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Introduction

The basic ideas about the stress-strain state (SST)
during welding were formed for many years by the
leading scientists in this field, including E.O. Paton,
G.A. Nikolaev, V.A. Vinokurov, N.O. Okerblom, 
V.I. Makhnenko, L.M. Lobanov and others.

Basic information concerning SSS is represented
in the educational and scientific literature both for
students of welding speciality in technical universi-
ties of different countries, and for the welding spe-
cialists in manufacturing, in design organizations, as
well as for researchers at universities, academics and
research institutes [1-8].

The field of knowledge about the stress-strain state
during welding is difficult enough for studying by stu-
dents of university, since it represents a separate
branch of science about thermo-elasto-plasticity,
which is related to a scientific speciality “Mechanics of
a deformable solid body”.

Students of the welding direction at technical uni-
versities usually do not study such disciplines like the-
ory of elasticity, theory of plasticity, continuum
mechanics and other related disciplines. Most of the
time, education in this direction is limited to courses
such as strength of materials or applied mechanics.
Therefore, for the students of welding direction such
discipline as “Stresses and strains during welding” was
included into their curriculum.

In some cases, special sections that are concerning
SSS during welding are included in other disciplines of
the curriculum (such as “Welded constructions”,
“Analysis & design of welded structures”, “Theory of
welding processes”, etc.).

Such steps were aimed at developing rather simple
and approximate one-dimensional flow patterns of
complex phenomena of a metal elasto-plastic deforma-
tion in the high-temperature region of a welded joint
during welding and subsequent cooling.

However, in most cases these simplified schemes
are not accurate enough, which subsequently leads to
significant errors in the evaluation and interpretation
of the final results of the residual SSS calculations in
the structure under study. To justify this approach, ref-
erence was made to the methodical side of facilitating
the study of this area of knowledge, which is necessary
for a future welding technologist for his further work. 

At present time, the introduction of computer tech-
nology into scientific research has advanced consider-
ably, in particular, the use of powerful specialized engi-
neering and scientific computing systems based on the
use of finite element method (FEM).

Owing to computer modeling in many areas of
knowledge, including the area of SSS during welding,
new more reliable data and ideas about the real phe-
nomena of non-stationary welding heating and cool-
ing of the metal were obtained. At the level adapted
for students to understand, this knowledge should be
introduced into the practice of the educational
process in universities, forming students with a more
realistic understanding of the nature of the phenome-
na under study.

As it is known [1-8], the reason of the residual SSS
formation during welding is the residual plastic strains,
that formed not only in the weld metal itself, but also
in the zones adjacent to the weld. 

In general case, for each point of the zone of plastic
strains in a complex structure or a simple welded joint
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in the chosen system of rectangular coordinates XYZ,
plastic stains are forming the following tensor

(1)

For geometrically simple welded joints and struc-
tures in the zones of plastic strains in the base metal of
a relatively small welded joint or a large-sized welded
structure, these strains are well studied both by calcu-
lation and experimental methods [6-16].

At the same time, nowadays, at the Welding
Production Department of the Igor Sikorsky Kyiv
Polytechnic Institute, fundamentally new important
results on the kinetics of formation during the process of
welding and cooling, as well as the distribution of residual
plastic strains in the weld metal were obtained [17-19]. 

These results could not be obtained when develop-
ing the approximate engineering methods for SSS cal-
culating during welding [7-11] within the acceptance
of many simplifying assumptions.

Among the assumptions made, first of all, it is nec-
essary to note the following ones: a) uniaxiality of the
SSS in the welded joint or welded structure as a result
of welding; b) the validity of the flat sections hypothe-
sis for total longitudinal strains during stages of heat-
ing, cooling and in the residual state; c) simplified tem-
perature dependence of elastic strains which are corre-
spond to the yield limit of the metal (PRANDTLE dia-
gram); d) independence of thermophysical properties
of metal from temperature; e) limitation of plastic
strains mechanisms to only one sliding mechanism,
which is valid for temperatures of metal that not
exceed 0.4 · Tmelt; f) simultaneity of the welded seam
execution along its entire length (which does not hap-
pen in any technological process of welding); g) ignor-
ing (by default), due to unknown, of the actual flowing
kinetic processes of elasto-plastic deformation occur-
ring in the weld metal crystallizing from a molten form,
from the moment the crystallization of the weld begins
and until the welded joint or structure is completely
cooled after welding, etc.

