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Calculation of Heat Processes in Welding

Preface

The welding processes in metals proceed in most
cases with a quick change of temperatures within the range
of from the amblent air temperature to the temperature
which equals sometimes to that of the metal evaporation.

Various physical and chemical processes take
place in this temperature range which is rather broad. These
processes are as follows: the melting of base and filler
metals, metallurgical reactions in molten pool, the crystal-
lisation of molten metal, structural and volumetric changes
in the weld metal as well as in the parent metal, phenomena
of local plastic stirain.

In order to regulate welding processes 1t 13 neces-
sary to know how they are affected by all the essential
rarameters including the temperature change 1n the course
of time.

The heating and cooling processes in metals during
welding as well as during local heat treatment are defined
by the influence of highly concentrated heat sources and
the conditions of heat flow from regions where these sources
are acting. The electric arc, gas flame and electric current
applied to the contact area of the surface of a workplece
as well as friction in thisarea - all can produce local
heat. The heat these sources generate is distributed very



unevenly over the surface or throughout the volume of the
metal,

Heat sources used in welding are characteriged
by the effective thermal power which is the amount of heat
generated in or introduced to the metal per unit of time,
and by its distribution over the surface or throughout the
volume of metal.

Heating of Metals by Welding Arc

PThermal characteristics of the
welding arc. The total thermal power of the
welding arc is assumed to be approximately equal to the
thermal equivalent of its electric power (0.24 UJ cal/sec,
where U - voltage drop across the arc in V; J - current
in A) although chemiocal reactions in the arc gap may alter
somewhat the thermal bdalance of the welding arc.

The effective thermal power gq of the welding arc
18 the amount of heat gemerated in or introduced to the
metal of the workpiece and consumed in heating it up

=0.24n, U7
7= -

Efficiency 7, of the heating process is the ratto
of heat, introduced in the workpiece by the welding arc,
to the thermal equivalent of the electric power of this
arc., This coefficient defines the effectiveness of heat
generation and of heat exchange in the arc gap and it
depends upon technological conditions of welding.

By comparing the change of the heat content in
metal, being measured in a water calorimeter, with electric
power consumption in the welding circuit it was found that
the efficiency 7« varies from 70 to 85% in open axrc metal
electrodes welding, from 80 to 95% in submerged arc welding,
and from 50 to 75% in carbon electrodes welding. Efficiency
decreases with the lenghtening of the welding arc and
4



increases somewhat with the deepening of the arc in the
puddle.

When metal electrodes are used efficiency doesn't
vary appreclably with welding current, its kind and polarity.
The heat flux of the welding arc has the maximum intensity
at the central part of the hot spot where heat is generated
directly over the surface layer of metal due to the electro-
nic and ionic bombardment.

In the annular zone surrounding the electrically
active spot the metal 1s heated predominantly by heat radia-
tion from the arc column and heat convection from heated
gases of the arc flame.

Heat flux intensity diminishes with the Increasing
distance from the centre of the spot. The distribution of
the specific heat flux ﬁ 2 ca:L/cm2 along the radius of the
spot is approximately defined by Gauss probability law
(Fig. 1.)

— -Ar?
fz (,.) 2max® )
where
/fzmax ~ maximum specific beat flux at the spot
centre;
f -~ concentration coefficient of the arc speci-
fic heat flux in om’;
r - distance from the heat source center in cm.
Maximum flux ; » max rises with the growing amperage, the

voltage being constant. When the voltage grows, that is
when the arc lengthens, the amperage remaining constant,
maximum flux 2 max drops and the distribution of the spe-
¢ific heat fYux becomes less concentrated. Specific heat
flux of the submerged electric arc is conslderably more
concentrated than the heat flux of the open carbonar metal
welding arc (Fig.2.). The specific heat flux of gas flame
at an equal overall effective power spreads over a substan-
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Fig.l. - Scheme of the welding Fig.2. - Effect of current and
arc heat source; voltage of the open carbon arc
a — arc oone and flame; on the distribution of hea

b - arc heat flow distribution flux q, over the hot spot.
(normal circular source).
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tially greater area and is featured by a lower maximum
value at the centre of the spot (Fig.3 and 14b).

