tensor ojj by Hooke's

law

1
g =d.e+(o; —8,0)—
] ] ( 1] ) )ZG ‘ (12)
where 6;; — single tensor; G — shear modulus, and
e=Ko + ¢; (1.3)
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E

- 2(1+v)’ (1.4)
where K — volumetric modulus of elasticity determined by the formula
1-2v
K = 7 (1.5)

where E — Young's modulus; v — Poisson’ s ratio.
The conditions of emergence and development of plastic deformations
e are presented as formula with invariant characteristics of stress tensors.

One of simple and the most popular approaches is the method based on the
theory of plastic flow combined with the Cramér-von Mises criterion as

d e}, = 0, provided f <Oor f = 0, but df <0;

(1.6)
d &}, = BA(0y; — 8;0), provided f = 0 and df > 0;

the state f > O isinadmissible.
Besides,
f = 6% — oi(T, wP); (L.7)

+(GW —GZZ)Z +6(c§y +G§Z+G§Z)Ts, (1.8)

where ceq — equivalent stress intensity;

oy(T, ®P) —deforming stress on the loading surface f = 0;

®P— mechanical hardening parameter;

di — scalar function.

The technique proposed by V.l. Makhnenko makes it possible to define
the speed of welding stresses and deformations with numerical methods.
However, this technique does not consider phase-transition heat and
dependency of thermal-physical coefficients on temperature, and also has the
error of the method of numerical differentiation, which considerably worsens
its accuracy at determining high-temperature changes.

However, there is an alternative way, i.e. determination of the residual
stresses and deformations with A.A. llyushin’s theorem of unloading as
follows
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1. Solution to the elastic-plastic problem
ou 4 9012 9
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where ( * ) —valuein aprevious temporary layer.
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(1.9)

(1.10)

(1.12)

(1.12)

(1.13)

(1.14)

L et us define the temporary stresses ¢, and deformations ¢; to the end
of welding process (before unloading). The full stress (¢"; )" and complete
deformation (", )* will be equal to the temporary stress and temporary
deformation, respectively. At the final moment of welding, i.e. in the moment

of arc welding, let us solve the elasticity problem
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where M'el’, n; ,n, —directional cosinestoT;
1
1
€2 = Y] [—Ao1; + (A + 20y, (1.16)

1 1
k 12 = €21 = 5,012 = 5 021,

After welding and before complete cooling of the body (before complete

unloading), the full stress (c{})z equals to the stress value at the moment of

full unloading.
The complete deformation is determined by the formula

(e8)” = € + adT, (1.17)

where gi— elastic deformation, which equals to the value of the fully
unloaded state; aAT — temperature deformation.
3. Let us determine the residual stress and deformation in the beam

after welding

0 _
e = (&' — (&)

5 (1.18)
) = @' - (o})
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In order to check the adequacy and reliability of the proposed method
for determination of residual stresses and deformations, the author calculated
the specified characteristics of the center sill welded of two Z-like rolled
sections of the size 16 x 130 x 10.5x 183 x 9 x 310, the cross-section of
whichisshownin Fig.1. 5

The center sill elements are produced of Steel 345-09G2S-14 GOST
5267.0-90. The main characteristics at local temperature effects on steel
were taken from the study. The geometrical characteristics of the center
sill’s sections and the dynamic calculation data. The Z-like rolled sections
were joined by automatic welding under a flux layer; the data for
calculation under flux material 09G2S were: current force 175 A, electrode
diameter 4 mm, and welding speed 4 mph. The other joints were made by
half-automatic welding in the protective gas environment. The length of a
non-standard welded joint and other data for calculation were obtained and
presented in Appendix B.

Theinitial data and basic prerequisites of the set assignment were based
on the results of theoretical and experimental research by E.O. Paton,
M.O. Okerblom, V.. Makhnenko, V.A. Riapolov, L.M. Lobanov,
V.O. Vinokurov and others.

Fig. 1.5 illustrates deformations (deflection) of the center sill after
welding.
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Fig. 1.5. Scheme of deformationsin center sill after welding.

Table 1.1 presents the distribution of residua stresses and deformations
obtained by the proposed method after welding on a similar center sill. The
adequacy and reliability of the proposed method was estimated by comparing
the results with those obtained through calculation by the method of fictitious
shrinkage force according to V.A. Vinokurov and others (the Bauman
Moscow State Technological University, BMSTU) and by V.I. Makhnenko's
method based on the shrinkage function.

27



Table1.1
Results of residual deformation calculation after production of center
sill of open wagons

By method of By method

Deformation fictitious based on
(deflection), mm | shrinkage shrinkage | BY Proposed method
force function

Deflection (AY 1)
after welding Z-like 6.5 6.7 7.1
rolled sections

Deflection (AY 2)
after welding top

cord (H-girder Ne 303 35 3.7
19)

Main deflection

(AY) of beam after 9.53 10.2 10.8
welding

Besides, it should be mentioned that studies [48, 49] present similar
results on deflections of the longitudinal axle of the center sill. On the basis
of a built distribution of residual plastic shrinkage deformations in the
longitudinal section of the center sill the following parameters were
calculated: shrinkage force Pyc = 5.408:10°N; calculated coordinates of the
shrinkage force point and eccentricity e = 11.485 cm; longitudinal deflection
of the center sill axlef = 1.379 cm.

1.4 Methodsto control welding deformations and stresses

The high welding temperatures change both physical and mechanical
characteristics. And the basic reasons for residual stresses and deformations
in welded elements of wagon metal structures are [36]:

- local irregular heating of metal. As know, at heating al metals
expand, and at cooling they shrink. Thus, local heating of metal under
welding with consequent cooling of a welded joint creates an irregular
temperature field. Thus, the welded detail undergoes compressive thermal
internal stresses and/or tension stresses. The value of these stresses mainly
depends on heating temperature, linear expansion coefficient, and thermal
conductivity of the welded metal. Under welding of arigidly fixed structure
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the value of thermal stresses can increase due to restrictions of its free
movement during heating and cooling. At first the heated structure undergoes
compression internal stresses due to its expansion, and at consegquent cooling
— torsion stresses due to its shortening. When the internal stresses reach the
yield limit level plastic deformations change the form and dimensions of the
welded metal product. After welding the residual stresses can be observed in
places of irregular plastic deformations,

- irregular structura transformations in metal. Carbon and alloyed steel
structures heated to the critical temperatures can suffer from stresses due to
phase transformations with change in the crystal grid type and formation of a
phase of great specific volume and another linear expansion coefficient. The
greatest stresses can appear under welding of hardening alloyed-steel
structures. In such steels the structural transformation runs along with
formation of the so-called hardening structures (martencite) of great specific
volume, higher hardness, fragility and lower plasticity. Such transformation
runs along with a volume growth; the metal adjacent to it undergoes the
torsion stresses, and the area of martencite structure stretches. For non-plastic
alloysit can lead to crack development;

- casting shrinkage of weld metal. Under cooling and hardening the
molten metal of a joint shrinks. It is explained by higher metal density
leading to its lower volume. Due to aclose link between weld metal and base
metal, which keeps the same volume and resists shrinkage, there appear
longitudinal and transverse internal stresses which cause the corresponding
deformations of welded joints. Longitudinal shrinkage causes deformations
in alongitudinal direction relative to the joint axis, and transverse shrinkage
generally causes angular deformations.

Therefore structural and technological techniques are used to avoid
residual stresses and deformations under welding.

The structural method implies the optimal design of welded assemblies,
and includes the following techniques:

- establishing the minimum sections in welded joints (by strength
condition) to decrease the volumes where plastic deformations run;

- avoiding excess concentrations and sections of welded joints to
decrease in-plane and three-dimensional stresses, particularly, in structures
under impact and variable |oads;

- placing welded joints symmetrically to the gravity center of a product
for the mutual equilibrium of the bending moments appearing;

- prior use of butt joints as they are least rigid and characterized by low
concentration of power loads in comparison with angular joints;
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- avoiding pads, gusset plates, etc, which increase in-plane
deformations;

- use of additional elements in the form of strengthening ribs to
maintain the strength of elements and secure from formation of bulgings in
the spatially-developed structures of box-likes sections. The transverse
shrinkage can be decreased by placing a strengthening rib so that the same
areas of the base metal should be heated in welding;

- adding alowances for contraction to the nominal dimensions of a
product, which equals to metal shrinkage to balance deformation; and

- location of welded joints so that they do not hamper mechanization of
welding.

The technological method is based on the optimal choice of a thermal
mode, layout and welding technology; it includes the following:

- applying an optimal therma welding mode, in which a heating zone
of welded details (an active zone' s width) is minimum;

- increasing the current density of welding for even heating of the metal
through the depth. It resultsin a deep root penetration and, thus, in a decrease
of gapsin butt joints, which decreases transverse shrinkage;

- avoiding application of tick welds to fix assemblies and details which
form rigid fixation;

- applying wedge, centering and other assembly tools to ensure
movable condition of fixed details. Besides, assembly tools must provide free
movement of details toward longitudinal shrinkage and prevent their turns,
thus avoiding angular deformations;

- ensuring preliminary mutua layout of details considering possible
deformations and deflections, which can be eliminated after welding;

- applying the joint sequence pattern at which internal stresses balance
relative to the center of gravity of a welded structure without considerable
superheating and shrinkage of metal. The joint sequence pattern must ensure
the balance between stresses and deformations. Deformation of a joint must
be compensated by deformation of afollowing joint;

- ensuring free movement of welded elements. It especially refers to
butt joints which suffer from large transverse shrinkage. Therefore, butt joints
should be welded before corned joints. Thus, while welding I-like beams,
walls and faces should be welded first, before belts which are welded with
fillet joints;

- hammering during welding to decrease deformations. The hammering
strengthens the joint by flattening a cooling weld layer, and thus, decreasing
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the joint shrinkage. It is not recommended to hammer the last outer layer, as
it may lead to development of cracks on the joint surface.

Continuous studies into welding stresses and deformations have formed
a system of their calculation and elimination, which is used at wagon
building enterprises. Thus, the basic techniques to avoid welding
deformations are; optimal design engineering (basic principles of which are
presented in normative documents for design and production of different
metal structures, including freight wagons); fixation of products (widely used
in wagon production); creation of deformations opposite to welding ones
(used in production of axial and beam elements of wagons); mechanical
impact from plastic deformations in the joint zone, which leads to fewer
residual deformations; and regulation of a thermal impact by removing heat
from the welded product [50].

Issues of control over welding deformations and stresses have attracted
specidists al over the world since welding has been used to get integra
joints. As early as in 1892 N.G. Slavianov wrote about a danger of harmful
stresses in metals under welding processes. However, only in 1930s, with
wide application of welding in production, this problem was thoroughly
studied and presented in theoretical and experimental research.

And here we should distinguish the control aimed at fewer residual
stresses, which may cause problems with the carrying capacity of welded
structures (brittle strength, fatigue at changeable stresses, resistance to
aggressive conditions, etc.), and the control to prevent (decrease) welding
deformations, which change the design forms and dimensions of a structure,
worsens the marketable condition of a product, and sometimes even the
performance.

During recent years the specialists worked out a number of approaches
to regulate welding stresses and deformations. Nominally, these approaches
can be divided into three groups.

The first group includes a set of methods dealing with design of a
welded structure (structural forms, thicknesses, location of welded joints,
etc.). Structural aspects of welded products in terms of residual stresses and
deformations are considered in studies [51-53]. So, study [51] presents the
results of numerical research with the method of thermal plasticity and finite
element method aimed at minimization of deformations of welded panels by
optimizing such factors as fillet joint location, distance between welded ribs
of rigidity, rib rigidity configuration, and welding sequence pattern. With an
approximate calculation method used in [52] the authors study an effect of a
gap between the rib and the finishing on general torsional deformations in
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welded panels of a specified initial curvature; this gap can be eliminated with
a force action during laying-out for welding. It is shown that such a
divergence in curvature after blank production can considerably affect
residual deformations in a welded panel. Study [53] demonstrates an
efficiency of fully-welded carrying elements of freight wagon bogies, which
are of higher stability and more interoperable among those produced at
present.

The second group includes a set of methods used during welding
(welding mode [54], sequence of weld passes, supporting heating or cooling,
power loading, €tc.).

One of the effective technologica methods to decrease residual
welding stresses in welded plane thin-sheet structures is the preliminary
tension [55]. Recently this method has developed in the form of different
techniques of preliminary tension, used during welding with local heating
[56, 57] or cooling [58] at both sides from the welded joint.

The supporting induction heating of awall for compensation of residual
longitudinal deflections of a beam [59] is widely used in production of T-
shaped beams. Study [60] suggests computation the optimal heating
parameters for T-beams.

The third group deals with post-welding treatment of welded structures
and aimed at a decrease in residua welding stresses (general or local thermal
treatment, appropriate mechanical treatment by rolling, with impact
pneumatic tools, impact ultra-sound treatment, etc.).

The post-welding general and the local thermal treatment are widely
used to decrease the residua stresses. Modelling of these technologica
operations for optimization of parametersis considered in many studies [61].

