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1. ABSTRACT the task of heat transfer between the arc and the
The present paper develops a mathematicaimetal is solved.

model of heat interaction between the plasma arc

and the welded metal. The data about structur&. MATHEMATICAL MODEL OF HEAT
and mechanic properties have been obtainePROPAGATION

experimentally and a thermimetic diagram of The non stationary temperature field in the
the decomposition of austenite at underwaterregion of the body is described with the help of
welding has been drawn. On the basis ofthe following differential equation:

calculating the temperature, the thermo-cyclesa(k m}a[k m}a(k 6TJ+(pCGTQJ=O 1)
and the cooling rate, data about the structure andx\ *ox) oy\ ' oy) oz\ * oz ot

mechanical properties for any point in the at boundary conditions:

thermal influence zone can be obtained. a) at the boundary the values of the unknown
function T are assigned:
2./INTRODUCTION T=T, (2)

In the weldlng prrlactlcela_the deltermlnln_g of b) at the boundary the condition for convection
temperatures in the welding pool zone, i.e. at, 7 iansfer is fulfilled:

distances commensurate with the dimensions o
. ) . oT oT oT

the heat source is of interest to specialists. Ink, —I, +k,—I, +k,—I,
most cases, when determining the temperature, X oy oz N o
some initial distribution of temperatures in the €) at the boundary the condition for radiation
cross section is assigned, which later on isheat transfer is fulfilled:
redistributed in accordance with Fourier's law. kxgk—i—k ar, kzﬂlz - o (T-T.) @
Such a solution to the temperature problem can * ox Yoy’ 0z
§atisfy researche_rs i_n case _they are not interestedd) at the boundary a heat flow is assigned:
in temperature distribution in the welding pool, oT oT oT
e.g. when the internal tensions at welding are K« —_ I +k,—I, +k,—I,+q=0 (5)

. . OX oy 0z
being determined. Equati 1) togeth ith the bound
When the mechanical properties of the seam —duation (1), together wi e boundary

and the chemical reactions in the welding poolconditiqns (2) = (5 a_md the initial_ conditio_ns
have to be determined this scheme is notdetermlne the task uniquely. To arrive at a final
ement solution of the problem, it is necessary

applicable. In such cases the scheme of therma%i o th tion 1 lati ¢ th
energy exchange between the heat source an pass onto the variation formuiation of the
roblem. As can be seen, equation (1) is

the metal should be used, which is the subject oP "o~ : C
this paper. equivalent to the requirement for minimization

In paper [1, 2, 3] a mathematical arc model isOf the functloznal: , ,
presented which allows us to determine the ,_ {1 kx(ﬁj +ky[5T] +kz(5T”_(Q_Cp5TJT}dv+
temperatures in any point in space. Further on v ox oy 0z o

=—(T-T,) ()
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it is not only the unknown functions that are

. j(q” 10&sz s (6) mterpolrilted but also tr_le coordinates.
U e umenonr 2| [ a2 fan, N,
If we introduce a presentation of the un nown 5z AE Ar Ar ||l —
function for the temperature T in the usual way: al\lé. gi 655 aag a?\)l(. 4] a?\)l(.
T el B QS [ ® At (D S B QU [ | Vil
T' on on on on || oy oy
TZ[Ni,N,—,--] =[NJfTF (7) ON; Xy oz |oN; ON;
' o | |o¢ o o¢ ]|\ oz oz

(13)
where T, etc., are the basic parameters, then the To present the functions of those elements form
functional can be minimized approximately. it is most expedient to use the local coordinates
Following the standard order we will obtain the & n and(, which vary in the interval (-1,1). In

matrix differential equation: the equations cited above there are derivatives of
0 _ the form functions with respect to the global
[HET}+ [C]g {r}=1{F} 8)  coordinates x, y and z. To calculate them we can

in which all matrixes are compound till the US€ the interdependence between the derivatives
standard rules from the corresponding sub-(in @ matrix form) with respect to the local and

matrixes for final elements, in accordance with the global coordinates. _
standard rules: In the above equation [J] is the Jacobian of the

- rigidity matrix with elements: coordina_ltes_ trans_formation. The_ left side of this
ON. N aN. N aN. N expression is eas_lly cal_culated smce_the form N

hi = f{k L L ' J}dv + functions are assigned in local coordinates. If we
Ve reverse  the correlation (13) we will get the

. +k, + Kk,
ox oX oy oy 0z 0z

n J“T N;N,dS (9) global derivatives:

S ON, ON,

where the integral along the boundary | ox OX
corresponds to additional(attached) rigidity. The |ON; | _ [ ] ]71 ON; (14)

latter results from the boundary condition of heat | gy oy

loss from convection or radiation. G\ N,

- damping matrix with elements: oz oz

G = S{CpNiNidV and (10) \where [3]" is the correlational Jacobian.