Heat £flow procesasae s. The heat of
a local surface or volume source, concentrated in a compa-
ratively small area of the surface or a small volume of
metal, raises the metal temperature to a relatively high
value. Heat conductivity of workpiece metal results in a
heat flow from the source area and slows down the local
heating of metal to the necessary temperature. The process
of heat flow in metal may be calculated when characteristics
of the heat sources -~ the effective power and its distribu-
tion over the surface or in the volume of a workplece -
are available. Local effect principle of the heat conduo-
tion theory shows that the pattern of heat distribution
of a local source has a substantial effect upon the tempera-
ture flield only in the region, adjacent to thls source
(zone a 1in Fig.4). Therefore the temperature fields of
the workplece in its region which is far from the welding
arc, may be defined with sufficient accuracy by schematiz-
ing the pattern of the arc heat flux distribution.

The most simple way is to assume that the heat
source is concentrated inan elementary volume: at a point,
at a straight line or at a plane, in oconformity with the
shape of the heat-conductive body.

When more accurate calculation of the temperature
is to be carried out for a zone near to the welding arc
it is necessary to take into account the real distribution
of the specific heat flux over the arc spot, which is
approximated by the Gauss law (2) and by the deepening of
the arc into the molten pool/6/

Coefficients of thermo-physical properties for
the workpliece metal (their mean values in the rated tempera-
ture range) are denoted as follows (see Appendix 2):

A - thermal conductivity in cal/cm.secC;
¢y - volumetric heat capacity in cal/cm3 o%;
a -l /cy - thermal diffusivity in cnm /sec.



Surface heat loss from the workplece to the ambient air is

2 0
defined by the coefficient & cal/cm“.secC.
In the process of heat flow in arc welding tkree

stages may be distinguished: a) heat saturation process
when the temperatures in the field, moving together with

the heat source, continue to rise; b) quasi-stationary

state when a moving field is practically established; c) le-
velling of tie temperature after arc extinguishing.

Building up & beadupon a massive
workpiece 1s described by the scheme of a constant power
point heat source q cal/sec moving uniformly over a straight
line over the surface of a semi-infinite conductive body
at a speed vem/sec (fig.5).

The temperature of the gquasi-stationary state of
the heat flow process in relation to the moving co-ordinates
XYZ connected with the source O, is defined by the expres-
sion

T, %)=t exp)- 25 (x+A)], )

where R2= X2+ Y2+ Zz.

The isothermic surfaces of rotation around the
axis of source travel arg@onsiderably condensed in front
of the heat source and rarefied in the reglon passed by
this source.

The calculated temperature grows infinitely with
the nearing to the point heat source,

Single pass butt arc welding
of sheets 1s descxibed by the sclieme of a linear
heat source moving over a longitudinal vertical plane in
an infinite plate with a surface heat loss and with a total-
ly levelled temperature across the thickness ¢m. The
temperature of the quasi-stationary state of the process in
relation to the moving co-ordinates is expressed by

T(rx)= 5535 P (5 )k (v 5%) )
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Fig.6. - Plane temperature distribution (quasi-~stationary
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whese V2=i/*?3;%%§%:y— - criterion of heat loss effect;

rix / A, (“) ~ Bessel function of imaginary

argument of second kind of zero order (see Appendix I).
The heat in the sheet is less concentrated
around the arc than in case of the massive body (fig.6).
The temperature T (t) at any point of the moving
field during the process of heat saturation may be pre-
sented as a product of the temperature T (oo ) at the
same point in the quasi-stationary state by the coefficilent
of heat saturation ?’(t), depending upon the time (fig.7).

T(t) = $()T (=) (5)

The process of temperature levelling, taking
place after the constant power heat source g stopped act-
ing at the moment to, is defined by superposing two proces-
ses: the process of heat saturation T (i) for the source
continuing to act and the process of heat saturation
T (t-to) for the heat sink of equal power-g having started
the moment t when the action of real heat source had stop-
ped. T(é) e, = TE) ~T(t-2s) (6)

Quilck-moving souxrce 8. The
temperature of the quasi-stationary state when the powerful
arcs are moving at a high speed (for instance in automatic
submerged welding and shielded welding) is expressed by
simplifief formulae;

for building up a bead upon a massive body

T(tyo,.?) e ex/o[L ) 7

for butt welding of sheets

T (¢ :-———2———-———-e 2ot Y7 “‘2)
(2 4.) SV aTacyt 7 [7 4at
5 ~ time elapsed since the arc has inter—

sected plane Y,0Z, on which the point A under examination
is located (fig.8).
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These expressions in relation to immovable rec-—
tangular co-ordinates X,,Y,,Z,are very simple and convenient
for computations and analysis.