Recently, alot of engineers work at the numerical modelling of impact
ultra-sound treatment of welded joints. Study [62] presents a residual stress
distribution in a welded joint after welding and after application of an impact
ultra-sound treatment with the finite element method in commercial ANSY S
software. It was shown that right parameters of this treatment (treatment
place, frequency and amplitude of injections) can prolong the life cycle of a
welded joint, and may compensate angular deformations.

Here it should be mentioned that thermal straightening methods are
very popular for welded structures at the current state of production [63-66].
But the thermal straightening requires highly qualified manual labour, and its
efficiency greatly depends on a straightener’s experience and qualification,
which considerably complicates mechanization (automation) of such
operations.

32



15 Classification of straightening methods for wagon
structures and advantages of thermal straightening

Mechanical properties of metals are determined by their capacity to
carry external loads, i.e. be resistant to deformations and damage. They suffer
from two different types of deformations, i.e. elastic and plastic, which differ
in external manifestation and internal mechanisms. It is clear that the
properties which define the elastic and plastic condition of metals are
described by different characteristics.

Elastic deformations are the result of change in inter-atomic distances;
they are reversible and do not change the structure and properties of metal.
The reversibility means that after taking off the load the body returns its
previous form and dimensions, without residual deformations.

Plastic deformations are the result of formation and movement of
dislocations, which change the structure and properties of metal. After taking
off the load the deformations maintain, thus, plastic deformations are of
irreversible nature.

At present there are alot of straightening methods used for restoration
of details geometrical forms at the final welding stage [65, 66]. Among them
are general or local thermal treatment; local heating which implies
concentrated heating of small deformed areas of the structure; thermal
treatment in clamping mechanisms; impulse and vibration loading on welded
joints of metal structures or their assemblies; mechanical treatment by
rolling; mechanical treatment by impact pneumatic tools; rolling of welded
joints with ralls; pivoting and straightening based on formation of plastic
deformations, opposite to welding ones; cold and hot deformation; impact
ultra-sound treatment; and active loading. At the same time all these
numerous methods can be reduced to two groups, namely methods of
deformation by external forces (cold straightening) and methods of
deformation by temperature (thermal straightening).

The physical nature of the cold straightening is deformation of the
metal structure by plastic bending a an ambient temperature, thus
elimination of a distortion and formation of a rectangular form. Due to
deformation the product gets a flux which increases the yield limit of metal.
The range of plasticity of such structures considerably narrows. Due to
riveting the mechanical properties become heterogeneous, it decreases the
static and fatigue structural strength.

33



At the same time the physical nature of the cold straightening can be
considered a bit differently. A bended structural element presents a beam
loaded with straightening forces. If the value of this force is sufficient to form
plastic deformations in the structural element, it can elongate the short fibers
of the element and reduce its long fibers under action of this force. These
processes can run together or separately according to peculiarities of the
straightening type used. Thus, the straightener has to identify the areas where
to apply a straightening force, its value and duration on the structural element
according to nature and value of deformations. The cold straightening is
conducted with presses, jacks, rollers or manualy with blacksmith tools.
Plastic deformations of details in cold condition requires considerable
external forces, therefore, this procedure can renew a detail of non-ferrous
metals and their aloys, as well as steel details of up to 0.3 % carbon which
were not thermally treated before. At present the cold straightening of
technologically-deformed wagon metal structures is the simplest and most
popular procedure, however it rarely guarantees a stable form of treated
details, and the deformation eliminated can appear again.

The reason for an unstable form of the details treated by cold
straightening can be explained by the heterogenic nature of residua stresses
due to irregular deformations in the metal. Besides, the properties of the base
metal deteriorate, i.e. the impact viscosity decreases, and due to fluxes as a
result of deformation the yield limit of metal increases. Besides, riveting
leads to heterogeneity of the mechanical properties, which worsens the static
and fatigue structura strength. At the same time as far as devices for cold
straightening are huge stationary equipment, their application is usualy
restricted by structural and geometric characteristics of the presses.

Among advantages of the cold straightening is high efficiency of
straightening machines. However, equipment for cold straightening used in
production and maintenance of freight wagons has big dimensions and mass,
thus, it is rather huge stationary equipment. Besides they work periodically
with long idle time, thus, production areas are used ineffectively, and the
specific production volume decreases. Generally, the cold straightening is
restricted by structural and geometrical characteristics of presses (by height,
frame's width, absence of ribs of rigidity etc.). The properties of the base
metal deteriorate after cold plastic deformation: impact viscosity decreases,
yield point increases.

A traditional method of form stabilization for technol ogically-deformed
wagon metal structures is the cold straightening, but one of the most optimal
is the therma straightening in terms of lower residual deformation
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stabilization of the structure; the procedure of therma straightening
eliminates deformations by creating plastic deformations emerging at loca
high-temperature heating of metal with a gas-oxygen flame or electric arc.

When the product is heated to a temperature of 0.8-0.9 out of the
melting temperature, plastic deformation forces decrease by 12-15 times
without considerable change in physical and mechanical properties of metal.
In comparison with the cold straightening procedure, thermal straightening
does not require specia equipment, and is conducted due to plastic
deformations at local high-temperature heating of metal with a gas burner.
However, the thermal straightening <till remains a labour-consuming
procedure, as it is conducted manually and requires high qualification from a
straightener, who must take into account many parameters which in
combination influence the result of straightening [67].

One of the most economically attractive methods of form stabilization
for frame elements of open wagons in production is thermal straightening; it
implies a local heating of appropriate zones, it results in straightening of
deflections appeared in welding [4, 68, 69]. The basic advantage of this type
of straightening isits universal nature, asit can be used for any welded metal
structure of complex configuration and dimensions (e.g. the center sill of an
open wagon). The thermal straightening consists of heating appropriate areas
of awelded structure with their subsequent cooling. At the temperature 750-
850 °C adeformed heated area expands, but the cold metal nearby restrictsit,
which results in compressive plastic deformations. After cooling the linear
sizes of the heated area decrease, thus reducing or completely eliminating the
deformations.

Besides, it should be mentioned that the thermal straightening with
local heating can be applied practicaly for any straightening of a vertical
deflection in elements of the carrying systems of wagons and their bodies,
while the cold straightening cannot be used in these particular cases. Thus,
the thermal straightening has more potential, than the cold straightening.

The thermal straightening of welded elements of an open wagon can be
referred to non-productive costs. The value of residual plastic deformations at
thermal straightening depends on the maximum value and distribution of
heating temperature, power of heating sources, number and location of heated
areas, residua stresses and structural rigidity, rigidity of externa fixation,
etc. Thus, the efficiency of the thermal straightening depends on a great
number of parameters, which is the main problem for automation of such a
technological operation. One of the solutions to the problem is a choice of the
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optimal parameters of heating, number and location of heating areas, on the
basis of the mathematical modelling of the thermal straightening.

The existing calculation methods for temperature stresses and
deformations under heating can be divided into two groups. The first group
includes methods which determine analytical average deformations (by the
cross-section of an element) according to the welded joint position [70]. But
they cannot consider irregularity in the temperature distribution by section
under formation of the thermo-stressed state. Therefore, they cannot be used
for the modelling of thermal straightening processes. The second group
includes methods for calculation of the thermo-stressed state and
deformations at a different temperature distribution by cross-sections of the
element, and considers change in the thermal and mechanical characteristics
(yield limit, elasticity modulus, linear expansion coefficient, etc) according to
the temperature and the initial stress state. The foundation of these methodsis
the principles of the theory of materia strength and the modelling of the
thermo-stressed state at high-temperature heating [ 71].

By considering the foundations of the theory of thermal stresses and
deformations, one should mention that thermal deformations emerge at
heating only under factors influencing free therma expansion of a body.
Generdly, these factors are regarded as structural characteristics or irregular
heating. The thermal stresses in bodies are the result of thermal deformations.
When temperature is low and material deforms smoothly, the thermal stresses
are proportional to elasticity modulus E, linear expansion coefficient &,
change in temperature AT according to Hooke's law.

oc=¢-FE=a-AT-E. (2.19)

Practically, emergence of plastic deformations in material is of great
interest. As a rule, it runs under high temperature gradients and
comparatively high temperatures. A growth in temperatures changes the
mechanical characteristics of material and the stress/deformation diagram.
Thus, with an irregular temperature distribution the properties of material
become heterogeneous. At a high temperature the creep effect intensifies:
stresses and deformations change with time. In most cases, particularly under
thermal straightening, an analysis of stresses is greatly complicated by
unsteady thermal fields.

The above-mentioned review of the straightening methods forms the
classification of straightening methods for carrying metal structures of freight
wagons and their elements presented in Fig.1.6 as adiagram [67].
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Straightening methods for residual deformationsin
wagon production

!
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Fig. 1.6. Classification of straightening methods used in wagon production

In spite of great variety of elements to be straightened and production
conditions at wagon building plants there are only three factors to be taken
into account when choosing the appropriate equipment.

1. A possihility to strengthen a certain element with a certain method
under certain conditions of the enterprise. It is determined by versatility of
straightening equipment (e.g., rollers and presses for certain types of
elements); suitability of the workshop (e.g., additional transport facilities for
long beams); technical conditions; other specific conditions (e.g., energy
consumption restrictions).

2. Straightening process speed. It is determined by the speed of three
operations. straightening, preparation and final operations connected with
straightening equipment (additional operations of the first type), and
preparation and final operations connected with transport and crane
equipment (additional operations of the second type). The thermal
straightening includes only additional operations of the first type, and the
cold straightening includes operations of the first and second types.

3. Production cost. Basicaly, it is determined by four components: cost
of equipment; cost of equipped workshop; cost of additional straightening
equipment; and energy consumption. Energy consumption costs for thermal
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and cold straightening can be considered as equal. Thus, in terms of the
production cost the thermal straightening is more economical.

Because of a great number of parameters for estimation of the
efficiency of cold and therma straightening, it was decided to estimate a
graphical ratio of an effect from cold and thermal straightening on each
factor, respectively. For visual clarity these straightening types got contrast
colours: black for cold straightening and white for thermal straightening. And
for visual clarity it was aso decided to combine tables and diagrams
presenting the dependencies obtained. The objective of the study [67] is
determination of dependencies with generalized numerical vaues for
different characteristics. The areas of application and prospects of
development of both dtraightening types were also regarded. All
characteristics under study for cold and thermal straightening, and groups of
structural, organizational and operational parameters are given in Tables 1.2
—1.4. Table 1.5 arranges the results of the previous three tables presented as
graphical ratios of the cold and thermal straightening by preferences.

Table 1.2
Comparison of cold and thermal straightening by operational
parameters
Number Operational parameter Efficiency ratio for cold (C ) and thermal
(T ) straightening

1 Availability of straightening C-100% T-0%
equipment (only)

2 Availability of straightening C-50% T-50%

equipment and machine

3 Availability of machine only C-0% T-100%

4 Workshop arearestrictions C-0% T-100%

5 Insufficiency of gases C-100% T-0%

6 Insufficiency of electricity C-0% T-100%

7 Insufficiency of gas and electricity C-50% T-50%

8 Workload of crane and other C-0% T-100%
transport means

9 With straightening efficiency C-65% T-35%

10 With maintenance of weld metal C-0% T-100%

properties

38




Table 1.3
Comparison of cold and thermal straightening by structural parameters

Number Structural parameter Efficiency ratio for cold (C ) and thermal
(T ) straightening
Wagon body beams:
11 - of short length C-90% T-10%
12 - of average length C-50% T-50%
13 - of long length C-25% T-75%
14 - with welded ribs of rigidity C-0% T-100%
15 Boxed beams or elements C-0% T-100%
Table 1.4
Comparison of cold and thermal straightening by organizational
parameters
Number Organizational parameter Efficiency ratio for cold (C ) and thermal
(T ) straightening
16 Automatic transfer lines C-100% T-0%
17 Conveyor production line C-50% T-50%
18 Single production C-15% T-85%
19 Combination of laying-out, welding C-0% T-100%
and straightening
20 Combination of straightening for C-30% T-70%
bulging deformation and deflection
21 Cost benefit C-50% T-50%
22 Method of deflection straightening
for other technological operations C-0% T-100%
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Table 1.5

Rational application ratio for cold and thermal straightening

Scope of use of cold and Parameter Efficiency ratio of cold (C )
thermal straightening numberin | andtherma (T ) straightening
Tablel.1
-1.3
Cold straightening only C-100% T-0%
1
C-100% T-0%
.
C-100% T-0%
15
Cold straightening mostly C-90% T-10%
1 |
C-65% T-35%
9
Cold and therma straightening C-50% T-50%
equally 2
C-50% T-50%
7 I |
C-50% T-50%
12 | |
C-50% T-50%
17 | |
21
C-50% T-50%
I |
Thermal straightening mostly C-30% T-70%
20
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Scope of use of cold and Parameter Efficiency ratio of cold (C )
thermal straightening numberin | andthermal (T ) straightening
Tablel1.1
-13
13 C-25% T-75%
18 C-15% T-85%
Thermal straightening only C-0% T-100%
3
C-0% T-100%
4
C-0% T-100%
6
C-0% T-100%
8
C-0% T-100%
10
C-0% T-100%
14
C-0% T-100%
15
C-0% T-100%
19
C-0% T-100%
22

It should be mentioned that dependencies presented in Table 1.5 are
qualitative estimation of the use of both straightening types, as they do not
consider the value of each characteristics, which can be expressed by
different width of the bar representing a certain characteristic; but it could
complicate presentation and understanding of the dependencies, therefore this
approach was rejected to return to it in future. The analysis of Table 1.5
enables to estimate the prospects of application of the thermal straightening;
it is an endevour to generalize an expert anaysis of the qualitative effective
application ratio for cold and thermal straightening.

