Simulation of ther mal processes at electron-beam welding
with beam splitting

Tatiana V. Olshanskaya

The mathematical model describing distribution of temperatures at electron-beam welding with
beam splitting on three is presented. At the heart of model construction the analytical solution of
problems of a thermal conduction a method of radiant’s (a method of Green functions) lies. The model
considers heat distribution to a welded product from three simultaneously operating impulse radiant’s
of heat. Thus each radiant of heat is described as combined: normally distributed on a surface and
linear on depth. Realization of the received model was carried out in mathematical package Mathcad.
It is shown that the given model can be used for exposition of final sizes of a weld pool, on a
crystallization isotherm, for various materials. Outcomes of calculations for experimental samples
from an aluminum alloy, steels, and as from heterogeneous materials are presented: a steel - bronze.

CllMleal{u}l HA mMOonjiluHHUmMeE npouyecu npu ejiemporHoOIbU€e60 3aeapiaeane C pasoeﬂﬂue Ha
avua (Tamana B. Onwanckan). Ilpeocmasen e mamemamuuecku MoOei HA MeMHepAmypPHOMO
paanpe()eﬂeﬂue npu eneKmpOHRHOIbYEe60mo 3aeapAiasdne, U36bpPuleHo C pa30eﬂ}me Ha Jv4a rHa mpu
yacmu. B ocnosama na usepao«:@anemo HA MOOena nedxicu aHAIumu4Homo peuilerue na 3a0ayama 3a
MONJIONPOBOOHOCINMA € MeMoOa HA MouKos monuner usmounux (memoo ua Ipuiin (pynkyuume).
Mooenvm omuuma pa3npe()eﬂeHuem0 HAa mMONnJIUHHA eHepcusl om mpu UMNnYJACHU USMOYHUYU HA
monJjiuHa 6 u30eﬂwz, NOJIYYEHU YUpeE3 3a6APABAHE. B CbUWomo epeme 6CeKu on me3u mpu U3smo4HUKa Ha
JAvducma moniuHa € onucan Kamo KOM6L!HCZL[M}Z Om HOPMAIHO NOBBPXHOCNIHO U JUHEUHO 0bAOOYUHHO
paanpe()eﬂeHue. HpuﬂoofceHuemo HA maka nojayd4eHuism mamemamuiecKu Mmooen ce usevpuiea 6
mamemamuneckus copmyep MathCad. Buowcoa ce we no moszu Hawun 3a0adenusim Mooen mModice 0a ce
usnonzed 3d onuceaHe Ha Kpaﬁyuﬂm pasmep Ha zaeapviHama eaHd, KAKmo u HA usomepmainama
Kpucmanuzayus. Ha pasiuyHu mamepuanu. IIpedcmasenu ca u KAiKyaupawume pe3yimamu Om
EKCnepumermainu np06u HAa ajlymuruesu cinasu, CmomdaHu, Kakno u ont xemepoceHHU Mamepuaﬂu:
CMOMaHa — OPOH3.

Introduction
The electron beam is practically without a slugged Peam allows to spend EBW with various variations,

source of thermal energy that allows to realize fast for example, or welding at once in several processed
roadability a current, an aberration and position of zones, or welding with formation of several weld pool

focus of a bundle. With development of new control consecutive one after another (multi-pool welding) or
systems by an electron beam and programming of t0 combine welding and hardening [2, 3].

conditions of welding there were possibilites of ~ The technique of beam splitting on the

perfecting of processing methods EBW, ensuring concentrated thermal sources, along with heightening
almost unrestricted variety of conditions of effect of a Of capacity of process, allows to raise quality of

bundle on a work piece surface (osci"ation a beam on welded connections, such dlfflCUltIy welded materials,

various aspects of trajectories, multifocal welding, @s cast irons, titanium alloys [4 - 6], and as
dynamic positioning of a beam, etc.) [1] heterogeneous materials, for example at bronze and

an

Last year's welding with dynamic positioning of ~Steel welding [7, 8]. Application of the given
electronic beam (splitting on some) at which there technique leads to porosity lowering in welds, to

is a formation of the several thermal sources ensuring réduction of probability of a cracking, to deriving is
simultaneous lead of heat in welded performs in more homogeneous the mixed structure of welds from

several sites, located from each other on some heterogeneous materials.
distance began to be applied widely. Such splitting
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Construction of a mathematical model One of methods of problem solving of heat

Let's consider strangers of the mathematical model conduction is the method of sources (a method of

describing distribution of temperatures at electron Gréen functions), ~allowing to receive analytical
beam welding with beam spliting on three. At decisions depending on various boundary value

splitting the electron beam scans on a surface of anProblems and character of a welding power source.
article with a high frequency (~ & and more) on The integral decision of a problem of heat conduction

three points from one to another and is inverse, '0OKS like:
located from each other on distaricdfig. 1). Thus
power of an electron beam in each point does not
change ¢ = U:-l, W), and time of its effedt changes
only. Accordingly, in each point is shaped steam-
gaseous the port and a weld pool. Thanks to a hig
frequency of scanning in absence of a beam the
profusion port is saved and does not fail. Thus, the
effect of simultaneous three beam welding is created.