The heat introduced by a source travelling quick-
ly along the axls OX spreads mainly in the directions
perpendicular to this axis (fig.8a).

In the near-to -weld region behind the arc, the
relations (7) and (8) for the quick-moving sources define
with a sufficient accuracy the process of the heat flow of

the arc travelling at an arbitrary speed. Only in the
' region ahead of the dash curve in fig. 8¢ the error in
calculating the temperature from the relation (7) exceeds 1%.

Maximum temperature s. According
to welding arc heat flow throughout the metal the temperatu-
re at a given distance from the heat source travel axis
at first rises, then reaches the maximum Tm and at last
drops tending towards the mean temperature of the workplece.

The temperature cycle T (t) at the point A may
be regarded as the result of the movement of the temperature
field T (x) over the workpiece at a speed V; the temperature
field moving along with the welding arc (fig.9).

Instanta neous temperatures reach the maximum on
the surface where temperature gradient in the travel direc-
tion is equal to zero, that is _4L __ = 0. The surface of
maximum temperatures in the quasi-stationary field (7)
when building up & bead upon a massive workviece by a
powerful quick-moving arc, 1s defined by

2
Zox
_— = (9)
Zat. =1
where qi= yz;zz;
tm=— ~;E~ is the time interval until the temperature

at the given point has reached its maximum value.

The maximum temperature surface in quasi-stationa-
ry field (8) when thin sheets are butt welded by means ofa
powerful and quiock-moving arc, is expressed by equation

-ﬁ’i — 1 2ol (30)
4at, — 2 * cyo Z
13



Fig.9. - Temperature varia-
tion at immovable point A
of a workpiece during weld—
ing when temperature field
moves with the source.
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Fig.10. - Flame effective power, core length (a) and efficienc
(b) of metal heating dependent 61'1 the acetylene consumption Y

or the tip size of a standard torch.
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Maximum temperature surfaces are shown in figure 5,6 and
9 by dash lines.

In the far from weld region workpiece points the
heating (cooling) rates as well as the maximum temperatures
are the lower and the time instant, when the maximum
temperature 1s attained, is the later, the further the
given point 1is located from the axis of the heat-source
travel. The maximum temperature at a point of a massive

workpiece in building up a bead by means of a powerful
quick~moving arc

~ 9
7:11(70)"‘6{‘ Uca'gzz (11)

(<4

is inversely proportional to the square of the distance T,
from the axis of the polnt-source travel.

The maximum temperature at a thin plate in butt
welding with the help of a powerful gquick-moving arc at

small distances ’/ AJ from the weld axis, is
expressed as follows
94849 =17
T (40)= veyd 2y, ! 35 ) (2)

and in case of negligible heat loss, when ol =0, 1s inversely
proportional to the distance 9@ from the plane of linear
source travel.

Both in massive body and in a plate the maximum
temperatures Tm are proportional to linear energy a/v of a
powerful guick-moving source, that is to the amount of heat
introduced by the welding arc to the workpiece per unit of
length of a weld or bead.

The effect of finite dimensions of a workpiece,
i.e, 1ts thickness, width or length upon the process of
welding-arc heat flow may be taken into account by using the
so-called method of images, assuming the boundary surfaces
impervious to heat. This method provides for the possibility
to calculate the temperatures in sheets of medium thickness
in bands of medium width, at corners, edges and ribs as well

15



as in workpieces of complicated configuration limited by
a system of orthogonal planes (beams, boxes) /i/,/2/.

Gas Flame Metal Heating

Flame thermal characteristiloc s,
In order to calculate the process of metal heating with a
gas flame it is necessary to know its following main thermal
characteristics: the temperature, the effective thermal
power q cal/sec, the distribution of flame heat flux 9%
ca1/cmzsec. over the hot spot. These characteristics depend
upon the net heating value of the combustible gas, the
purity of the oxygen and their ratio in the gas mixture.

Gas flame temperature reaches 1ts maximum value
on the flame axis close to the core end.