If we put on the horizontal axis the general volume of straightening in
elements of the body for a given range in percent, and on the vertical axis —
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the efficiency of cold and thermal straightening (in percent), and if we divide
the general volume into separate groups of elements, we will obtain the
general comparison of efficiencies for two straightening types (Fig. 1.7).

£%
0 p :
&5 |
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I
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7 x| T |
77 gﬁ
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Fig. 1. 7. Comparison of efficiencies of cold and thermal straightening
1, 2 — Relative efficiency for cold and therma straightening,
respectively;
S - straightening zone which includes
C - cold straightening is preferable;
CT —efficiencies of cold and thermal straightening are equal;
T —thermal straightening is preferable;
TT —thermal straightening is an only opportunity;
Ors— other thermal straightening applications.

There exist four groups of elements which are straightened at wagon
building plants:

group one (C) — cold straightening is more efficient. It is true for great
number of similar elements. The experience testifies that straightening on
rollers is applied even if elements need to be transported from another
workshop;

group two (CT) — the efficiencies are equal for both methods. It refers
to small batches, when preparation operations for cold straightening require
long time (waiting for a crane, transportation by bogies, etc.);

group three (T) — thermal straightening is more efficient. It refers to
single products, production in overloaded workshops, when installation of
equipment for cold straightening is not reasonable; and
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group four (TT) — therma straightening is an only opportunity
(compound belts, e.g. I-like ones, when overall sizes exceed the capacity of
equipment for cold straightening, when cold straightening is forbidden due to
metal properties, etc.).

The efficiency of thermal straightening, apart from mentioned four
groups, refers to the group of elements treated similarly, namely, scimitar-
shape straightening, creation of curved structures, etc. Itisgroup fiveandit is
marked in Fig. 1.7 as Ors.

Fig. 1.8 presents a principle diagram of emergence and straightening of
post-welding deformations in the conditional beam of a freight wagon with
thermal straightening.
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Fig. 1.8. Principle diagram of emergence and straightening of post-welding
deformations in conditional beam of freight wagon with thermal straightening
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On the basis of the analysis presented in Tables 1.2-1.5 the following

basic advantages of thermal straightening were distinguished:

1) universal nature (straightening of metal structures of complex
configuration and large overall sizes);

2) no need for huge stationary equipment (gas cutter or welding
apparatus is sufficient);

3) no considerable deterioration of the base metal properties,

4) simplicity of the technological process, ease of use, flexibility,
sufficient accuracy and cost-effectiveness.

Conclusionsto Chapter 1

1. It was mentioned that the basic technological processin production of
freight wagon elements is welding. The study deals with advantages and
disadvantages of welding. The reasons for residual stresses and deformations
in wagon metal structures were analyzed. It was mentioned that residua
deformations in operation result in lower strength, decreased resistance to
corrosion and poor accuracy of awelded structure.

2. Methods for determination of welding stresses and deformations in
the carrying structure of freight wagons were considered. The diagrams for
measuring residual deformations in welded structures, and deformation
diagrams under welding are also presented. The results of the analysis of
possible deformations in structural components of freight wagons proved that
the basic reasons for them are violation of requirements for operation and
technological process conditions. Particularly, it is revealed that over 80% of
deformations are the result of violation of the technology of welding worksin
production. So, violation of requirements in production of the center sill for
universal open wagons leads to a deflection of about 120 mm, which is
absolutely inadmissible. And a breach of requirements for the technological
process welding in the top cord leads to a deflection of about 500 mm, which
isalso inadmissible.

3. The research methods for temperature fields and appropriate
deformations and stresses were analyzed. It was mentioned that one of the
most popular methods to solve engineering problems of thermal elasticity is
the finite element method, which is universal and produces quite accurate
results.

4. The reasons for residual stresses and deformations were considered.
It is mentioned that emergence of residual stresses and deformation under
welding can be avoided with application of the structural and technological
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method. The approaches presented deal with control of welding stresses and
deformations. Their analysis enabled to choose a way of the post-welding
general and local thermal treatment, which is aimed at considerable decrease
of residual stresses.

5. The classification of straightening methods for wagon structures
fully encompasses and structures all the existing types. In terms of
economical characteristics, the thermal straightening method has specia
advantages among the straightening methods for wagon structures. The study
considers the physical nature of cold straightening, underlying its advantages
and disadvantages. It presents the results of comparison of cold and thermal
straightening for wagon structure elements by operational, structural and
organizational parameters, and also the rational application ratio.

The following Chapters of the study are devoted to a search for ways to
speed up thermal straightening by optimizing heating zones.
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CHAPTER 2
HIGHER EFFICIENCY OF THERMAL STRAIGHTENING
WITH GENERALIZED UNIVERSAL MATHEMATICAL
NOTATION OF THERMAL STRAIGHTENING FOR WAGON
METAL STRUCTURES

2.1. Physical nature and peculiarities of use of thermal
straightening for wagon metal structures

Last years have seen a wide spread of therma straightening in
production of welded structures. And thermal straightening with local heating
is of primary importance for production of pilot engineering structures, when
proven technologica techniques cannot be used for elimination of welding
deformations.

The physics of straightening processes with local heating can be
studied by heating a small area of a fixed low-carbon steel rod. Let us
uniformly heat arod fixed at both ends (Fig. 2.1, a) on the whole section at
the area AA'BB’. The material of the rod is in different physical states. cold
areas, which do not change their mechanical properties, and heated area
AA'BB’ | which decreases the strength and increases the plasticity with an
increase of temperature. The heated volume AA'BB'is the weakest link in the
power circuit, because it can take a plastic flow at lower stresses than the
other (cold) areas of the metal. Let us describe the processes in the rod with a
diagram (Fig. 2.1, b) in the coordinates o - T (stress/temperature). The
diagram was obtained by the following way. The yield boundary/temperature
curves were built in the coordinates o — 7 under heating and cooling. As
known, the yield boundary decreases with an increase in temperature of the
sample. The straight lines show changes in stresses in the sample under
change of the heating temperature. While heating to the temperature 7 4
there emerge and develop compression stresses along the strength line 04.
These stresses reach the yield boundary in the point 4 at the temperature T'4

[72, 73].
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Fig. 2. 1. Thermal straightening physics:
a) fixed rod; b) diagram; c) straightening of rod with local heating

The temperature T 4 is defined by the formula
TA =" (21)

where o —theyield boundary;

a —linear expansion coefficient;

E —¢elasticity modulus of the first type.

It should be mentioned that in practice the real temperature is much
higher, than that used in formula (2.1), because the rod is not rigidly fixed.

If we take into account that there is no area of temperature gap between
cold and heated parts of the rod (as if they are divided with heat impenetrable
borders), in heating the volume AA'BB'elongates and creates the pressure
growing to the yield boundary on the adjacent parts of the rod. Under the
compression stress in the rod the yield boundary also increases. At heating
over T 4 the stress in the heated volume will decrease by the yield change

curve according to temperature. At the temperature 600°C they will be equal
to zero, as far as at this temperature metal is in the plastic state. The fibers of
the volume AA'BB’under further heating expand by the dependency
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Al =a-T-1, however, in terms of braking from cold areas the fibers
compress plasticaly.

At a further heating of the rod above the temperature 600°C, the fibers
do not expand due to barriers — cold volumes of metal. Thus, plastic
deformation, i.e. shortening of the volume AA'BB’will continue. The
diagram (Fig. 2.1, b) presents the process as a section of the straight line
BB’ , which coincides with the axis of abscissa. When heating stops in the

point B’, the volume AA'BB’'will cool down to Tgand shrink while

suffering from plastic deformations. In the point B the plastic state turns into
the elastic one. And the volume AA'BB’, by shrinking at a further cooling,
tends to tear itself off the rest of the meta of the rod, but under the opposite
force it begins to stretch, first to the point D elastically aong the line BD,
and then — elastic-plastically, as the pressure reaches the yield boundary. As

far as plastic deformation at the temperature lower than 600° C emerges only
under the stresses equal to the yield boundary, the plastic stretching of the
volume AA'BB’will also undergo under the stresses equa to the yield
boundary [72].

These stresses will be in effect when the rod reaches the initia length.
Thus, the heating of the volume AA'BB’ to the plastic state leads, at first, to
plastic deformation and shortening of fibers along the area heated, then, after
cooling it results in plastic deformation and stretching of fibers in the whole
rod by compression stresses equal to the yield boundary. These physical
processes are in the basis of the straightening process with local heating. Let
us demonstrate it by an example of a bent rod of the deflection  , rigidly
fixed in supports (Fig. 2.1, c).

The heating of the volume AA'BB' to the temperature 600°C leads to
plastic deformation of shrinkage of the fiber length, and emergence of the
tension stresses P aong the rod’'s axle under cooling. Then these forces
cause emergence of the force N, which strengthens the rod and,
consequently, decreases the deflection. Therefore, the strengthening of the
bent rod requires determination of the length of the volume AA'BB’being
heated; this length should ensure its complete strengthening thanks to the
physical processes under heating and cooling. Three types of heating are used
for straightening: heating symmetrical to the detail’s axle, which does not
cause the bending moment, it is used for straightening bulges and for thin
sheets; heating nonsymmetrical to the detail’s axle, which, due to residua
compressive plastic deformation, causes the moment, which, by bending the
deformed detail, strengthens it; heating independent of the axle of symmetry
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of the detail and, due to compressive plastic deformation, shortens el ongated
fibers of the product and, consequently, straightens the structure.

The meta structure straightening is a thermal treatment which implies
processes of a thermal impact under certain modes in order to change the
structure and properties of an alloy. Such factors as heating time (speed),
heating temperature, curing time (duration), cooling time (speed) influence
the therma treatment. Thus, the basic thermal treatment factors are
temperature and time. Therefore, the therma treatment process is
demonstrated as a diagram in the temperature/time coordinates (Fig. 2.2 and
Fig. 2.3); the thermal treatments which consists only of one operation is
called smple (see Fig. 2.2), and if it condsts of several operations, it is called
complex (see Fig. 2.3).

Fig. 2.2.Diagram of simple Fig. 2.3.Diagram of complex
thermal treatment thermal treatment

2.2 Mathematical modelling of thermal straightening for
wagon metal structures by optimality criterion

Nowadays the most important condition to improve the welding
production is not only development of the theoretical basics of welding with
application of innovations from different branches of fundamental and
applied sciences, but also creation of highly efficient methods and techniques
for modelling and simulation of welding processes. The mathematical
methods and mathematic modelling of welding processes applied have been
turned into a powerful instrument for research and cognition of processes in
complex technological systems, which alow the speciaists to obtain a
formalized description of their basic dependencies and control them
efficiently. The mathematical modelling can optimize conditions of the
welding process, avoid inadmissible defects in welded joints of structures,
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and, simultaneously, increase the efficiency of welding operations. Therefore,
the issue of higher labour efficiency and lower production cost has aways
been of high priority for any production.

As mentioned in Chapter 1, one of economical ways to reduce
deformations in metal structures of freight wagons, which appear under
welding, is the thermal straightening with local heating. At the same time, the
problem to improve production and maintenance technologies for freight
wagons based on scientific substantiation of the thermal straightening of their
elements at the current stage is advisable to solve with application of
techniques and methods of the optimization theory [74, 75], i.e. the
optimization research of the thermal straightening in order to reduce
deformations in wagon metal structures. Generally, the optimization theory is
aimed at finding and identification of the best variants among the great
variety of actual alternative solutions with appropriate humerical methods,
which can dispose of an exhaustive search for estimation of al possible
variants. And the mathematical modelling plays one of the basic roles; it
implies the use of objective mathematical models in optimization research,
and methods and algorithms of these studies (search for an optimal solution).

As far as known methods to avoid welding deformations in metal
structure production are not sufficient, there are some techniques used in the
wagon production to eliminate welding deformations and stresses [22, 76,
77]. They are:

- rolling of welded joints;

- hammering and straightening in order to create displacements with
plastic deformations opposite to displacements created by welding;

- local heating which implies concentrated heating of small areas of a
deformed structure;

- thermal treatment in clamp assemblies; and

- impulse and vibration loading of welded joints of metal structures or
their separate units.