It is normal that with such assumptions engineering
methods of the SSS calculation during welding provided
in overwhelming majority of cases for real welded con-
structions insufficiently acceptable results. This remark,
first of all, refers to the diagram’s shape of the residual
longitudinal plastic strains in the cross section of the
welded joint, which, according to engineering methods,
has a form of curvilinear trapezium with a negative sign
(residual longitudinal plastic shortening).

In fact, as it follows from the solution of the cou-
pled thermo-elasto-plastic problem by the finite ele-

ment method (FEM), it is not so simple. The diagram
of the residual longitudinal plastic strains for the mid-
dle cross-section of the welded joint looks as shown in
Fig. 11, which will be discussed in more detail below.

This results from a detailed study of the kinetics of
elasto-plastic deformation on the basis of mathemati-
cal modeling of the SSS during welding with the use of
FEM. In the engineering approximating methods, the
maximum plastic shortening on a part of the base metal
cross-section area adjacent to the weld on its two sides
is unreasonably extended to the cross-section zone of
the molten weld metal.

This resulted in further significant errors in the cal-
culation of the residual relative volume of longitudinal
plastic strain (in this case — shortening), the value of
the conditional longitudinal force (in this case —
shrinkage) and, finally, the residual change in the
length of the welded joint as a whole (in this case —
shortening).

With such approach to the question, as it will be
shown below, the errors are of fundamental impor-
tance — instead of the residual shortening of the whole
joint when accepting the validity of the planar cross-
section hypothesis (PCSH), a residual elongation is
obtained when accepting the same PCSH, the condi-
tional force is not a shrinkage one (with the sign “−”),
but stretching (with the sign “+”).

The character of the longitudinal change in the
length of the joint is such that the weld with the adja-
cent zones of the base metal is lengthened, and the side
outermost areas of the joint are shortened, moreover,
unevenly across the cross-section, and this does not
correspond to the PCSH. 

Therefore, the use of PCSH for the longitudinal
change in length of even such a relatively narrow 
(240 mm) joint is indeed unacceptable. 

Our results of mathematical modeling of the SSS
during welding show that in the cross-section of the
joint there is a fundamentally different diagram of the
residual longitudinal plastic strains. This results in a
different distribution of residual longitudinal displace-
ments of the joint. Below, the new obtained and impor-
tant results will be represented in more details. 

Investigation problems

Purpose and objectives of the study

Purpose of the study: Determination of the distri-
bution character of longitudinal plastic strains across
the cross-section of the welded joint in whole, and
especially, determination of their kinetics and values
for the residual state in the model’s grid nodes of the
highly heated joint zone.

This is of fundamental importance for nodes tem-
porarily passing through the zone of the molten weld
metal (for a short time interval ~16 s). Achieving of
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9this purpose is supposed to be based on detailed track-
ing and comparison of the kinetics of various strain
types in the model’s grid nodes of the welded joint that
are listed below.

So, in this paper temperature — αT(t), axial plas-
tic — εp

xx(t), εp
yy(t), εp

zz(t), axial elastic — εe
xx(t), εe

yy(t),
εe

zz(t), sum of axial plastic and elastic — εxx(t) = εp
xx(t) +

+ εe
xx(t), εyy(t) = εp

yy(t) + εe
yy(t), εzz(t) = εp

zz(t) + εe
zz(t)

strains are considered.
Strain kinetics is studied according to the charts

plotted on the basis of the FEM calculated data
obtained as a result of solving the coupled thermome-
chanical problem for the grid model of the welded butt
joint with dimensions 600 × 240 × 10 mm, made from
08пс steel during its heating along the axial line of the
upper surface plane by submerged arc welding at the
input heat energy 4000 J/mm. For FEM calculations
the heating source model by J. Goldak was used [20]. 