Fig. 1. Circuit EBW with beam splitting on three (3-pool
welding): V - rate of welding; EB - an electron beam; 1, 2,
3 - points of effect of an electronic beam on a worked stock
surface; i, t, t3 - time of effect of an electron beam in each

point; L - distance between points.

The affinity steam-gaseous ports leads to direct
change of temperature-time conditions of the welding
different from a thermal cycle at one-beam welding.
That immediately will affect shaped structure of metal
of a weld and a zone of thermal influence. Besides the
affinity steam-gaseous ports influences and
hydrodynamic processes in a weld pool, and also there
can be in addition a remelt of metal of a weld by the
subsequent beam. For prediction of processes
occurring in a weld pool and shaped structure it is
necessary to know character of distribution of
temperatures, the shape and the sizes of a weld pool.

Thermal processes at welding are convenient for
describing by means of a differential heat conduction
equation in a mobile frame with a fixed source of

warmth:
2 2 2
(1) I =0T 07T 07T
ot x> ay? 0z?

whereF (x,y,z, 1) - a warmth source function.
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hWhere(x,x’y,y,z2,7) - a Green function.

The Green function supposes a deficient separation
of variables (it is disjointed on space variablegz,

but it is not disjointed on timézi.e. can be presented
in the form of product of the one-dimensional Green
functions selected proceeding from edge conditions:

GxX yYy, z2,1)=G (xx,r)0
0G (y y,.1)G(z7,71)

Thus to Green function definition apply an instant
point wise source which is described by means of
function of the DiraaXx) more often.

For an estimation of character of distribution of
temperature fields at EBW often use mathematical
sample pieces in which thermal effect of an electron
beam is considered as effect of continuously operating
combined source [9, 10, 11]. In operation [11] the
sample piece of distribution of temperature fields in
an infinite plate for the combined source of heat
consisting from normally arranged on surface and
linear on depth is offered. In this case function of
sources of heat we are described as:

(3)

an KID( X)o( Y)I(Z)E(T) +
Fxyzn =, 20000 B2)ED)

1 0<Z<h
Bz)={ "=
0 nmpu _h<Z' <0

1 tosr<t
o= [0S

4) O_npu_1>t
tO:i’K :1_2
4aK d?

whereq - power of an electron beam,- efficiency,c

- a specific thermal capacitg,- tightness of metak1
andk2 - the factors considering distribution of power
of a beam between sourcds,- depth of a linear
source, Ez') and E(7) - unit functions,tO - time of
operation of the dummy source imitating effect of an
is normal-circular source, Kfactor of a concentration
for the set diameter electronic a beam d.
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The integral decision of a problem of heat
conduction for EBW a stationary ray of an infinite
plate widthdlooks like:

(5)

Ko ‘ 1 (x+V )2 -(y) (z+2n9)?
T, »,27)= 4cpE6\/7) (0( )@x R — jDZ[ r{ aar j}ir+
kZRW

8h7ﬂ

[l

For 3-pool electron beam welding it is possible to

7+ h+2n6] eﬁ(

z-h+ 2n6] i
Rlar

2@/ar

After transformation factors of a Fourier series for
(7) and function of change of power of a bundle from
time in everyone steam-gaseous the port (8) look like:

2
2qt q _. 2kt 2q . ( 2knt
9 - S . - |3 S.b = B S
(9) 2 & kT n T "¢ ki d T
. 2k77(t —T)
10 S+ sin 2T 4 sin 5
(10) q(n=g=2+2 klkaﬁ in 278 j

The first member of the equation (10) fixed

present distribution of temperatures as superposition component representing average value of the beam

of temperatures of fields from simultaneously
operating three electronic beam with powgy;
described by the equation (5):

(6) Txyz)= M xyz)+ T(xyzr)+ K(XY.z1)

Thus power of each electronic bundjewill vary
in time with certain periodicity:

npu _0<T <t

q(n) =

T +KkT),
_te<T<T a( )

OEICE {?):

whereq - power of not split electron beaty,- time
of operation of a ray in a point,T the period of
repetition of a signal, kamount of cycles, an integer.
Such periodic operation of power of a beam in
time represents a rectangular signal (fig. 2) which can
be described a Fourier series:
2k 2k

_i'f' a, cos——+b, sin——
Q| (T) 2 kzl k T bk T

(8)

wherea,, a; b, —Fourier series factors defined as:

.
:EE]q(r)dr
ak——tjq. ¢ xos” I dr

by =?[(j)qi (r)sin?dr

Fig. 2. The circuit change of power of beam in time
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power; the second member of the equation considers
influence of simple harmonic motions of power. It is
known as also other introducing of a Fourier series
which powers up performances of a spectrographic
analysis of periodic series:

® 2k
1) 4=+ E Ao g,
where %z% — average value of amplitude of

amplitude k harmonics

harmonics, A =+a2+b? —
by

(amplitude-frequency characteristig),= —arctga— -
k

phasek harmonics.