With consideration of the trends mentioned, the proposes a universal
mathematical modelling notation of an optimization problem for the thermal
straightening of wagon metal structures in order to decrease their post-
welding deformations, as problems of limited multifunctional optimization.
Generaly, the objective of the optimization research is determination of the
vector of controlled parameters X (x,,....x,) called the optimal point which

meets all specific restrictions at which the extreme value of the target

* —
function (TF) isreached: F (X') — the TF value in the optimal point.
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The general notation of the problem for any wagon metal structure has
the form:

F(X)— extremum,

Xe e, (2.2

where F — main optimality criterion chosen according to the main objective
of the optimization research;

X — vector of variables (x1,x2,x3 ....Xp), variaion of which can
change the main criterion F. And dependency (2.2) is called the target
function (response function);

/[ — area of feasible solutions (optimization ared), limited by
boundaries of variation of variables ,, (controlled variables) regardless the
functional limitations, i.e. parametrical (direct) limitations (X max: X min):

A=Ky iy el (23)

Iy — area of admissible solutions, limited by functional (secondary

criteria presented as equations y(x)=0 or inequations ¢(x)>0) and
parametrical limitations, where the taken (admissible) solution is searched:

Ax ={)?‘q/(x):0 ..... PX)>0, X rrin <X <X e 1€[ 1:n]}' (24)

In the final calculation the optimization research problem is reduced to
* % * *
determination of optimal values of variable factors (X,X2,X3...Xn), a
which the parametric and functiona limitations are fulfilled, and the target
function takes the extreme (conditionally extreme or rational) value.
The earlier research demonstrated that it is advisable to use the
deflection value ¢ for problems of optimization research into the thermal

straightening for wagon metal structures in order to decrease their post-
welding deformations; this value is the main optimality criterion, as far as
deflection is the main welding deformation in the wagon metal structure
production.

Considering the chosen criterion, a generalized notation of optimization
research into the therma straightening, aimed at decreasing post-welding
deformations, has the following form
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f(X) — min;

7(X) (2.5)
Xelxeld,

where the area of feasible solutions /[ is determined by boundaries of the

corresponding values of variable factors x; (parametric limitations):

XBa X d  X[ile — Variable parameters, which characterize geometrical

dimensions of heating areas, namely, height, length and width;

x g — variable parameter, which characterizes the number of heating

ZOnes;
XTk — Vvaiable parameter, which characterizes the heating
temperature T at thermal straightening.
Considering the all above-mentioned, the area of feasible solutions
can be presented as follows

J=1X (26)

Xgamin <XBa <Xpamax X z7d min <* 7d <X 7d max » X 127e min =¥ 1170 <X 11e max »
X min SX77 SX 77 max X7k min SX7k SX7k max ae[1n],de[ L] ,ec[ L],
je[2h] ke[ 1 m]

The feasibility region [, with the solution found is sorted out of the
region /[ by functional requirements (by secondary criteria limitations). The
earlier research demonstrated how the mentioned criteria and limitations
corresponding to them should be considered:

Omax — Maximum stress in a critical section of the metal structure,
which should not exceed the admissible stress [ o] for the material chosen;

Cmax — rigidity value, which should not exceed the admissible value
[cl;

Ocm.max — Strength value, which should not exceed the admissible
value [ o, 1

E — factor of proportionality (modulus of longitudinal elasticity,
elasticity modulus, Young's modulus of elagticity), which is chosen
according to the material; for steel it equals £, ;

n — efficiency of heating for metal structure (within the range from

Nmin 0 Mmax)-
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Thus, the feasibility region A, is
Omax <L 01 Conax <[]+ O max <L O emmax 1 E=Eeuy s 1277min + 71<Mmax s

ﬂx XBamin <XBa*rBurnax Xd m|n<xﬂd Sxﬂd max ’xwemingxulegxulemax' . ( " )
X5 min SX 7 SX 7 max s X7k min S¥7k S X7k max 5 ae[Ln] de[Lc]es[ L],

i€l L h] ke[ L

And the general form of the optimization research of the thermal
straightening for wagon metal structures has the form
f(X) — min;
Xel, ek,

anm|n<xBa£xBamax xﬂd mm<xﬂd <xﬂd max 'Xwem\ngxwasxu[ 1
jm |n5x17|<x171max X7k min SX7k S X7k max » @€ 1:n] ,de[ Lic] ee[lS] (2 8)
JE[ Lh] ke[ L:m]. ’

Omax <[ O], G SIC T max <[ Oemman 1 E=Bo s 127000+ 150y 3

ﬂx = XBa mln—xBa —xBu max ! xﬂd mln—xﬂd <xﬂd max 1 X [1le mln—’clu( —xzu( max !

X175 min SX 35 SX 77 max s X7k min SX7k S¥7% max » ae[Ln] de[Lc]es[Lg],

jel L] kel L]

The deflection value for the welded metal structure of a freight wagon

is calculated by the formula

2
f= :;AEIJ ’ @9

where M — moment from the action of a pair of axial internal forces;

P.-h
M=-25 " (2.10)
2
where Pre — shrinkage forces, N;
h —height of metal structure before deformation,
P/
Pre=—5—
Lt (2.11)
I |
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where Py’c —initial shrinkageforce, H ;

F — cross-section of welded metal structure;
e — eccentricity of shrinkage force relative to gravity center of cross
section.

P/

ye =B

q
V., (212

where B = 4...7 — non-dimensional coefficient [78], which depends on the
specific heat input (g (at qq = (42...63)-108 e / 12 thevalue B iscloseto 7,

at qp=(209..293)-10° e/ m? the value B is close to 4, at the values
0 =(63...209)-10° /e / m? the value B is defined with linear interpolation).

__4q
5V,
where V,, —heating speed, u/c;
g — efficient heat capacity of agas oxide flame, Jodc;
6 — width of welded elements (mean thickness of welded elements, if
their thicknesses are different), .

do (2.13)

77‘Q'Vn
3600 '

q= (2.14)

where 5, — effective efficiency of heating for metal structure with a gas flame
(for production of wagon metal structures , = 0,8..0,95 ) [8];

o —lower heating value of the fuel, x/xc 1 13;

V,, —volumeflow of the fudl, 42/ 200 ;

| —length of metal structure before deformation;

E — coefficient of proportionality (called modulus of longitudinal
elasticity, modulus of elasticity, or Young's modulus of elasticity);

J —axia inertia moment.

The geometrical dimensions of wedge-like heating zones (the most
popular in straightening welded wagon metal structures) are the height h,,,
which for straightening the center sill is in the range 20...24 % out of its
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height, and for straightening the top cord is 45..85 % out of the top cord’'s
height, and width calculated by the formula

___ Aant 215
i I (o ’Tnft_gT)1 (215
where o —linear expansion coefficient for steel, 1/° C .
14
Ot —TE, (216)
where Al — elongation of the metal structure under an increase in its

temperature by value 4T;

T,,, — temperature of heating to the plastic state, °C ;

gr — deformation of material, which corresponds to reaching the yield
boundary (at normal temperature).

er = %T , (2.17)

where o —yield boundary of material.

The number of wedges N to be heated for elimination of the residual
deformation of ametal structure is calculated by the formula presented bel ow
[72].

hf

nN=_————" . 2.18
2|(at’Tnﬂ_gT) ( )

According to science and technology [79], heating temperature is
chosen in the range from 500°C to 900°C_ |t was experimentally established

that the optimal temperature for local heating is in the range from 800°C to
850°C [80].

2.3 Mathematical modelling of straightening processesin open
wagon element production

The analysis of recent research and publications demonstrated that

today the number of welding techniques by type of activation energy is over
a hundred, and the number of arc welding exceeds a thousand. Therefore,
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there is agreat variety of possibilities to build mathematic models of welding
processes and their improvements. It should be mentioned that a mathematic
model of the stress-strain behaviour of open wagon elements in welding or
thermal straightening consists of two mutually coupled problems:
temperature and deformation.

The research into a deformational problem, and the kinetics of welding
stresses and deformations, presented in the , demonstrated that in production
of the center sill of an open wagon there appears a considerable deflection
(from 65 mm to 110.:a) which should be reduced [69] (detailed calculation of
deformationsis given in Appendix C). The study analyzed modern methods and
approaches to straightening of deformations under welding carrying metal
structures of freight wagons and their elements, and proposed a classification
of straightening methods used for welded structures in wagon production. It
was established that the most popular method is the thermal straightening
with local heating as more economical in comparison with others [67].

Besides, known analytical solutions to the thermal conductivity usually
do not consider the heat of transformation of the first kind, accompanied by
absorption or emission of the hidden heat, and change of the specific volume.

The academician M.M. Rikain developed the genera theory of heat
distribution under heating for estimation of the temperature field [32]; the
results demonstrated that the heat of fusing considerably affects the
dimensions of the molten metal and the joint. It should be mentioned that the
theory of therma processes by M.M. Rikalin is based on the method of
sources, which is efficient when a heating source is concentrated in a small
volume of the element, and the heat expansion area is not limited. It enables
to find speeds of welding stresses and deformations with numerical methods,
but determinates require application of numerical differentiation formulae
which give additiona errors. However, Rikakin's method of temperature
field calculation does not consider the heat of transformation. All this helped
find the most optimal approach, which considered the above-mentioned
shortcomings and presented a more accurate description of the temperature
field with consideration of the heat of phase transition according to thermo-
physical temperature coefficients, which led to a Stefan problem formulated
by Austrian engineer and metallurgist Josef Stefan as early asin 1870s.

It was the way to research the temperature field under heating during
butt welding of two thin plates of a constant thickness and restricted by size
[81]. Research of straightening and welding processes requires the problems
which can be considered as Stefan ones, but they have a peculiarity that an
unknown function which describes the law of transition surface motion of the
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first kind, is included not only in Stefan’s conditions, but in the thermal
conductivity equation.

The Stefan-type problems belong to non-linear boundary problems for
parabolic equations with discontinuous coefficients on unknown moving
surfaces. The monograph by L.I. Rubinstain [82] presents the generalized
research into correctness of such problems. The existing numerical methods
for a Stefan task can be divided into two groups. methods with an explicit
selection of the transition boundary, and methods based on substitution of an
equivalent thermal conductivity task with a heat source connected to the
transition boundary. A characteristic feature of the second group is the use of
ahomogeneous difference scheme for solutions to the problem.

A lot of mathematic models, while building equations of thermal
conductivity, define the spatia distribution of a heat source with the Dirac
delta function, introduced by English mathematician Paul Dirac, which later
on obtained his named (s function, Delta function). While being built a
difference scheme is approximated with the Delta function, which sets
smearing of the phase transition enthalpy on a certain phase interface. Thus,
it is supposed that the phase transition heat emits at some area of the
transition surface (T.—A, T.+A), where the main supposition under
modelling phase transformations is that the phase transition is conducted at a
specific constant phase transition temperature of the first kind T, i.e. the
phase transition begins at the temperature lower than the melting temperature
(crystallization).

The phase (structural) transformations greatly affect residual stresses
and deformations under welding and straightening, and estimation of them
gives considerable errors. At the same time structural changesin metal during
the gas welding are greater than changes during the arc welding due to
smoother heating of the impact zones. Under the gas straightening metal
undergoes phase structural changes at the heating stage in an interval of

transformation beginning is 4,(PSK)=725°C, the temperature of re-
crystallization stoppage is 4,(Gs) =860 'c ). The heat temperature of the base
metal which provides the best effect under straightening low-carbon steels is
t=700+750 °C, and the maximum admissible temperature is

tax = 900+950 °C [79]. Experiments have proved that correction with
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local heating is the most rational at the temperatures from 800°C to 830°C

[72], which isin the range from 600°C to 950°C according to [79)].

Among the basic phase transition temperatures for Steel 09 r2¢ are
[83]:

- normalization — area of the base meta in which the fine-grain
structure of the best mechanical properties is formed. The temperature

fluctuates from 860°C and higher (ferrite-to-austenite transformation);
- incomplete re-crystallization — base metal area where the fine-grain
structure is formed near the coarse-grain structure through re-crystallization.

The temperature fluctuates in a range of 725+860 °C (ferrite-austenite
partial transformation under heating);

- re-crystallization — part of the base metal characterized by the
renovated form and sizes of damaged metal grains which were earlier treated

by pressure. The temperature fluctuates in a range of 600+725 °C. Heating
below 725 °C does not change the output phase steel composition; however at

the temperature over 600°C (re-crystallization temperature) it leads to
elimination of congenital rolling structure of the base material and
spheroidization of the grain form. And the finite structure of the thermal
impact zone under straightening depends on the cooling speed of points. This
phenomenon is presented in a diagram of anizothermal decomposition of
austenite (continuous-cooling transformation diagram) [32].

Below are the materials how to reduce a Stefan problem to a heat
conduction problem with a mobile heat source under straightening with an
arc gas burner for center sill elements.

In the chosen coordinate system its origin was on the edge of Z-like
profiles, the Ox, axis was directed along the axis of weld joint Oxq along

the edge of Z-profile, perpendicular to the axis OXo. By considering
symmetry relative to the axis Ox7p let us consider one Z-profile
Q={0<xg<ly, 0<xo<lp} Fig. 24. And the problem of defining the

temperature field at straightening is reduced to solution of such an equation
system [81]:

c%: div(/lgradT)—%x(T ~T)+q, (X, %)eQ, t >0, (2.19)
where
_ Cl,T<T* 2= ﬂl,T<T*
e T>T T (A T>T
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Fig. 2.4. Coordinate system for straightening center sill of open wagon

where ¢1(cy), A1 (42) — volumetric specific heat and heat conductivity
factor of solid (liquid) phase, respectively;

o —heat transfer coefficient;

& —thickness of beam elements;

Tc — environmental temperature at straightening (heating temperature

650+900°C, non-complete re-crystalization,  over-crystallization,
normalization of material of open wagon frame);
T, — phase transition temperature.