Research Objectives:
- Development of calculation model of the welded

butt joint for implementation of FEM;
- FEM solution of the coupled thermo-elasto-plas-

tic problem for the investigated welded joint;
- Obtaining new calculated data on temperature

kinetics, various strains, on the temporary and residual
SSS in the welded joint;

- Discussion and analysis of the obtained calculated
results and formulation of general conclusions. 

Main part

Welded seam in the butt joint with dimensions
600 × 240 × 10 mm is modeled by heating the plate
made from 08пс steel per GOST 1050-88 with the fer-
ritic metal structure in the state of supply with the
moving submerged welding arc along it’s longitudinal
direction in a single pass with full penetration. 

The plate is oriented horizontally in its position.
The upper horizontal plane of the plate will be called
the “upper surface of the welded joint”, the bottom
one — the “bottom surface of the welded joint”. In
addition “forward edge”, “rear edge”, “left side edge”
and “right side edge” would be distinguished in the
plate. The right hand rectangular coordinate system
XYZ with the origin in the central node located on the
forward edge of the plate’s grid model, the X-axis is
directed inside the plate and coincides with its longitu-
dinal axis.

The plate has the characteristic symmetrical cen-
tral plane sections: longitudinal along the X-axis with
the coordinate of the plane section y = 0 mm, the mid-
dle cross-section along the length of the plate with the
coordinate of the plane section x = 300 mm and the
middle plane section across the thickness with the
coordinate of the plane section z = 0 mm.

The boundary conditions of three fixing nodes,
selected on the edges of the joint outside the high-tem-

perature effect zone of the heating source, allow to sim-
ulate the technological fixation of the plate during
welding. The welded joint is created by heating the
plate with full penetration in single pass along the pos-
itive direction of the X-axis from the front edge with
the coordinate x = 0 mm to the rear edge with the coor-
dinate x = 600 mm.

The grid model of the joint is formed from four lay-
ers of identical thickness (2.5 mm) with the same
structure, shape, sizes, number of straight prismatic
elements and their locations in the layer. The total
number of elements is 23040. The smallest element is a
cube element with an edge length l = 2.5 mm. There
are 8640 of such elements in the grid model and they
are filling the highly heated middle zone along the
length and through the thickness of the plate at the
width of 25 mm and symmetrically in relation to the
plane section y = 0 mm.

Two types of elements have the form of a straight
prism with the height of 2.5 mm and square bases
5 × 5 mm (9120 elements) and 10 × 10 mm (2400 ele-
ments). The next two types of elements are also in the
form of a straight prism with a height of 2.5 mm and a
rectangular trapezoidal base. The dimensions of the
trapezoidal bases are 2.5 and 5 mm at a height of
2.5 mm (1920 elements), 5 and 10 mm at a height of
2.5 mm (960 elements).

The plate is heated in a single pass on the following
mode: the heating source velocity is 5 mm/s, welding
current — I = 730 A, arc voltage — U = 34 V, arc effi-
ciency — η = 0.85, heat input rate ~ 4000 J/mm. The
heating source passes a plate on all its length for 120 s.
Such heating mode provides full and almost uniformly
penetration for the plate with thickness 10 mm. A flux
pad or a flexible vitrified clay pad is required on the
bottom side of the plate along the weld seam for prop-
er formation of the weld’s back side.

After the heating process, the plate is completely
cooled down during 1200 seconds and then released
from the fixings, which are technologically necessary
during heating. A residual SSS slowly forms in the
weld joint at the cooling stage.

Kinetics of plastic strains in the weld metal.
Different elementary weld metal volumes, depend-

ing on their coordinates, can reach the melting point of
the steel (1300 °C) within time duration 0 ... 5 s. As
such volumes, in our case, a small volumes of a cubic
form with an edge length 2.5 mm of the plate’s grid
model in the heated zone with the weld seam can be
considered.

Such volume is conveniently to link with the node
of the plate’s grid model, considering that the grid
node is located in the center of the cube. Then, based
on the results of the FEM solution, it is possible to plot
the kinetic charts of any process parameter develop-
ment during welding and cooling, including the com-



ponents of the plastic strain tensor for the selected
node of the welded joint grid model. 