If [J] is expressed by the functions of form
[N'], determining the transformation of the

coordinates ( for the isoparametric elements they
coincide with the functions of fornN], we get:

F°=[QNdV-[aNdS+ [« T,NdS  (11)
Ve Se %

To solve the system of differential equations

obtained, we will use Galerkin’s method, using

linear temperature interpolation in the interval ﬂ ﬂ ﬂ
(t,t+At). We obtain the following system of o0& % o& % o& 4
linear algebraic equations for the temperature at oN, N, N,
the units for the end of the interval multiplied by 9]= a_nxi 6_77yi a_nzi -
the time[: ] - oN’ N oN!

2 C Cl 1 2 oAt — iy Ny N
(3[H]+M]T:(M—3[H]]TO+M2L {Fitat (12) ~ o X 2 oc Y oc Z_

The above recurrent correlation can be applied
with all subsequent intervals of time.

The temperature problem will be solved using
isoparametric elements of the Serendip family ,
of the second order. With isoparametric elements



N, N,
o 0¢
oN, N, uohA
= 8_77 on X Y2 4 (15)
8_Nl' N, M M M
|0 o]
To calculate the integrals in the above

formulae, the change of variables is used. In this

case the minimum volume is transformed in the

following way:

dxdy dz=defJ]d& dn ds
So,

(16)
because of the use of normalized

coordinates the integrals in the above formulae

are presented in the following form:

111

[[[lee.n.0)]dé dn dg an
-1-1-1

in which case we have simple integration

boundaries. Irrespective of the complexity of the
integration boundaries, the expressions we hav
to integrate are much more complex which
necessitates the application of numerical
integration at forming the elements matrixes. We
use Gaus’s method with 3 integration points in

each direction.

4TWO- DIMENTIONAL PROBLEM
The plane problem is solved by using an eight-
unit isoparametric element (fig.1)
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Fig.1
of the Serendip family (a second order element).

With isoparametric elements, the unknown
functions are interpolated, as well as the
coordinates. It is more convenient to express th
functions through/by the units at the element
boundary. The local coordinateés and n are
used, in which the element boundary correspon
to values +1. The form functions are:

%f heat feed

(S

N =5 @)t )¢ -n-1)
N, = (1-£2)a-n)

Ny = (@£ e =2,

_1
2

Ny = @£ e +n—1)
%(1—52)(“ n),

N, =4 @)t )£ +n-1),

N, == (1+&)1-72)

(18)

N =

N, :%(1_5)(1— )

The problem of determining the temperature
field in the weld seam is related to the problem
in the seam, as well as the
dependence of coefficient values of heat
conduction and particular calorific capacity on
temperature values. This problem, which turns
the problem of determining the temperature
fields into a non linear one can be solved by
determining these coefficient values at any
moment as dependent on the temperature values
at the end of the transit time interval for
integrating the differential equations. The
program provides for the introduction of values
for all coefficients in a uniform network of
temperature values, determined by the user,
providing also an opportunity interruption points
to be introduced, in which the coefficients on the
left and on the right have different values.

The plane problem of determining the
temperatures in the field of the seam and the
surrounding material is solved with the
assumption that the seam is welded instantly
(with high speed).With the conventional scheme
of heat feeding, on the basis of a certain quantity
of heat introduced into the seam, its volume, the
heat capacity and specific mass coefficient, the
average temperature in the seam can be
determined. The latter temperature values can be
jntroduced as initial ones and the process of
ooling of the seam can be studied. Since,
however, our aim is to study the heat feeding at
plasma welding we should take into



consideration the radiation heating of the isoparametric element of the Serendip family.
material. That's why in the initial stage the (fig.2). This element is viewed in the normalised
reading of this variant of heat feeding can local coordinates, n and{, in which element
provide approximate data. We assume that thdoundaries correspond to values +1.