T =T.([AgradT |.grade) + Laa—f =0, p(x,%,t)=0, t >0, (2.20)

where L — crystallization heat of volumetric unit of material;
@(xq,%0,t) =0 — heat boundary equation;
9 _ specific thermal flow of burner flame with boundary conditions:
oT

~A—+a(T-T)=0, ¥ =0,t>0; (2.21)
xq
/IﬂJra(T—TC):O, X =1, t>0; (2.22)
aXl
oT
—=0, X% =0,t>0;
ox > > (2.23)
oT
A—+a(T-T¢)=0, Xo=lp, t>0; (2.24)
2
with initial condition
T(x1,% 0)=Te, (X1,X)eQ. (2.25)
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Under actua straightening the heat flow is distributed in some compact
space, thus there exists a distributed heating source. Thus, for a surface
heating source, e.g. a gas flame, it is experimentally established that the
specific heat flow gin any point of the heating spot is described by the

Gaussian curve (the normal distribution law) [32] and approximately it can
be expressed by the formula

q= qmax.e_sz , (226)

where Qpax — largest heat flow in heating zone center, xar/cx’e;

€ — base of natural logarithm;

R — heat flow concentration factor, 1/cw?, (for gas welding
R=03cu 2[32));

k —radial distance of heat spot point from flame axis, Cu.

In equation (2.19) the expression %(T—TC) considers the heat

conductivity from both surfaces of Z-like profiles. The Derichlet’ s boundary
conditions (2.21), (2.22), (2.24) establish the condition of heat exchange on
elements flanges with the environment. The Newmann's boundary condition
(2.23) sets symmetry along the axis Ox1 in any time moment.

Thus, two-dimensional Stefan problem (2.19), (2.20) with the fixed
phase transition temperature T, is reduced to a heat conduction problem with
a heat source distributed in a small area on the phase boundary; it is chosen in
the phase zone under formation. Due to continuous change in position of the
phase transition surface, the heat source added is mobile with the phase
boundary.

The heat source is described with the partially continuous integral
function g(T) which satisfies the following conditions

- g(T) defined in the whole range of temperature change, non-zero in a
range from T, to T, + A, and beyond them identically equals zero;

- o(T)=1,
- a—g<0forTe(T* T +A).
aT ’

Thus, the above-mentioned Stefan problem (2.19) — (2.21) is correct, it
is equivalent to the heat conduction problem defined by the equation
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Caa% = div(/lgradT)—Z(S—a(T ~To)+q+ L%?, (X1, %)eQ, t>0, (227)

with the boundary and initia conditions of the problem (2.21) — (2.25).

In its turn the condition 2—_?_<0 provides positivity of the expression

c— La—g. In the melting problem g>0, then (lg:@_gd)’ thus the last
ot dt ot dT ot
summand of the right part of equation (2.27) means a heat leakage which
corresponds to the phase transition absorption.
By the method based on the concept of study [68], let us consider some

volume V, restricted by the surface A with the phase boundary X (Fig.2). 5.

N

Fig. 2.5. Volume with phase boundary

In the time moment t the phase boundary 2 divides the area v in two
sub-areas V1, Vo with the external surfaces A, Ap. For a certain time gain
At the phase boundary ) undergoes the elementary volume gain sv and

takes the position 2. At the same time the volume taken by phase 2
increases and, consequently, the volume of phase 1 decreases.

If we integrate equation (2.27) by volume V with Gauss theorem, we
will obtain

Ty - [ (AgradT ,f)dA + jLa—ng + j(f —M(T—Tc)j dv, (2.28)
y ot A y ot vV o

where i — outward normal to the surface A.
Let uswork out the second integral of the right part (2.28)
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jLa—ng= | LBy + | LBy -
\ o V; o V. o
1 2
(2.29)

| LBy + [ L%de.
Vy—V Vo +V
Here, the integral over domain V) —dV equals zero by the function
g(T) and the second integral by Vo +dV hastheform

)1t+At (9)
At

[ tBav=[1Bav+ tim [L
Vy+ oV A A0 5y
By the function g(T) we get that (9)144at =0 and 9(T)=1 on the

2t
dv.  (2.30)

phase surface. When At — 0 the ratio dv / dt tends to Vi -d Y, where vy, —
local speed of the element dx along the normal to it towards the first phase.
Besides, the volume sV shrinks to the surface 2., thus the integration domain
becomes 2. And on the basis of two previous ratios we get

o9 o9 *
JL=2dv = [ L==dV - [L-vpaV - 231
¢ty oat s (2.:31)

Let uswriteratio (2.28) for each phase

Jq av = | (AgradT,n), dA+IL6—ng+
A+S

j(f -E(T-T) Jdv
[ czgdv— [(AgradT,ni),dA+
Vs Ap+X

+ | Lang+j(f2—2a(T Tc)jdv.
V. ot V. g

(2.32)

(2.34)

In equation (2.32) the second summand of the right part equals zero,
and in equation (2.33) a similar part is replaced by its value from formula
(2.31). And by summing the obtained ratios, we will obtain the equation

62



jc T v = [(AgradT ,f)dA+ [(AgradT ,fi);d X+ [(AgradT fi),d 3 +
A > z
(2.35)
+ jl_a—gdv +[L-vpd T+ j(f —Za(T—TC)JdV-
v ot 5 v o

By deducting equation (2.28) from the obtained ratio we will get
[(AgradT,A);d X+ [(AgradT,i),d X+ [L-vpd X =0.

2.36
hX X > (2:30)

If the local normal lineto 2., directed to the first phase, isindicated as
N, inthefirst integral N =—n,, and in the second integral i = .. And the
previous equation can be noted as

él((ﬂgradT)z ~(AgradT)y, i)+ L-vj [d = =0. (2.37)

Therefore, due to randomness of the volume v and the corresponding
surface 2- we will get

([AgradTfi.)+L-vq =0, (2.38)
which considers the ratio
* 1 dR
do@
grad(D(dt ora J (2:39)

. grad® drR oD
N — do =0 .
: \graddi\ ( gra J (2.40)

gives condition (2.20). In the last equation I = R(t) — radius vector of a point
on the transition surface. The check for adequacy of the obtained
mathematical model is conducted with numerical calculation of a problem of
heating the wagon's elements under straightening; they are presented below.
For numerical calculation of equations (2.27), (2.21) — (2.25), let us use the
smoothing method. The coefficients of equation (2.27) as temperature
functions jump at T =T, and they are not determined in this point. Let us
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join the last term of the right part with the left part, then the effective thermal
capacity ¢ - Ldg /o1 jump at the points T =T, and T =T, +A. Therefore,
equations (2.27), (2.21) — (2.25) will have the following form

a%%=dw@gmﬂﬂ—%?ﬁ—Td+q,@L&QEQJ>°;
_ZQJFQ(T—TC):O,xl:O,wO;
21
~ T
A—+a(T-T.)=0, Xy =1, t>0;
axl a( C) 1=11,t>
al:O,X2=O,t>0,
aXZ

Za—TJra(T—TC):O, X =lp, t>0;
X2

T(x1,%00)=Te, (x,%0)eQ.

coefficients of the mathematical notation mentioned above are determined in
the whole range of temperature changes by the following way

C1, akuwo T <T,
. . dg
05 limcy + limcy —L—=|, akyo T =Ty,
C= T5T,-0 ToT,50 d
CZ—L:—_?_, axuwo T, <T STy +A,
C2, akuo T >Te + A,
A if T<T,-A,
;:(A;@xja+a£ﬁ—t)ifI_ASTSI+A
Ay, if T>T,+A.

The approximation by continuous function was taken for the thermal
coefficient. Therefore, it can be re-defined similarly to the heat capacity. Asa
temperature field is most sensitive to the value of thermal coefficient, it must,
when re-defined, closely match the actual phase transition process. By
choosing the function g(T) there is a need to consider the process direction:
the phase transition is conducted as a result of a temperature fall or rise. It
should differ from zero in the phase zone under the following formation.

64



The validity check of the design mathematical model was conducted
with the data presented in studies [32, 69, 83, 84].

Fig.2.6 presents the design data in terms of temperature distribution in
the center sill of low-carbon steel (345-09G2S-14, GOST 5267.0-90) of 10
mm in thickness at various time moments from the beginning of heating
under welding. And the radius of the heating zone is 10 xx, the effective
capacity of the heating sourceis 245 /[xc/ ¢, and the heating time is 30 c.

Fig. 2.7-2.10 present design and experimental data regarding

temperature distribution in the center sill at the corresponding distances R
from the heating center.

Fig. 2.6. Temperature distribution in center sill

800

— ]
I
'z .
700 ~
600 —
8{ \\
g 500
=
S 400
< B
3 R=10mm
S 300
il / PO3PAXYHOK
200 / e excnepumenm I
100
0
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 151

Fig. 2.7. Kinetics of design and experimental temperature values
at 10 mum from heating center on beam
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Fig. 2.8. Kinetics of design and experimental temperature values
at 15 mm from heating center on beam
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Fig. 2.9. Kinetics of design and experimental temperature values
at 20 wm from heating center on beam
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Fig. 2.11. Kinetics of design and experimental temperature values
at 25 uu from heating center on beam

2.4. Rationale for choosing forms and geometrical parameters
of heating zones under thermal straightening for wagon metal
structures

The use of thermal straightening with local heating is connected with
the following stages:. revealing deformations emerging in the structure;

- measuring these deformations and decompose complex

deformations into simple ones,

- establishing location, form, size and heating mode according to

the nature and values of the deformations; and

- using a prior elastic heating deformation with subsequent

complete cooling of the structure, if needed [66, 85].

Among the above-mentioned stages particular attention is given to a
choice of heating form and size. According to the existing classification there
are the following heating forms. dotted heating along concentric circles;
circular heating; spiral heating; heating along bands or rings in consecutive
order; heating by triangles (wedges); combination of wedge heating and band
heating; cross heating combined with band heating [85, 66, 86].

There are some recommendations for thermal straightening:
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- application of short bands and waviness by free edges for straightening
cambers on the shell;
- application of bands on the reverse side of welded shells to straighten
ribbings;
- application of triangles (wedges) for straightening deflections of
beams; and
- application of a spotted circle for straightening cambers on thin-sheep
shells (4 mm and less in thickness).

The number of heating bands, spots and triangles are chosen for a
decrease of existing deformations by means of residua plastic deformations
to admissible values under heating.

Fig. 2.11 presents examples of local heating forms traditionally used at
thermal straightening [64, 73].

Fig. 2.11. Forms of heating zones:

a) round heating zone; b) long band with distributed heating source; )
long band with moving heating source; d) circular heating with distributed
source; €) circular heating with moving heating source; f) spiral heating with
moving heating source
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Anaysis of the above-mentioned heating forms indicated that the
bending moment needed to straighten the structure can be reached through
longitudinal or transverse shrinkage of metal. The heating band is an example
of a longitudinal shrinkage of metal at local heating. In its turn transverse
shrinkage of metal is used for wedge heating, which increases with
approaching the cambered side of an element under deformation. It was
established that the thermal straightening for carrying structure elements of
freight wagons requires transverse shrinkage of metal and wedge heating.

Fig. 2.12 demonstrates an example of the therma straightening for
elements of freight wagons with wedge heating.

Fig. 2.12. Thermal straightening for post-welded deformations on carrying
structure elements of freight wagons with wedge heating method

2.5 Computer modelling of straightening process with application of
designed mathematical dependencies

The author proposes the thermal non-impact straightening for the
technologically deformed center sill of an open wagon presented in Fig. 2.12;
this method is called the method of wedge heating and redlized by the
internal stressed state generated by thermal impact. This method provides for
the heating of triangles (wedges) (Fig. 2.13) on Z-like profiles (Fig. 2.14).

The straightening procedure of the technologically deformed center sill
of an open wagon by the above-mentioned method runs as follows. Two gas
cutters simultaneously and symmetrically heat equiangular triangles (wedges)
(see Fig. 2.14) with heating equipment (at thermal straightening the heating is
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conducted with a gas oxygen flame or an electric arc) on Z-like profiles (see
Fig. 2.13, areas 1-4) until steel in the heating zones reaches cherry-red/red
colour (corresponding external parts of bottom horizontal flange, fillets and
vertical rail of Z-like profiles (Fig. 2.15). After heating all wedges the center
sill are cooled in the processing area. After cooling one can see on the beam
the vertical positive displacements of mean points so that itslongitudinal axle
and horizonta line are balanced and even the vertical deflection moves
upward (technical documentation admits up to 10 mm).

2565 2565
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Fig. 2.13. Center sill with areas for heating with wedge method
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Fig. 2.15. Cross section of center sill
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The basic complexity under thermal straightening is determination of
sizes and heating modes. They were determined by mathematical modelling
of the thermal straightening for the center sill of an open wagon [66, 68, 85 -
88]. Fig. 2.16 presents an example of the mathematical research planning for
reference and actual parameters, and also determination of the macro-model
coefficients.