The kinetics of plastic strains in the grid nodes at
the joint cross section at x = 300 mm, located in the
high-temperature zone at a distance of up to ~ 15 mm
on both sides of the weld axis are of the most interest.

Because of cross section symmetry relatively to its
middle, only half of this section with a positive direc-
tion of the Y-axis will be considered, concentrating on
the grid nodes with the size of a square cell of 2.5 mm.

This zone is located on both sides of the weld seam
and is limited to 15 mm from its axis. Let's distinguish
7 vertical lines on one side of the weld, starting from
the middle of the weld cross section, on which 5 nodes
of the grid are evenly spaced in 2.5 mm increments in
the thickness of the plate. The total number of such
nodes at half of the cross-section is 35.

It is reasonable to consider not all 5 nodes on one
vertical line, but only 3: on the upper surface of the
plate, on the bottom surface and at the middle plane.
The position of 7 vertical lines, with 5 nodes on each,
is determined by the coordinates: y = 0; 2.5; 5; 7.5;
10; 12.5; 15 mm. Each grid node has a five-digit
numeric designation. The node numbers and coordi-
nates are given in the legend to the strain kinetics
charts that are shown below in the blocks of figures
3—9. Each block contains 3 separate figures for three
types of longitudinal strains under consideration,
respectively.

Three types of longitudinal strains are considered
for each node: elastic εe

xx(t), plastic εp
xx(t) and sum of

elastic and plastic strains εxx(t) = εp
xx(t) + εe

xx(t).
In the legends to the charts, in the blocks men-

tioned above, these strains have specific designations
adopted in the computation complex. In particular, the
sum of elastic and plastic strains is “STRAIN_XX”,
plastic strains are “PLASTIC_STRAIN_XX” and
elastic strains are “ELASTIC_STRAIN_XX”.

Fig. 1 shows the temperature change in 3 nodes on
the vertical line at y = 0 mm in the cross section of the

joint at x = 300 mm. Fig. 2 shows the temperature
strain in the same three nodes.

Let's proceed to the analysis of the strains kinetics
shown in Fig. 3. Here the charts for the three nodes on
the vertical line at y = 0 are presented. The main kinet-
ic changes occur in the time interval of the welding and
cooling process ~ t = 50...100 s. In the initial period of
the welding process ~ t = 0...50 s there is a zero temper-
ature strain (Fig. 2) in all three nodes.

As the heating source approaches the nodes, the
temperature strain “Thermal_Strain_NOD” reaches
different maximum values for all three nodes, with 
a further rapid reduction to zero value at the time 
t = 60...62,5 s.

At the time t = 60 s the heating source reaches the
node #69902 with the coordinate x = 300 mm, the tem-
perature in the node achieves 1300 °C, the weld metal
goes to the molten state, all strains in the node are
zeroed (Fig. 3), the previous loading history (before
melting) of the node disappears.

For the other two nodes #69894 and #69890 on
this vertical line, all the processes described before for
the node #69902 occur 2.5 seconds later, what can be
seen from the chart shown in Fig. 3. The process con-
tinues till the moment the crystallization of the weld
metal begins, which for the considered nodes begins
at time ~ t = 75 s, and already at time t = 77,5 s the
temperature strain in all three nodes reaches the
value ~+ 18 · 10–3. The temperature change in the
nodes is shown in Fig. 1.

From Fig. 3 it can be seen that small elastic strains
(they are also total here) appear in the node at time
t = 50 s (the coordinate of the heating source at this
moment x = 250 mm), which can be explained by the
heat wave moving ahead of the heating source and
slightly heating the plate metal in front of itself.

The heated zone approaches the nodes and a small
longitudinal elastic compression occurs in them. There is
no plastic strain in the nodes up to the time t = 52,5 s,
including. 