As in each port of profusion the electron beam
makes high-frequency oscillations (~ &Hz and
more), and time of its operation reaches tens
microseconds it is possible to assume that in each port
of profusion the ray with any fixed average power,
smaller, than power of not split bean operates. As a
first approximation for such power it is possible to
accept4, from the equation (11). However, then
influence of high-frequency harmonics will not be
considered. The spectrographic analysis of an
amplitude-frequency characteristic for rectangular
periodic oscillations has displayed that the amplitude
accepts the maximum value in 1 harmonics (fig. 3),
and its value will overestimate from porosity of
oscillations €/t,).

Fig. 3. Spectrum of amplitudes for periodic oscillations of
power at q - 2000 W5t40 s, T - 200us, f - 5kHz
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Proceeding from it we will accept that by average austenitic-ferrite steel 12Cr21Ni5Ti and a chromium
power in each port of profusion it will be defined, as copper of BrCr-08.
amplitude of the first harmonics:

(12) q=A=al+b? =2—7351;in%.

Having meantj = m (¢, and having substituted in
(12), we receive:

2_.1t
13 ==8in—=-
(13) m |n_|_

the factor considering a fraction of power from not
split beam.

Having substituted in the equation (5) instead of g
(powers of an electron beamy; - g, we receive the
equation for calculation of temperatures for each split
beam.

Thus, the mathematical sample piece distribution
of temperatures for three bath electron beam welding
is reduced to the equations (5, 6). Realizations of the
received sample piece were carried out in
mathematical bundle Mathcad.

Application of mathematical sample piece Fig. 4. Distribution of temperatures in direct (a) and cross
for experimental samples (b) section for alloy AMg6, ¢ - weld macrostructure in a

) ) cross-section
Use the given model calculations for

experimentally welded samples from aluminums alloy
AMg6, a steel 12Cr18Nil0Ti, and a heterogeneous
steel - bronze joint have been carried out.

Fig. 4 shows distribution of temperatures in
longitudinal-section (a) and cross-section (b) for alloy
AMg6, welded three-pool electron beam welding
under the circuit of split-2-2 (t; - 40 us; t,, t; - 80 us;
T-200ps;f-5xHz,),q-2400 WV - 10 mm/sL - 2
mm. The white line reduces the crystallization
temperature of alloy AMg6 defining the sizes of a
weld pool. The cross-section is constructed in the field
of the maximum sizes of a weld pool and corresponds
to a weld cross-section (fig. 4,).

On fig. 5 are presented the calculated sizes of a
weld pool in longitudinal-section and a cross-section
for a steel 12Cr18Nil10Ti, welded under the circuit of
split 1-2-2,q9 - 2400 W,V - 5 mm/s,L — 2.5 mm are
presented. Dotted lines on fig. 5, and display
isotherms of crystallization from operation of three
split beam, on fig. 5, points display the experimental
sizes of a weld.

The introduced mathematical model has been used
for the assaying of the reasons of formation of
structure of metal of a weld at welding of the

heterogeneous joint, consisting their noncorrosive Fig- 5. The shape of a welding bath (a crystallization
isotherm) in direct (a) and cross (b) section for a steel

12Cr18Nil0Ti, ¢ - a weld macrostructure in a cross-section
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Fig. 6. A macrostructure of a welded joint from a stk3r21Ni5Ti —bronzeBrCr-08 (increasex5) and a microscopic
structure in various parts of a seam (increag§0)

In fig. 6 are presented the macrostructure of a

welded connection and a microstructure in various (14)
parts of a weld from a steel 12Cr21Ni5Fibronze orf| XX BV
BrCr-08.These are results of the researches spent by 1 20/ar
: ; T, ()cyZZ')——q[l,7 —
4 AR -

us earllgr, and presenteq in work [8]._ ' _ 16V BT oV w—B+V O

Welding was spent with beam splitting on 4: three- erf| ——
pool and the fourth warming up raster from bronze to 2wfar

temperature of 458C (fig. 7). A welding regimel - y+C y-C o (z+2n3)?

60 kV, |- 85 mA, V - 6 mm/st; - 454, t, - 60pS, t; - erf —erf 02 exg-————qdr
251/5 ZG/E n=—oco dar

40 s, t, - 65 |8, T- 65us, L-10 mm.

whereB = 10 mm - length of a rastef; = 5 mm -

4 beam width of a raster.
The equation (14) is gained by the solution of a
bronze problem of heat conductivity a method of functions of
— Green for a superficial right-angled heat source in an
[ steel infinite plate.

In fig. 8 distribution of temperatures in an
longitudinal-section is presented, the white line gates
out temperature of crystallization of a weld.
Fig. 7. The circuit design of splitting of an electronic beam  Apparently from figure at affecting by 2 and 3 beam

at welding. there is a remelting of the weld gained by 1 beam. At
_ o affecting of 1 beam at the expense of hydrodynamic

For calculation of distribution of temperatures the processes in the weld pool there is a partial mixing of
fourth component has been injected into the equation yyo heterogeneous materials. Generated the weld is
(6) a warming up raster which was defined as: exposed to repeated remelting at which hydrodynamic
processes from 2 and 3 beams lead to its additional
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mixing in the weld pool. Is as a result formed the weld [8] Zenker R. Modern thermal electron beam
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