& 5 i 1 3 [x] v " n ) v a
1 & 113.6 min max T xI x2 x3 Av Ap
22 95,1 5 80 100 0| eos0111 1 1 1 1 1156 | 11310044
A3 50,3 i 100 120 ol 216000 7 1 il ] 931 02070444
At 43,9 r 650 750 a2 9,08000 E 1 1 1 503 | 50.089444
Ay 502 a3 11.36000 g 1 1 1 39 | 43710444
s a0 71,1 12,34 ] 0 1 arl_| 2151111 5 1 1 1 502 | 50270444
7 [ a7 93,1 5 50 % 100 @22 | -13,48880 s 1 1 1
8| &5 67,7 h 100 110 120 a3 111 7 L L 1
o[ a0 70,1 ‘ 650 700 750 al2_| 1150000 5 1 1 1
0 ayz 92,5 al3 2,50000 v ] 1] 1
| Ayl 59,5 a23 4,02500 10 1 [ [
2| AvI 64,8 17 1 0 0
o Ayl 47 12 0 1 [
14| AVIF 53, 13 0 1 0
1o AvIS 51 14 0 ) 1
16 1 0 0 1

[1s]

[20]

[z Az 10 x B A T Ay s
[ Ak 10 7 To0 0 750 136 | 113.10044
[z] A So z 100 120 550 531 | 92020444
[24] T 5 B 100 100 750 503 | 80.08044d
25 o] 110 4 100 100 650 439 43,719444
|2 o 700 5 0 120 750 502 | 80270444
[27] 6 S0 120 050 N1 | 71209384
[22] a0 | 130130333 7 0 100 750 931 | 03160444
[20] al 53,0700 3 S0 100 050 /., | 07.999343
[20] a2 2536356 B %0 110 700 701 | 69501111
[31] a3 -0.90952 10 100 110 700 923 93,

[o2] all 021511 17 0 110 700 (o

[33] a22 -0.13489 12 S0 120 700 648

[34] a3 000108 15 %0 100 700 47

|35] al2 0.11500 14 S0 110 750 832

3] al3 0,00560 15 %0 110 650 51

|37] a23 -0.00805

E3

Fig. 2.16. Fragment of program field of calculation of mathematical model of
deflection changein center sill of open wagon

Below is given athree-factor generalized mathematical model obtained
with the method of mathematical research planning; it describes a change in
the basic parameter (beam deflection Ay ) depending on changing variables
(geometrical parameters of the wedge — width b, height h and heating
temperature t) [89] and makes a comparison with variable colours of steel in
accordance with DSTU 2658-94 given in Appendix C.

Ay = 1304 30333 - 55074 -b+ 25,8685 -h—
~0,90952 -t +0,21511 - b2 —0,13489 - h? + (2.41)
+0,00108 12 +0,115-b-h+0,0056 -b-t -
—000805 h-t.
The adequacy check of the above-mentioned mathematical model
proved its operating capacity and possibility for further application.
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As an example Fig. 217 — 2.20 present additional diagrams for
defining the geometrical parameters of wedge (at the heating temperatures

500 °C, 600 °C and 700 °C) with isolines (lines of equal values) of deflection
of the beam.
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Fig. 2.17. Additiona diagram for selection of sizes of wedge (t =500 °C)
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Fig. 2.18. Additiona diagram for selection of sizes of wedge (t =600 °C)
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Fig. 2.19. Additional diagram for selection of sizes of wedge (t =700 °C)
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Fig. 2.20. Additional diagram for selection of sizes of wedge (t =790 °C)

The author proposes the thermal non-impact straightening for
technologically deformed top cord of an open wagon (Fig. 2.21); this method
is called the wedge heating and it is realized by internal stressed state through
therma impact. The method consists of short-term heating of triangles
(wedges) (Fig. 2.22) in the corresponding external areas on the side (vertical)
walls of aprofile, the cross section of whichisgivenin Fig. 2.23.
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The straightening of a technologically deformed top cord of the center sill
for an open wagon is fulfilled by the following way. Two gas cutters
simultaneously and symmetrically heat equiangular triangles (wedges) (see
Fig. 2.21) with heating equipment (at thermal straightening the heating is
conducted with a gas oxygen flame or an electric arc) on side (vertical)
flanges of the profile (see Fig. 2.20, areas 1-8) until steel in the heating zone
reaches cherry-red/red colour. After the heating of all wedges, the top cord is
cooled in the processing area. After cooling the technologically deformed top
cord demonstrates vertical positive displacements of mean points of the
profile so that its longitudinal axleis levelled with the horizontal.

The basic difficulty of thermal straightening for the technologically
deformed top cord of an open wagon is determination of sizes of forms (here,
wedge) and heating modes. They were determined by the mathematical
modelling of the therma straightening process for the technologically
deformed top cord of an open wagon [65, 90, 91, 92]; it included building the
mathematical planning for the corresponding mathematical models, and
building additional nomogramms with their subsequent analysis.

Fig. 2.23, 2.24 and 2.25 present an example of the mathematical
research planning for reference and actual parameters, and also determination

of the macro-models coefficients.
2565 2565
855 | 855

j
bBoxosi (ekpmukanshi) |
crhinku '

Fig. 2.21. Top cord with areas (1 — 8) for heating with wedge method
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Fig. 2.23. Cross section of top cord
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Fig. 2.24. Fragment of program field with calculation of mathematical model
of changes in deflection of top cord (at t = 500 °C and t = 680 °C)
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Fig. 2.25. Fragment of program field with calculation of mathematical model
of changes in deflection of top cord (at t = 600 °C)
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Fig. 2.26. Fragment of program field with calculation of mathematical model
of changes in deflection of top cord (at t = 800 °C)
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Below are given three-factor generalized mathematical models (obtained
by applying the method of mathematical research planning), which describe
changes in the main factor (deflection of the top cord Ay ) depending on the
variation of guided variables (geometrical parameters of a wedge: wide b ,

height h, and heating temperature t) [93].
Ay = 2239 51667 - 5,23146 -b - 8,93556 -h —

— 460260 -t —0,00889 -b? +0,06986 - h? + (2.42)
+0,00299 -t2 +0,03656 -b-h+000731 -b-t - '
—-000256-h-t;
Ay = —3092 45833 + 25,6542 -b+ 25 48611 -h +
+5,16319 -t — 008472 -b2 + 001403 - h2 - (2.43)
~0,00244 -t2 017688 -b-h 000213 -b-t — '
-0,02538 -h-t,

Ay = —923 66667 + 19 58958 -b —8,39444 -h+
+2,08597 -t —0,04861 - b2 + 005139 - h? —
~ 000144 -t2 000313 -b-h-0,01813 -b-t +
+0,00063-h-t.
The adequacy check of the above-mentioned mathematical models

confirmed their working capacity and possibility for further application.
As an example Fig. 2.27-2.30 give additiona diagrams for defining the

geometrical parameters of a wedge (a the heating temperatures 500 °C, 600 °C
and 680 °C) with isolines (the lines of equal values) of deflection of the top cord.

(2.44)

Fig. 2.27. Additional diagram for selection of sizes of wedge (t =500 °C)
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Fig. 2.28. Additional diagram for selection of sizes of wedge (t =600 °C)
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Fig. 2.29. Additional diagram for selection of sizes of wedge (t =680 °C)
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Fig. 2.30. Additional diagram for selection of sizes of wedge (t =800 °C)

Conclusionsto Chapter 2

1. The study deals with the physical nature of the thermal straightening.
It was mentioned that its application requires heating, which can be divided
into three types: heating symmetrical to the detail’s axis; heating non-
symmetrical to the detail’s axis, heating regardiess of the symmetry axis.
Thus, such straightening is a thermal treatment, i.e. the processes of thermal
impact by certain modes in order to change the structure and properties of
material of welded metal structures.

2. The study presents a notation of optimization research into the
thermal straightening of wagon metal structures aimed at a decrease of post-
welding deformations, as a task of multivariable optimization with
restrictions. The parametric and functional restrictions chosen helped form a
searching zone of the admissible values.

3. The author described athermal field with consideration of the heat of
phase transition according to the thermal coefficients of temperature, which
is reduced to solution of a Stefan problem. The study gives phase transitions
for Steel 09G2S, procedure of reduction of a Stefan problem to a thermal
conductivity problem with a mobile heating source by arc straightening with
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a gas burner for elements of the center sill and the top cord of an open
wagon.

4. It is recommended to use the wedge method for thermal
straightening of center sills and top cords (C-like structures) of standard open
wagons. The heating zone is formed as an isosceles triangle, the apex of
which is directed to further deflection of the beam.

5. Heating zones under the thermal straightening of the center sill and
the top cord should be formed symmetrically and simultaneously at both
sides. The most rationa parameters of the thermal straightening for the center
sill are asfollows: optimal heating temperature fluctuates in a range from 800
°C to 850°C, height of the heating triangle — from 100 mm to 120 mm, width
—from 80 mm to 100 mm; for the top cord: optimal temperature — from 600
°C to 650°C, height of the heating triangle — from 50 mm to 90 mm, width —
from 40 mm to 80 mm. And the number of heating spots varies in a range
from 3to 5 at each side.

6. The additional diagrams developed should be used for a search of the
optimal geometric parameters of heating spots of the center sill and the top
cord of universal open wagons according to the initiad deformational
deflection. For example, the optimal parameters of the center sill at the most
popular deflection 100 mm are: heating temperature 800 °C, height of the
heating triangle h = 107 mm, and width b = 85 mm. The optimal parameters
for the center sill at the most popular deflection 380 mm are: heating
temperature 600 °C, height of the heating triangle h = 78 mm, and width b =
65 mm.

7. The study describes the straightening stages for the technologically
deformed center sill and the top cord with thermal non-impact procedure
realized by internal thermal stressed state. The results of computer modelling
for the straightening process are presented as mathematical dependencies. It
was mentioned that by analyzing the additional diagrams it is possible to
choose sizes of heating zones, and values of heating temperatures; it makes it
possible to eliminate deflections emerging under the technological welding
process by metal straightening.
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CHAPTER 3
COMPUTATION AND EXPERIMENTAL RESEARCH INTO
THERMAL STRAIGHTENING OF WAGON STRUCTURES

3.1 Organization of experimental research

The stages of the computer modelling of therma straightening and
experimental research aimed at determination of efficiency of thermal
straightening for metal wagon structures are givenin Fig. 3. 1.

COMPUTER MODELLING STAGES EXPERIMENTAL RESEARCH STAGES
Center sill | Top cord THERMAL STRAIGHTENING OF TOP CORD
Beforewelding

Welding process

Marking and heating of wedges

After technological thermal straightening

Fig. 3.1. Stages of thermal straightening modelling for computer and
experimental research into wagon metal structures
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The experiment was conducted on a full-scale sample of the size
(length x width x height), which considered structure, technology and
material, similar to the real top cord of an open wagon (Fig. 3.2). The
experiment demonstrated a 30-mm deflection in the center sill, which was
eliminated by heating certain areas on the test model [94].

Fig. 3.2. Top cord test sample after technological welding

The methodical stages of the experimental research are [65]:

- welding joint along the sample length with welding equipment;

- measuring the deflection after cooling; and

- determination heating zone sizes (isosceles triangles, called wedges)
according to the deflection, their location on the test sample (see Fig. 3.1) and
heating temperature.

The experimental research stages are:

- welding joint along the sample length with welding equipment;

- measuring the deflection after cooling;

- determining heating zone sizes (isosceles triangles, caled wedges)
and heating temperature;

- heating the marked vertical flanges of the wedges (with a gas oxygen
flame) until they reach cherry red/red colour in the heating area;

- cooling the test sample after heating all wedges; and

- contralling the deflection elimination, formed during welding, after
cooling [95, 96].

3.2 Experimental research into thermal straightening with
local heating of wagon metal structures

This Chapter of the presents the results of the thermal straightening
modelling for a test model with the specialized module Cosmos as part of
solid modelling computer-aided program SolidWorks [84, 96].
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Fig. 3.2 presents a fragment of the test sample model divided into finite
elements. Heating was set as additional shrinkage deformations in the beam
plane. The elasticity theory (method of shrinkage function) was used in
solution of general deformations as a 3D problem.

Fig. 3.2. Finite-element model of top cord test sample of open wagon

The method of shrinkage function is an approximation and it does not
consider emergence and development of elastic-plastic deformations.
Therefore, the designed model cannot be used for determination of a
sequence of heating impacts on the general deformation of the sample. In
comparison with the general method of thermal plasticity, the method of
shrinkage is more advantageous as it gives a possibility to obtain solutionsin
terms of general deformations of complex spatial structures with a great
number of heating sets.

Fig. 3.3. and Fig. 3.4 depict the top cord test sample of an open wagon
obtained in SolidWorks software prior to welding (before a welded joint) and
after welding (the axle line is not distorted) [88].

Fig. 3.3. Test sample of top cord without welded joint
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Fig. 3.4. Test sample of top cord with welded joint (axle lineis not distorted)

Fig. 3.5 givesthe finite-element model of the test sample after awelded
joint. As seen from the model, the temperature heating of the sample
modelled with special module Cosmos led to distortion of its longitudina
axle, i.e. emergence of a deflection (in this case 300 mm). Here we can aso
see location of heating zones in the form of isosceles triangles.

Fig. 3.5. Finite element model of test sample of top cord with location of
heating zones

The sizes of heating zones (wedges) and the heating temperatures were
used in special module Cosmos for simulating the heating straightening of
the test sample. Thus, the heating of the wedges was modelled. Finally, after
cooling one can observe elimination of the deflection obtained in
technological welding (the axle of the test sample became straight) (see
Fig. 3.6) [89].
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Fig. 3.6. Test sample of top cord after modelling of thermal straightening

The results of the thermal straightening modelling for the test sample of
the top cord of an open wagon conducted in SolidWorks were proved by
experimental research into the mentioned straightening of a full-scale sample
of the top cord by the technique presented above.