Fig. 2. Temperature strain in the grid nodes at the weld center line
in the cross section at x = 300 mm

Fig. 1. Temperature in the grid nodes on the weld center line 
in the cross section at x = 300 mm
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It appears in the calculation results for the node
#69902 only at the time t = 55 s and t = 57,5 s and is of
values ~– 0.43 · 10–3 and ~+ 2.1 · 10–3, respectively. The
second, positive value of this strain is being maximum
at the stage of heating the node before the melting of
the metal.

From the value of plastic strain ~+ 2.1 · 10–3 in the
node, it is rapidly reduced to zero when the metal melts
at the time moment t = 60 s. It is positive and relatively
significant because of the large (~– 14.1 · 10–3) trans-
verse (along the Y-axis) plastic shortening for compen-
sating of which not only the value of plastic elongation
along the X-axis equal to ~+ 2.1 · 10–3 is required, but
also the plastic elongation of ~– 12.1 · 10–3 value along
the Z-axis, which actually takes place, and is represented
in the calculation results.

For the other two nodes on this vertical line, the
analysis can be done in a similar way. The elastic strain of
shortening in all three nodes at the time interval
t = 40...62,5 s varies within the range from ~– 0.11 · 10–3

to ~– 1.02 · 10–3, turning to zero at t = 60...62,5 s.
At the time interval t = 75…77.5 s the temperature

strain rapidly increases from zero to the value of
~+ 18 · 10–3 and synchronously, in this period, the elas-
tic strain in the node #69902 increases from zero to
value of ~+ 3.05 · 10–3, which is equal to ~ 25% of the
elastic strain value at the yield limit at normal temper-
ature.

At the same time there is no plastic strain. Total
strain is equal to the elastic strain, which can be seen in
Fig. 3. Apparently, the properties of the metal at these
temperatures are such that the plasticity condition in
the analyzed node is not met. At high temperatures,
plastic strain develops not by sliding mechanisms, as it
takes place at temperatures below 0.4 · Tmelt, but main-
ly by diffusion mechanism.

However, diffusion processes are always slow, while
all processes in the #69902 node are flow fast.
Plasticity condition in the node #69902, as it can be
seen in Fig. 3, begins to be satisfied from the time
t = 80 s and from this moment the plastic strain curve
of elongation shown on the chart in Fig. 3 (dashed-
dotted curve) rapidly increases upwards. In Fig. 3 the
difference between the total strain curve (dashed
curve) and the plastic strain curve gives the elastic
strain curve (pointed curve).

In the second block of charts shown in Fig. 4 the
calculation results of the strain kinetics in the nodes
located on the vertical line y = 2.5 mm are represented.
Kinetics of these strains is similar to that was previous-
ly discussed for the nodes on the weld centerline at
coordinate y = 0 mm. Since nodes on the vertical line
at y = 2.5 mm are located further away from the weld
axis, the time metal is being in the liquid phase is 2.5 s
less. It should also be noted the peak value of the elas-
tic strain is common to the node located at the middle
plane.

On the next vertical line with coordinate y = 5 mm
all nodes across the plate thickness fall into the zone of
metal melting, charts for them are shown in Fig. 5. For
the top node the time interval of metal being in the liq-
uid phase is t = 62.5 … 72.5 s. For other two nodes
downward on the vertical line is t = 65…70 s.

For the middle node across the plate thickness elastic
strain at time moment t = 60 s increased to the value
~– 2.55 · 10–3, which is explained by of the three dimen-
sional stress state formation in the depth of the metal. 

a

b

c

Fig.3. Kinetics of longitudinal total (a), plastic (b) and elastic (c)
strains in nodes on vertical line at y = 0 mm
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At the further away of the vertical line with the
considered nodes from the weld axis to the coordinate
y = 7.5 mm it can be seen (Fig. 6) that only one node
#84554 on the upper surface of the plate falls into the
zone of molten metal. The molten metal in this node
exists in the time interval t = 67.5...72.5 s.

From the moment the metal solidification begins in
the node #84554 the plastic strain is of a positive sign
(stretching). In the lower nodes it continues to be neg-
ative for some time, but from the time t = 75 s the plas-

tic strain increases and becomes positive in all nodes.
For the upper node #84554 the elastic strain of short-
ening at time t = 60 s increases and reaches the value
~– 3.5 · 10–3.