Maximum Temperature of Welding Flame in oc

Acetylene 3100 - 3200
Me thane 1900 -~ 2100
Butane-~propane mixture 2000 -~ 2100
Coke gas 2000 - 2100
Hydrogen 2100 - 2300

The gas flame heats the metal surface due to the heat
exchange processes - forced convection and.radiation,
intensitles of which are growing with the increase in the
temperature drop between the flame gases and the metal
surface. Hence the effective power of the flame grows with
the rise of its temperature and drops with the rise of
metal surface temperature,

The effective power q of the flame (its limit
value corresponds to quasi-stationary state of metal heating
with the moving flame) rises with the increase in the
consumption V, 1/hr of the combustion gas (£ig.10). Gas
flame metal heating efficiency A 18 represented by the
ratio of the effective power q of this flame to the total
thermal power Q) s¥hich corresponds to the net heating value
of the combustive.
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For acetylene-oxygen flame, when the net heating
)
value of acetylene equals to 12600 cal/l (at 20°C and
700mmH), this efficiency is as follows:

_ 9
b= 35V (13)
The effective power is affected also by flame travel rate,
by the dimensions of the workpiece and by the thermo-
physical properties of metal, although to a lesser degree
than by the consumption of the combustible gas. With
heating to the right the effective power of the flame is
higher than in case of heating to the left (fig.1ll).

The effective power of the flame rises some-
what with the increase in the flame-travel rate. With the
increase in the thickness of the heated metal and in its
conductivity the effective power of the flame steps up due
to the increase in heat flow into the metal (fig. 12).

The maximum effective power of the flame cor—
responds to a definite ratio of oxygen and combustible
gas., These ratios are somewhat lower than the theoretical
ones for the reaction of complete combustion: for acety-
lene - 2.3, O.4; for methane - 2.0; for coke gas - 0.8;
for hydrogen — 0.4; for butane-propane mixture - 3.5,

The intensity of heat exchange and the effective
power of the flame steps up with the increase of average
rate of flow W (V=const) of the combustible mixture
(£ig.13).

The distribution of the flame heat flux 9 of
a conventional torch along the radius r of the metal hot
spot may be approximately defined by the realation (2)
(fig.14).

In order to ease the calculation it 1s convenient
to characterize the distribution of the flame heat flow
by the time constant toﬁénghe concentration coefficient
k for a conventional torch flame drops while the time
censtant to rises with the increase in the tip size and
the acetvlene consumtion (table 1),

18



I. Thermal Characteristicas of Oxy~acetylene Flame
of Standard Torches

Tip Nogzzle |Acetylene|Flame | Flame |Efficiend{Concen~ |Maxi- |Time
size of|dlametre |consump- | core effec-|cy in tration .|mum const.
toroh |y, mm tion length | tive |heating |coef- heat [|in he:
2% power |steel ficlent |flux |ing
TCw49 '2 D, of the steel
in €/br |1n mm | in 18°% heat £lux| Pomar| ¢,
cal/sec i3 in  li, sec
-2 cal/
in om cm@sec
1l 1,0 150 9 380 72 0.39 47 8
2 1.3 250 10 600 68 0.35 67 9
3 1.6 400 11 720 51 0.31 72 10
4 2.0 600 12 920 44 0.28 82 11
5 2.5 1000 14 1270 | 36 0.23 93 14
6 3.0 1700 16 1750 | 30 0.20 111 15
7 3.5 2600 17 2250 | 25 0.17 122 19
L9 b92
ey (fer
: 100 7
& /eii\i
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Fig.l4. - Heat flux distribution q
flame along radius r of hot spot a% a
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of tge
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” oy

standard torch
inclination

angle: a — schemej; b — q, distribution at various slzes
of tips (various acetylene consumption).
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The maximum heat flux G, .. along the axis of the
acetylene—oxygene flame of a conventional torch is by 8-12
times less than the flux 9 max of an open welding arc
having approximately the same effective power, Therefore
gas flame heats up the metal considerably more slowly and
smoothly than the welding arc.

Multi~-flame and slot type torches allow to adjust
the shape and dimensions of the flame as well as to
distribute the heat flux after a pre-set pattern over the
required areas of the metal surface to be heated. Such
torches are used in gas-press welding as well as in surface
flame-~hardening of metals.