Fig. 3.7 gives a full-scale sample of the top cord after technological
welding, i.e. putting on a welded joint along the sample. After cooling the
longitudinal axle of the sample was distorted thus a deflection was formed.
The deflection was measured and accounted for 80 mm in the center of the
beam and 280 mm at the ends (see Fig. 3.8 and Fig. 3.9).

Fig. 3.7. Full-scale sample of top cord of open wagon with welded joint

Fig. 3.8. Measurement of deflection in mid-span
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Fig. 3.9. Measurement of deflection at ends
When the deflections were measured, location of heating zones,

dimensions and heating temperature were determined. Fig. 3.10 and 3.11
present heating zones in the form of isosceles triangles (wedges).

Fig. 3.10. Full-scale sample with marked wedges

Fig. 3.11. Isoscelestriangle (wedge)
After marking wedges on the side (vertical) walls of the full-scale
sample with a gas oxygen flame, the wedges were heated to the needed
temperature (Fig. 3.12) and measured with a thermo-element (Fig. 3.13).
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The whole heating procedure was conducted with a single oxy-
acetylene blowpipe, the effective capacity of which (q) changed at various
heating setsin arange of 2.5-4.4, the average value being 3200 cal/s.

After the heating of all wedges, the full-scale sample of the top cord
was cooled down.

Fig. 3.12. Heating of wedges with gas burner

Fig. 3.13. Measurement of temperature under heating wedges

After cooling the distorted axle of the beam was straighten, thus the
deflection formed in welding was eliminated (see Fig. 3.14).

Fig. 3.14. Beam after thermal straightening
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3.3 Optical microscopy for research into metal structure in
heating zone

After experimental research the author conducted microscopic
examination of the metal structure in the heating zone to confirm working
capacity of steel 09G2S (the material of the beam) after straightening, and
researched into the structural states of the materials of the carrying structures
of freight wagonsin the zones of thermal impact under thermal straightening.

The microscopic examination was made after straightening at the
heating temperature from 450-900°C at the microslice with microscope
Digital Microskope CELESTRON 44302 B-CGL Deluxe Handheld. A zoom
range of the microscope was from 8 to 500 [97].

The preparation of the slices included three stages:

1) mechanical polishing with coated abrasive of grains from 100 pmto 5
pm (P150 — P2500 according to 1SO-6344);

2) polishing by diamond pasts of the grain fineness 10/7, 7/5; and

3) poalishing with felted cloth by adding aqueous slurry of chromic oxide
Cr20sa.

The microstructure of the samples was detected with the method of
chemical and electrolytic etching. The etching was made with accordance to
recommendations [98, 99]. Nital (4 % HNO3) and saturated solution of picric
acid in ethylic alcohol were used to reveal structures of pearlite, bainite and
martensite. Etching of the slices was made with cotton wool wads or by
sinking them into a tank. The 10% agueous solution of chromic anhydride
Cr203 and the 10% aquatic solution of ethanedioit acid (etching stress - 20V)
were used for electrodeposited etching. The recommendations presented
above were considered in production of the microslice for the research (Fig.
3.15).

Fig. 3.15. Microslice for research into structural states of materialsin
zones of temperature impact at thermal straightening

The following observations were made under research into effect of an
untreated microslice on changes in non-ferrous inclusions in samples 1 and 2.

88



The general number and size of non-ferrous inclusions in comparison with
that of the base metal were the same before and after straightening. There
were one-dimensional oxides of 2-3 points, single silicate inclusions, and no
sulphideinclusions.

The metal of sample 1 was heated. The thermal cycle affected the
structural state of steel, which, in its turn, led to changes in the mechanical
properties of steel. The most optimal thermal cycle should provide plastic
behavior of the base metal after external heating above the line A1(PsK)
(725°C), when austenite was transformed into pearlitic grains, and in some
places above line A3(GS) (860°C) it provided short overheating of austenite
(Fig. 3.17).

Fig. 3.17. Iron/carbon diagram element
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The structural changes were conditioned by steel polymorphism. The
output ferritic-pearlitic or sorbitic stedl structure kept stable only up to the
transformation point A1. A long term effect of the temperature above A3z on
metal encourages an increase of an austenite grain, and when the grain grows
the plastic properties of metal decrease. The meta was heated in a
temperature range of 700-900°C; the structure included ferritic and pearlite
grains (Fig. 3.18, b). The ferritic grain was 8 points [99]. The ferrite is
presented both as polygonal and acicular components. The polygonal ferrite
extended around the former austenite grain filled with acicular ferrite and
pearlite. Generally, the structure is coarse with great amount of stress
concentrators.

a) before straightening

Microstructure of Sample 1 Microstructure of Sample 2
b) after straightening
RS b

Microstructure of Sample 1 Microstructure of Sample 2

Fig. 3.18. Microstructure of wedge heating zone for straightening Steel
09G2C (x500):
a) before straightening; b) after straightening
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The heating temperature should not exceed the line As, i.e the
temperature of phase transition end. An increase of the heating temperature
by more than 100 °C above the line A3 is not recommended, as it generates
an intensive growth of the austenite grain. Thus, for Steel 09G2S the optimal
heating temperature varies in a range of temperatures Tox= 800°C-830°C
according to study [72]. A small increase in the heating temperature up to
50°C can be observed in a zone heated by a flame of a blowpipe. If under
straightening a blowpipe moves uniformly across the wedge section a
temperature drop is not significant.

The microstructure of Sample 1 is the same after (Fig. 3.18, b) and before
(Fig. 3.18) straightening with returning and annulling processinside. The ferrite
grain is more balanced in comparison with that in Sample 1, its size is 8-9
points. The acicular component is less coarse in comparison with that of Sample
1 (Fig. 3.17, @) [98]. The metd of Sample 2 before straightening (Fig. 3.18, @) is
of the ferrite-pearlite structure which isrolling oriented (Fig. 3.18, ). Thegrain
size of the base metal equals 10 points by the scale.

The results of metal graphical research into the structure of Steel
09G2S at the temperatures (600-450) °C after the y — a-transformation in
the isothermal conditions are givenin Fig. 3.19.

b) c)
Fig. 3.19. Microstructure of samples of Steel 09G2S after isothermal
decomposition under straightening of wedge: a) 500 °C; b) 600 °C; c) 700 °C

The metallographic examination demonstrated that the isothermal
transformation at the temperature 600 °C led to formation of two structural
components — globular light and dark ones which etches the martensite-like
component of needle-like crystals. Analysis of the light component at high
magnification demonstrated that it is ferrite, though non-homogeneous, and
composed of ferrite grains of low density of dislocations and equal borders
without visual inclusions inside the grains, and also of ferrite with wavy
boundaries called the meso-ferrite.
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Electron-microscopic examination of the steel microstructure after the
isothermal vy — a-decomposition a 500 °C demonstrated that after
transformation the structure composes of polyhedral ferrite of high density of
dislocations and bainite of well-defined grid structure (Fig. 3.18, b). A beinite
area of non-grid structureisgivenin Fig. 3.18, c.

An electron-diffraction pattern of such an area demonstrates two ferrite
grids with the axes of the zones (001) a1 and 135 a2, and an austenite grid
(001) y. Reflexes in the electron-diffraction pattern are characterized by
strong azimuthal dithering indicating presence of considerable stresses in the
structure. The Bain ratio (001) y || (110) o is kept between ferrite and
austenite.

The grid bainite found in the structure was grouped in o-phase grid
packages; the grid width was 0.1-0.5 um (Fig. 3.18, b). The package structure
of bainite a-phase is a feature of low bainite or martencite of low-carbon
structural steels.

The research demonstrated that the structure consists of not only grid
bainite areas but also wide crystals of a-phase with small plate-like particles.
The analysis helped to determine that these inclusions inside the crystal were
cementite, the image of the structure was obtained in the cementite reflection
(102) FesC. Cementite particles in the a-phase of bainite was the result of
self-tempering of bainite (or martencite) crystals during cooling, and
conditioned more intensive etching of a dark structural component revealed
in metallographic examination.

The package structure of a-phase, inclusions of cementite inside wide
crystals of a-phase and residual austenite in the structure are specific features
of bainite transformation at low temperatures.

A drop of temperature in isothermal transformation of austenite to 500
°C leads to formation of the structure which is a uniform mixture of darker
and lighter areas of small sizes and irregular forms. Metallographic
examination at possible boundary increases showed that light areas had a
relief related to well-defined internal fragment structure of bainite ferrite.

It was revealed that about 50% of the structure is taken by beinite areas
of subgrain structure — o-phase crystals divided into fragments and
disoriented relative to each other by the angle 5-7°. The other half of the
structure is of standard grid nature with thin residual austenite layers on the
boundaries. The bainite areas of subgrain and grid structures are mixed.

Metallographic observation did not detect acicular structure in a
mixture of both morphological types of bainite; in publications it is often
caled the grain bainite or the granular bainite. It was mentioned that such a
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bainite form is mostly typical at continuous cooling, and very rare at
isothermal conditions. It was formed due to fluctuation re-distribution of
carbon and alloyed element between a- and y- phases during the isothermal y
— o-transformation. Formation of first portions of a-phase goes along with
transfer of carbon to austnite, which at isotermic aging is transformed to the
so-called the MA (martensite-austensite) component, which is the product of
transformation of enriched carbon to austensite. Such a location of austenite
(thin layersin the MA component) is advantageous.

After transformation at 500°C bainite of granular morphology is the
basic structure. The research into the thin structure showed that the bainite of
granular morphology is actualy a mixture of some morphological
components. Thus, for example, the structure has ferrite areas of polyhedral
form with high density of dislocations with layers of residual austenite on the
boundaries. Besides there develop small portions of acicular ferrite. However
the basic morphological type is the bainite of sub-granular structure
(fragments of different sizes, though not exceeding 0.5 pm, and the
disorientation angle to each other is 5-7°). On the basis of literature values
and results from earlier research it is possible to state that domination of
bainite of developed sub-grain structure in steel positively affects the
mechanical properties of the steel under study.

3.4 Determination of mechanical characteristics in heating
zone

The mechanical characteristics of a welded joint were determined in
accordance with requirements [100-103]. The samples were cut out of the
testing specimens of a welded joint and out of the testing samples after
straightening according to the diagram presented in Fig. 3.20 (testing samples
were cut for production of plane samples to study the properties of the joint
metal and the base metal of awedge after straightening).

Fig. 3.20. Diagram of testing flat bar to study materials for tension
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The samples were tested for torsion at 500°C, 600°C, 700° C, 800°C
and the force to 50 kN with the universal testing machine 2054 P-5 (Fig.
3.21).

Fig. 3.21. Universal machine P-5 for static torsion testing

Thetechnical characteristics of the equipment (machine 2054 P-5):

The greatest boundary load — 50kN.

The number of force sensors—4.

The displacement speed of an active grab of the machine 2054 P-5 —
100 mm/s.

The measurement range of an active grab speed:

- range | —1 mm/min-10 mm/min;

- range || — 10 mm/min-100 mm/min.

The admissible boundary for a relative measurement error of the speed
at the working active grab is+ 5 %.

Theidle run speed of an active grab of the machine 2054 P-5 should be
no less than 200 mm/min.

The power consumption —no more than 1.2 kW.

The power supply of the machine 2054 P-5-380 V, 50 Hz.

The dimensions — 2200x850x 1335mm.

The mass — 650 kg.

After testing on the samples the author obtained torsion diagrams.
According to [101] at least two samples were used for each testing. On the
basis of these diagrams and using standard techniques [101-105] the author
determined the following mechanical characteristics: yield boundary o,
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temporary resistance oy, percentage extension of fracture o and transverse
contraction . The test results were estimated according to study [101]. At

the same time a self-recorder was connected to the machine and drew the so-
called a Prandtl diagram (Fig. 3.22).

AfB

0 0; 0 0; 41

Fig. 3.22. Tensile diagram for plastic materia (Al, F)

Tensile diagrams for the top cord at the fusing temperatures 500 -
800°C (Fig. 3.23-3.26).

500 Temnepatypa 500 rpapycie 3a Llennciem

=== 3pa30oK
=2 3pa30K
e 3 3DA30K

=4 3pa3oKk

0 O'bsBiAH&;Ha no%;}ﬁosmﬁz.qeq)&oﬁauiﬂ 03
Fig. 3.23. Tensile diagram at 500 °C
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500 TemnepaTtypa 600 rpagyciB 3a Lienbciem
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100
75
50
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=== 3pa30K|
=S 2 3pa30K
b= 3 3paA30K
===/ 3pa30K
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0 005 01 0,15 0,2 025 03
BigHocHa NoB3A0BXHSA Aedopmauis

Fig. 3.24. Tensile diagram at 600 °C

T ypa 700 rpaaycie sa U ie

Hanpyxersn, MNa

Fig. 3.25. Tensile diagram at 700 °C
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Temneparypa 800 rpaaycins 3a Uenucicm

Fig. 3.26. Tensile diagram at 800 °C

Fig. 3.27. Sample of top cord tested at 600 °C

Tensile diagrams for the center sill at the fusing temperatures 500-800
°C aregivenin Fig. 3.28-3.31.
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400

TemnepaTtypa 500 rpaayciB 3a Llenbciem

——1
3paso

0 005 0,1 0,15 0,2 0,25 0,3 0,35
BiaHocHa noB3a0BXHA Aedopmallis

Fig. 3.28. Tension diagram at 500 °C
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Fig. 3.29. Tensile diagram at 600 °C
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Temnepatypa 700 rpaayciB 3a Lienbciem
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Fig. 3.30. Tensile diagram at 700 °C
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Fig. 3.31. Tensile diagram at 800 °C
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The mechanical characteristics of metal in a heating zone obtained after
straightening of the full-scale test sample of wagon metal structure confirmed
their insignificant deviations from those defined before the straightening, i.e.
decrease of the yielding boundary by 6-7.5 %. It is grounded by a need to
ensure a certain level of the properties of material.