material is available from the initial moment of
time but has a temperature, equal to the ambient
one and is later heated by the plasma source of
heat by radiation. To present the consecutive
passing of the arc over individual points of the
seam and the different temperature in the arc
points depending on the distance to the arc
center, we make the assumption that for the
period of time equal to the time of passing of the
heat source, there is a radiation heat exchange
between the seam metal and the plasma heat
source. To work out this heat exchange

numerically, a special boundary element is

assigned. That element is also isoparametric Fig.2
along the boundary curve with units coinciding The form functions of the elements units are:
with the plane units of the element at the 1

g 2O na-O-£-n-¢-2)

boundary. The input data describes with which

elements the radiation heat exchange is possible

and for that element at numeric integration in the N, 2—(1—52)(1—
three integration points in each moment of the

passing of the heat source it can be found outy, — 1(1+§)(1_ n\1-¢\E-n-¢ -2),
whether the point is in the plasma source spot 8

and the temperature of the corresponding sourc
point can be calculated using the following N, = (1+§ Y- )a-),
formula: 1
r\’ pr N5 :§(1+§)(1+ 77)(1—5)@“7—(—2),
T =T,+T [1 —j [1+?J (19

where the parameters;,TTy, p and & are N :Z(l_g )(:H nL-¢)
introduced by the user , r is the distance from the 1
integration point studied to the source center.N; ==@1-&)1+n)1-CN-&+n-¢-2),
Depending on the distance of the point studied to
the source center, the heat exchange is calculateg — 1(1 9.1 ( —n )(1 0),
with respect to boundary conditions (3) or (4).
Boalfrndary g_(l)_ndltlona_|§4) Is remodelled into N :_(1_5)(1_ 77)(1_{2)’
k,—I, +k —I +k—I, =-a(T-T,), (20)
OX Yoy’ oz
where:a =, (T -T,) (21)
o - coefficient, reading the radiation heat N,

1+§ 1+
exchange, which is determined in such a way as

=2 @+£)a-n)-¢?)
Ja-¢
f-¢

1

10—4
’)

1

8

77
(22)
to read the level of blackness of the material ,
well as the presence of convection heat N 1 5 1+77 )
exchange.
Nyg = > (@-&)L-n)+ =& —n+¢ - 2)

5. THREE- DIMENTIONAL PROBLEM 1
The three-_dlmentlonal prok?lem of hea_t N14=—(1—§2)(1—77)(1+C),
conduction is solved by using a 20-unit 4



Nyg =5 (0 N nfLs N 4 -2,
Ny = :11(1"'5)(1_ UZX1+§)’
Ny =S (@ )t )L e + -+ -2

|

1 (22)
N = Z(l_ fle"‘ 77)(1+§)1
1 Fig.3, b) t = 4 sek
Nyo = 5(1_5)(“ M+ - +n+¢-2) The model allows to obtain the thermal cycles at
1 each point of the welded metal as well as the
N, zz(l—é)(l—nz)(lJrC). cooling velocities in the temperature range that
. . is of interest to us (fig.4).
In that case the consecutive formation of the Point 46, Vcooling(8565005C = 134°C/s

seam by deposition of the material in the seam

zone is studied. At the initial moment, the .
elements forming the seam are empty. In the -
process of seam welding the elements which are
in the arc zone are formed step by step. As the -
seam formation is done in several steps with ™"
regard to height, temporary boundary elements ...
are introduced, which read the interaction of the “
plasma heat source with the material of the sean ...
elements, which subsequently, following the -« ]
deposition of the next layers of material, will K
become internal. The interaction is found using == '
formulae (21) and (22), a special boundary two- =~
dimensional isoparametric element/gradient .l e e s e e s
being developed to provide opportunities for
realization of different conditions at arc
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boundary. f\ = : e
6.ANALYSIS ][ \ %
On the basis of the obtained model for heat \ %
distribution at welding we can obtain the LN s |

temperature field in the weld pool and the piece || o e
at different moments (fig3, a) and b)) from the
beginning of the welding process.

Fig.4
The determining of the structure and
mechanical properties in the zone of thermal
influence at underwater welding has been done
) « on a specially developed at the University of
Fig.3, a) t = 2 sek Rostock installation [4].




On the basis of the investigations carried out — Comparative research at underwater welding
thermal, dilatometric and metalographjc — ondone at NPL-TWP the TU of Varna show similar
samples of steel 3, a thermokinetic diagram ofresults to those obtained by computation.
the decomposition of austenite at underwater
welding has been drawn fig.5. 4.COMCLUSIONS:

- A model for heat transfer from the arc to the
weld metal has been developed.

- Experimentally, data on the thakm
dilatometric, metalographic and mechanical
properties have been obtained and the
thermokinetic curve of the decomposition of
austenite and the interdependence between the
] « Mmechanical properties and the velocity of
@;} /é A/ ws cooling has been drawn.

- The methods developed allow data on the
thermal, structural and mechanical properties of
each point in the zone of thermal influence to be
obtained.
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Fig.7

Fig.6 shows the structural changes at different
cooling velocities, and fig. 7 — the corresponding
mechanical characteristics at different cooling
velocities.

The developed model for -calculating the
temperature allows us to determine the structure
and mechanical properties of the metal (fig.4)
using fig. 5, 6 and 7 from the experimental data.