Heating of thin sheets (with
complete levelling of the temperature across the thickness)
by a conventional torch flame with the axis perpendicular
to the sheet surface, which is either stationary or moving
along the straight line at a constant speed of vem/sec,
may be defined by the scheme of a moving normal-circular
heat source in a thin plate with heat loss. The temperature
during the process of heat saturation in relation to the
movable system of co-ordinated XYZ, with its centre located
at the imaginary concentrated source q travelling at a
distance of vto in front of the centre C of the real source
(fig.15a), 1is expressed through the following equation

7’(‘1;‘% f) :3—%—5 exp (- zl% +6t‘) K'o (ﬂ)x [%(ﬁz*ﬁ) - (ffz (ﬂf‘;)](ll*)

where - vt 8 . 2 o~ 2
o= Wty 5 T=(5g +6)6 TG=(35+6)t,

gre the non-dimensional criteria of the distance and time;
heat saturation coefficient ‘#@ is determined from the
graph (see fig.?b);ﬁ :-éﬂ%e Coefficient of heat exchange

ol cal/cmzsec 1s to be chosen as a mean value from the
coefficients of heat exchange between the flame and the
upper heated surface of the sheet (C%,=0.01—0.0150al/cm2sed%D
and between the lower free surface of the sheet and the

calm air, o, = O.OOlcal/cmzsecOC).

20



Fig.15. - Scheme of heating a thin sheet: a - by a
superficial normal-circular heat source; b - by a
guick-moving superficial normal-linear heat source.

92

Fig.16. - Scheme of geatlng a
seml-infinite body by a super-
ficial normal-circular heat source.
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As the process approximates 1ts quasi-stationary
state the first term in square brackets approaches the unit.
The temperature in the sheet approximates the temperature
of a quick-moving normal-band source along with the increase
in the flame travel speed (f1g.l15b).

_I/ 2
T(y,f): l—)_%:[é.?[‘.,\c(r[é+fo)] ;‘I/D[*mz__“l?:) - gt] - (15)

Heating the surface of a massive

b o d y (for instance the surface of a sheet over 40mm thick)
with immovable flame of a conventional torch, having its
axis perpendicular to the heated surface, is defined by a
scheme of a stationary normal-circular heat source on the
surface of a semi-infinite body. (fig.16).

- The temperature at the centre C of the source
during the process of heat saturation, being apparently the
maximum temperature of the heated body, is expressed by the
following formula

I

7= 3 imat, 7 2% I/'Zt: (16)
The first cofactor shows the maximum temperature at the
central point in the stationary state of the process. This
temperature is proportional to the effective power q of the
flame and to the square root of the concentration coef-
ficient k of its heat flux, and is inversely proportional
to the coefficient of heat conductivity A for the material
of the heated body. The second cofactor represents the coef-
ficient of heat saturation ﬁP (fig.17) which tends to
unity in the stationary state. The heating of the surface
of a massive body by a torch flame, travelling at a great
speed, is defined by the expression for the temperature of
the quick-moving normal-linear source (fig.18)

17)

TV, 2 6)= 2z

9 y
RIVAVE(E, +12) P Gt~ 4a(to+t)]
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¥ Fig.l7. -~ Heating the surface
1.0 of a semi-infinite body by a
08 continuous stationary normal-
06 ;/ circular heat source; heat

04l A saturation coefficient ¢

éa for the central point C.

0 Yo

Fig.18., -~ Scheme (a) of heating the surface of a semi-infinite
body by a powerful guick-moving normal-circular heat source
q4,(r) and socheme (b) of heating the surface of a semi-infinite
bgdy by & normal quick-moving linear heat source ql(y)

Ep
Fig.19. ~ Relative maximum 10 e
temperature t_ for the :
surface point® of a semi-~  n, 0.8
infinite body along the 0 NG ~=4Nm
axis of a normal-circular 6 06— S
heat-source travel and I P T
coefficient n_ for defin- 404 - 6m
ing the distallces between i e
the points with maximum 21 02—
temperature points and i o

heat source centre in rela- 0 0 1 ) 3 P
tion to criterion ]7,
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where time t is to be recorded from the moment the flame
centre intersects the plane containing the given point.
When the surface of a massive body is being heated
by the flame of a conventional torch, which 1s travelling
along the straight line at the constant speed v; the
maximum temperature Tm of the quasi-stationary state at the
point M of the axis of the flame travel and the distance f
of the point M from the centre C of the flame are defined
as follows:

q ,
= = - 18
T 22 V4Trate 6> f V4at.r, vt, (18)