M easurements of micro-hardness of structural components

The micro-hardness of triangles after straightening was measured by
depth on metallographic dlices with the micro-hardness tester PMT-3 with
accordance to GOST 9450-76. The micro-slices were produced by the
technology described above. The loading by the indenter was 0.5 and 1 N
according to the structural components under measurement. A diamond
pyramid with an angle of convergence 45° was used as an indenter. Other
values of micro-hardness were measured by the diagonal of the impression
with the electronic microscope REM-106l, thus avoiding errors in
determination of the length by optical measuring method, and re-calculation
of the values obtained by GOST 9450-76. An insignificant deflection from
ones determined before straightening was a hardness decrease by 8%.

35 Cost-benefit analysis of improved technology
implementation for production and maintenance of freight wagons

This Chapter presents the cost-benefit evaluation obtained due to the
author's recommendations. As far as the techniques proposed have not
realized yet, there is no possibility to reach absolute accuracy of the results.
The cost-benefit evaluation uses the factor of risk and uncertainty (in
percent). Thus, the risk is considered as the result of unfavourable solution
when situation can be estimated by a previous year. The author used the
method of design factor correction so that to consider the factor of risk and
uncertainty; this factor is a lower number of open wagons per year. The risk
factor was taken 3% by expert estimation.

The feasibility estimation of implementation is determined on the basis
of the modern calculation techniques “Methods for determination of
economic  efficiency of research, development and production
implementation and Procedure and estimation criteria of economic efficiency
for investment proposals and projects’ [106-109] by comparing costs of cold
and thermal straightening.

The basic characteristics of the general economic efficiency, both
nationally and in terms of the railway transport, are the net present value
(integral economic effect) and the pay-back period. The net present value or
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integral effect isthe sum of current effects in the whole accounting period as
presented before a start year.
The net present value (profit) is defined by the formula

T

1 R
(l+d)t :§(1+d)“

qﬂﬂ=io(R—3t) (31)

where NPV — net present value;
R: —economic effect, million hrn.
3: — capital investments, million hrn.
t —innovation and investment project period;
P, —net cash flow for period t;

d — rate of discounting (in nationa currency 0.17 for August, 1% 2018
by National Bank of Ukraine);

Net cash flow (NCF) consists of annual values of cash money which is
the difference between inflow and outflow

R‘ = ]7ti _Qti (3.2

where Pti —net cashflowin t; project period;
11 t, —incoming payment in this period;

Qti — expendituresin this period.
Theintegral net flow;

T

R=2(R-Q) (33)

t=0

Discounting of cash flows starts at the moment (time) of beginning of
the project.
Asynchronical expenditures must be given by one for al time moments;
therefore, the reduction factor & is used

= (1+Ey)t, (3.4

where En — reduction normative for asynchronical expenditures and
results, numerically equals the profit-to-investment ratio (En=0.2);
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t — number of years, which detaches expenditures and results of a
specific year from those of an accounting year;
In order to define spending of money, let us calculate the full self-cost
and labour input of the following works:
— cold straightening of the center sill
— cold straightening of the top cord
— thermal straightening of the center sill
— thermal straightening of the top cord
Costs of cold straightening
Capital investment calculation
Calculation of capital investments for cold straightening of freight
wagon elements
Capital investments are one-time spending for technical re-equipment
of the fixed-capital assets. While designing the technical re-equipment it is
sufficient to calculate additional capital investments for a progressive variant.
Thetotal investments (K) for cold straightening are defined by the formula

K =Kos + Kmp + Krp + K + Knp (3.4

where Kos — costs of modernization (acquisition) of the basic
production equipment, million hrn;

Kwmp — costs of installation of basic equipment requiring assembly
operations, tsd hrn.

Krp— transportation costs, tsd hrn.

Kmu — costs of production stock and small-scale mechanization
equipment of more than three years of service, tsd hrn.

Krnp — other works and costs, tsd hrn.

Calculation of capital investments for cold straightening of freight
wagon elements

The approach proposed for thermal straightening does not require any
capital investments. The thermal straightening requires the equipment used
for wagon production.

Calculation of salary expenditure for straightening of 100 wagons.

Calculation of salary expenditure for cold straightening.

The self-cost of cold straightening for a freight wagon is calculated by
the formula

CP=BCP+BO+(BCP+BO)'5, (3.5
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where Bc» — salary expenditure which includes costs of press straightening
(requires a 2™ category metal worker for rolling stock), hrn;
5o — salary expendituresincluding salary of team manager, hrn;
¢ — factor which considers social expenses, ¢=0.385.
Wage expenditures for a 4-categogy metal worker of rolling stock are
calculated by the formula

Bp=(tatf) T Eppe, (3.6)

where 1., — normative labour intensity of cold straightening operations for
center sill by cold method, T, = 5.6 persons/hour [110];

Ercc — hourly wage rate of a 4-category rolling stock repairman, £rrcc =
22.36 hrn/year;

« —factor considering an additional salary, « =0.1;

# —factor considering bonus payment, long service benefit and others, # =
0.35.

B,=(1+01+035)- 2515 22.36=8156 hrn
Wage expenses including those for a cold straightening press are

calculated by the formula

BB:(1+a+ﬁ)'T0'EE; (3.7)

where To — specified labour intensity, To = 8.28 persons/hour [110];
£rco —foreman’s hourly tariff wage, £ = 45.93 hrn/hour.
B,=(1+01+035)-828-4593="5%5151hrn
Thus, expenses for cold straightening of awagon totals
By, =8156+%151=1367.11 hrn.=1.367 tsd hrn.

Wage expenses for two 4-category rolling stock repairmen for thermal
straightening for awagon are
B,,=2*(1+01+0,35)-10.6- 22636= 0.347 tsd hrn.

Determination of electricity costs for cold straightening
Electricity cost, as part of the material expenses in terms of direct
expenditures in wagon production, must be connected only with
technological requirements, i.e. electricity for a press for cold straightening.
C, =11, xWeun (3.8)
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where IT, — price for 1kW/h (for enterprises of Ukrzaliznytsiait is2.12
hrn.)

= NxT, xmxK + K,

cun— K3 % 77 ) (3'9)

where N — installed equipment capacity, for the straightening
equipment the technical characteristics is taken according to
http://ukrsk.com.ua/ (press for center sill —12.5 kW and for pneumatic unit —
2-7.3 kW);

Taiicn — present (calculation) annual fond of equipment hours at 40-hour
working week (for 2017 Tgeiier =1986);

K1 —time load factor of equipment, Ki= 0.7- 0.8

K2— demand factor, Ko= 0.6- 0.75;

Ks—édlectric line loss factor, Ks= 0.96;

m —number of equipment shifts;

n — efficiency of electric motors;n= 0.85 - 0.88
125x1986x0.7x (0.85+0.7) _ 2538, KWh*

Wennxry= 0.96x0.86 year
C, =2,12* 32538=68,981 tsd. hrn.
_ 7.3x1986x0.7x(0.85+0.7)
CHII - = 2 -0, *
Wenn(xs) 0962085 6882.6, KWh* year

C, =2,12* 26882=56,991 tsd. hrn.
Thetotal electricity costs for cold straightening per 100 wagons
Caars =68.981+56.991=125.972 tuc. rp = 0.125 m hrn.
The self-cost of cold straightening per wagon is
Cexn =1.25+1.36711=2.62 tsd hrn.
Determination of expenses for thermal straightening per wagon

Cr = Ha ><chm (38)

where 11, — price of 1m® of propane/butane mix (for enterprises of
Ukrzaliznytsiaitis15.12hrn.)
C, =15.12* 50=0.756 tsd hrn.
The thermal straightening cost per wagon
Cexn =0.756+0.347=1.103 tsd.hrn.
The calculation results are presented in Table 3.1
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Conclusionsto Chapter 3

1. The presents stages of experimental tests on a full-scale sample,
made with consideration of structure, technology and materia similar to
those of the actual top cord of an open wagon.

2. The modelling of thermal straightening for the testing model was
made with the specialized module Cosmos as part of the modelling computer
program SolidWorks. It was mentioned that the results of modelling were
proved by experimental research of thermal straightening of a full-scale
sample of the top cord.

3. This Chapter gives a description of structural transformations in
carrying systems of freight wagons at thermal impacts under welding and
straightening processes. The study presents the results of optical microscopy
for samples of 09G2S and their micro-structures before and after thermal
straightening.

4. The study presents the results obtained through testing on the
samples made of welding joints. The presented mechanical characteristics of
the metal in the heating zone after welding and straightening of a full-scale
wagon metal structure confirmed their insignificant deflections from those
determined before straightening.

5. The cost-benefit of the improved technology of production and
maintenance for freight wagons was estimated. It was established that
expectation in terms of economic efficiency of the proposed engineering
solutions regarding therma straightening of freight wagon elements
manufactured at Paniutino Wagon Works will account for 677,000 hrn. for
100 open wagons.
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GENERAL CONCLUSIONS

The presents the solution to an urgent and significant scientific problem
of formulating the theoretical basis and providing practical solutions to
elimination of production, maintenance and operational deformations of
complex structures of freight wagons with the thermal straightening method.
Implementation of the proposed techniques will help considerably reduce
costs of technological processes of production and maintenance for freight
wagons. The basic results, conclusions and recommendations include the
following:

1.  Analysis of possible deformations in structural components of
freight wagons confirmed that the basic reasons for emergence of
deformations are violations of operational and technological requirements.
Particularly, it was established that over 80% of deformations in production
was caused by breaches of technological welding procedures. Thus, breaches
of technology in production of the center sill of universal open wagons can
result in deflections of up to 120 mm, which is inadmissible; and breaches of
welding technology for the top cord can lead to deflection of about 500 mm
which isinadmissible as well.

2. The classification of straightening techniques developed by the
author and intended for wagon structures includes and describes al
approaches used today. Among straightening techniques for wagon structures
the thermal straightening has certain advantages in terms of economic
characteristics.

3.  The results of research into physical nature and scope of
application of the therma straightening for wagon metal structures
substantiated its efficiency for frame elements. And the highest efficiency
can be reached by straightening post-welding deformations in beams and
frames of the carrying system.

4. A generdized universal mathematical notation of the thermal
straightening process for wagon components is efficient, which is proved by
experience in using the corresponding mathematical dependencies devel oped
onitsbasis.

5. Theresults of metallographic (structural material transformation)
and mechanical research in heating fields of wagon metal structures under
thermal straightening grounded a possibility to use thermally straightened
elements of freight wagons during their life cycle. It is reasoned by providing
arequired level of material characteristics, i.e. reducing the yielding level by
6-7.5 %, and change in hardness by 8 %.
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6. The developed mathematical dependencies of varied geometric
parameters of heating zones under thermal straightening of the center sill and
the top cord for universal open wagons are adequate (error isin arange of 7.5
%), and their application for elimination of post-welding deformations is
efficient.

7. The proposed wedge method is recommended for thermal
straightening of center sills and top cords (C-like structures) of universa
open wagons. The heating zone has an isosceles triangle form with the top
directed to afurther deflection area on the beam.

8. The heating fields at thermal straightening of the center sill and
the top cord should be marked symmetrically on both sides. The rationa
parameters of thermal straightening for the center sill are: optimal heating
temperature varies in the range from 800 °C to 850°C, heating triangle height
—from 100 mm to 120 mm, and width — from 80 mm to 100 mm. For the top
cord: optimal temperature — from 600 °C to 650°C, heating triangle height —
from 50 mm to 90 mm, and width — from 40 mm to 80 mm. The number of
heating zones variesin the range from 3to 5 at each side.

9. The additiona diagrams developed are advisable to use for a
search of optimal geometric parameters of heating zones of the center sill and
the top cord of universal open wagons according to the initial deformation
deflection. For example, for the center sill at the most popular deflection of
100 mm the optimal parameters are: heating temperature 800 °C, heating
triangle height h = 107 mm, and width b = 85 mm. For the top cord at the
most popular deflection of 380 mm the optimal parameters are: heating
temperature 600 °C, heating triangle height h = 78 mm, and width b = 65
mm.

10. The proposed therma straightening techniques for carrying
structures of freight wagons are also efficient if used for other metal structure
of transport and genera engineering. The economic effect from
implementation of proposed technical solutions in terms of thermal
straightening for structures of open wagons manufactured at Paniutino
Wagon Works can reach 677,000 hrn per 100 units.
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