At the next step consideration of the nodes #84565,
#84561 and #84559 (Fig. 7) on the vertical line with
coordinate y = 10 mm is required. None of these nodes
fall into the zone of molten metal, but at a later stage of
cooling for two upper nodes #84565 and #84561 a
noticeable plastic elongation can be observed. 

a

b

c

Fig. 4. Kinetics of longitudinal total (a), plastic (b) and elastic (c)
strains in nodes on vertical line y = 2.5 mm

a

b

c

Fig. 5. Kinetics of longitudinal total (a), plastic (b) and elastic (c)
strains in nodes on vertical line at y = 5 mm
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Plastic shortening of significant value is observed
in all nodes on vertical line (Fig. 7) at the time the
heating source passing through the middle zone of the
welded joint. Intensive heating of this zone leads to the
maximum plastic shortening ~– 13.4 · 10–3 in the node
#84559.

Further cooling of the zone leads to a plastic elon-
gation in all nodes on the vertical line at y = 10 mm,
which reduces the previous plastic shortening.

However, in Fig. 7 it is obvious only for the node
#84565 (the curve crosses the abscissa axis). For the
node #84561, the plastic strain changes its sign and
becomes plastic elongation at a later stage of cooling,
which is not visible in Fig. 7.

In the node #84559 the plastic strain in the resid-
ual state remains negative (shortening) and equal 
to ~– 1.2 · 10–3. In all nodes on the vertical line at 
y = 10 mm elastic strain up to time t = 75 s is also neg-

a

b

c

Fig. 6. Kinetics of longitudinal total (a), plastic (b) and elastic (c)
strains in nodes on vertical line 

at y = 7.5 mm

a

b

c

Fig. 7. Kinetics of longitudinal total (a), plastic (b) and elastic (c)
strains in the zone of non-molten metal near the weld 

at the vertical line y = 10 mm
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ative (shortening), moreover the elastic shortening in
the middle node (at the middle plane of the plate) is of
significant value ~– 3.1 · 10–3, what in ~ 2.6 times
exceeds the value that corresponds to the yield limit.

This can only be in the case of a three-dimensional
compression stressed state in the node with approxi-
mately the equal values of stress components along
three coordinate axes. The elastic strain of shortening
from the time t = 75 s transforms into a slight elastic

elongation in all nodes of the considered vertical line at
y = 10 mm. Fig. 8 shows the results for the vertical line
at y = 12.5 mm with nodes #88205 (upper surface of
the plate), #88203 (middle plane) and #88202 (bot-
tom surface).

The significant values of plastic strains of shorten-
ing, shown in Fig. 8, observe at later stages of cooling.
They slightly decrease over the time, but remain nega-
tive in all nodes to the residual state. For the nodes on

a

b

c

Fig. 8. Kinetics of longitudinal total (a), plastic
(b) and elastic (c) strains in the zone of non-molten

metal near the weld at the vertical line

a

b

c

Fig. 9. Kinetics of longitudinal total (a), plastic (b) and elastic (c)
strains in the zone of non-molten metal near the weld 

at the vertical line y = 15 mm
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upper and bottom surfaces of the joint the curves coin-
cide and the residual shortening for them is slightly
less than for the node #88203 in the middle plane.

For this node, the shortening is much larger
(dashed curve), which is apparently associated with a
higher three-dimensional stress state in the deep layers
across the plate thickness. The elastic strain curves for
all nodes cross the abscissa axis at the time t = ~ 115 s
and in the residual state (at t = 1200 s) reach values
~+1.1 · 10–3 which is close to the yield limit.

The strain kinetics charts for the vertical line at 
y = 15 mm with nodes #87015, #87011 and # 87009
are shown in Fig. 9. After complete cooling, total and
plastic strains have a negative sign (shortening), elas-
tic strain curves for time t = ~ 115 s cross the abscissa
axis and take on residual elongation values ~+1.1 · 10–3.

In the residual state, the strain curves for all nodes
almost coincide. The main conclusion from this block
of studies of strain kinetics in the high-temperature
zone of the welded butt joint is that in the zone of
molten metal from the moment the solidification
begins elastic and plastic longitudinal strains of elon-
gation occur simultaneously which continuing to
change gradually to the residual state. 

For formation of the generalized representation
about the residual SSS in the joint the general distri-
butions of residual strains in characteristic cross-sec-
tions of the welded joint are of great importance.

In Fig. 10...12 the residual strains “STRAINS_XX”,
“PL_STRAINS_XX” and “EL_STRAINS_XX” for
cross-sections at x = 300, 400 and 500 mm are shown
which are total (for the residual state the sum of elas-
tic and plastic strains), plastic and elastic strains
respectively.

Fig. 13 shows the distribution of the longitudinal
shortening (elongation) in the residual state across the
joint width.

Conclusions 

1. Melting of the metal in a welding pool, leads to
that the entire previous history of its loading disap-
pears. From the moment of solidification at the subse-
quent cooling the temperature strains appear in the
weld metal, as well as elastic and plastic strains along
the coordinate axes with realization of all the necessary
for this problem equations of elasto-plasticity. The
strain values gradually change to the final ones accord-

Fig. 10. Total strains along the X-axis in different cross-sections

Fig. 13. Distribution of the longitudinal shortening (elongation) 
in the residual state across the welded joint width

Fig. 12. Elastic strains along the X-axis 
in different cross-sections

Fig. 11. Plastic strains along the X-axis in different cross-sections
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ing to the conditions of the welding arc heat propaga-
tion, fixing in the tooling, external loads and other fac-
tors.

2. With the beginning of metal solidification, plas-
tic strains of elongation occur in the weld metal in the
direction of the highest stiffness. For the considered
butt welded joint, this is the direction along the X-axis
(along the weld).

3. According to the principle of non-compressibili-
ty of metal at plastic deformation, plastic elongation in
the longitudinal direction should be accompanied by
plastic shortening at least in one direction, for exam-
ple, in transverse or in the direction of metal thickness.
In our case there is a plastic shortening in two direc-
tions — across the width and in direction of metal
thickness. This is confirmed by the kinetics charts of
the transverse plastic strains and the same strains in
direction of metal thickness.

4. The residual longitudinal plastic strains in the
melting weld metal in the middle cross-section of the
joint have a positive sign (elongation) of a relatively
significant value ~+(14.78...15.35) · 10–3 depending on
the coordinates of the node location in the weld.

5. In the highly heated zone of the base metal adja-
cent to the weld on both sides, the residual longitudi-
nal plastic strains of shortening within the limits of
~–(1.3...1.6) · 10–3 are forming.

6. The residual longitudinal change in the welded
joint length is non-uniform across the width, as
opposed to how it is determined by approximate engi-
neering methods for a one-dimensional problem, pro-
vided that the hypothesis of the planar cross-sections
is accepted. Actually, in the residual state the character
of the welded joint length changing on its width is
defined by a curve shown on Fig. 13.

7. The large value of the residual longitudinal plastic
strain of elongation in the weld metal after its previous
melting prior to solidification is conditioned by the long
interval of temperature strain reduction in the consid-
ered node of the joint grid model at the stage of cooling
from the moment the solidification begins (1300 °C)
and almost to the complete cooling (~128.7 °C). The
temperature ~128.7 °C corresponds to the time t = 547.5
s of the welding process and subsequent cooling, which
stops further change of the SSS in the joint due to the
approaching of the residual state. Temperature change
from 1300 °C to 128.7 °C is 1171.3 °C which gives α · T
decrease Δεt = α · T = 12 · 10–6 · 1171.3 ≈ 14.1 · 10–3 and
this with ~10% accuracy overlay the flow rate of Δεt for
formation of elastic and plastic strain in the node at the
cooling stage from the moment the crystallization
begins. If for the melting point 1322.46 °C temperature
will be accepted instead of 1300 °C, the flow rate Δεt for
the formation of elastic and plastic strain in the node
will be compensated by 100% by reducing the tempera-
ture strain during the weld metal cooling from the
moment the crystallization begins.
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