The coefficients Qm and n, are to be chosen from the graph
(£f1g.19) in dependence on the speed criterion
P )

Heating thin metal sheet s of thickness

6L cm by the flame of a linear torch (for instance in the
gas-press welding of tube longitudinal seams) is defined
by a scheme of a normal-linear source having lcm in length,
linear power 9y cal/cm, coefficient of concentration k in
the direction of axis 0Y, and travelling quickly at a
constant speed of vem/sec in the direction 0X of the flame
axis (£1g.20). The heat exchange coefficient between the
flame and the metal is equal to ©f, . The sheet temperature
T (t) at the points of the axis of the torch travel under
the flame, that is in the heating stage t <. (region
11 in fig. 20), is defined from the following relation

I 2
T(?) = PRV H(f:; 80) (20)

The relative temperature 0 is to be chosen from
the nomographic chart in fig.21 in dependence on relative
duration of heating -t and on non-dimensional criterion
T.= ﬁdgf Thermal charact@ristics of the flame for some types
of the linear multi-flame torches are given in table 2.

The sheet temperature T(t) at the points of the
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2. Characteristios of the Heat Flux Distribution for the

Flame of Linear Torches and Effectiveness of the Heating

Process for 1.5mm Thickness Steel Sheets
kozzle Nozzle [Acetylene Effective |Heat flux |Time Maximum| Flame
diametre|gap consumption [power concentra-|con- flame heat

per per per tion coef-|stant |heat exchange
in mm {in mm|noz- unit of noz-(per |ficient in flux coeffi-
zle length|zle length heat- clent
A Va %, unit) k= ing of [in cal’/| (.
%n in i { steel 2 in cal/
/br &/cmhr|cal/in 7t |= L £ (°msee | o %
sec cal/om| #at, in Sec cm-sec"C
seo
4 188 (71 178 0.48 6.5 0.011
0.75 75 70
6 125 {79 132 0.89 3.5 0.015
8 188 132 164 0.39 8.0 58 0,011
1.0 150
12 125 151 126 - - - -

Fig.20. ~ Scheme of heating the
longitudinal weld of thin-sheet
tube by the flame of a quick-
moving linear torch of lengthff Fig.2l. - Relative temperature
at the points at axis 0X as
function of dimensionless time
o, and criterion 44, in the
heating of thin sheet by a
quick-moving linear torch flame.
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torch axis travel behind the f%?me (£1g.20, region 3) that
is in the cooling stage z > o 1s determined as the
difference of temperatures (20)

T.(¢)=T(t)-T(t-£) " (21)

Examples ef such calculation are given in the literature

/2/+/3/,/5/-

THERMO-CYCLE IN SEAM ARC WELDING
AND BEAD BUILDING UP

The thermo-cycle, that is the alteration of temperature
during welding at a given point of the weld or in the

zone adjacent to this weld, 1s the basis for evaluating
the heat effect of the welding process upon the structural
changes in the base of weld metals, The parameters of the
welding process conditions might often be selected 1n such
a way which by meeting the requirements of welding pro-
ductivity and shaping of the weld joint provides for a
thermal cycle involving favourable structural changes as
well as ochanges of properties.

The structure of the heat affected zone as well
as the properties of the weld joint must satisfy varlous
requirements which depend on the kind of metal, the techno-
logy of manufacture, the type and purpose of the weldment.
For instance, in welding structural alloy steels a consi-
derable time lapse of heating at a tepperature of over
900°c may lead to an undesirable growth of austenite grains
and a high rate of cooling in the sub-critical range of
austenite tranaformation may cause an increase in the
hardness as a consequence of quenching.

By calculating the thermal cycle it 1s possible
to establish the limits of welding technologiocal conditions
which do not involve a local change in plastic properties.
This change can diminish the supporting power of the weld-
ment, particularly by impact loads, in the presence of
26



stress concentrators and low working temperatures.

Single pass welding. The main
parameters of the thermal cycle in the heat affected zone
adjoining the weld 1n the single-pass seam welding or bead
building up are the following: the maximum temperature
Thaxs the instantaneous rate of cooling w °C/sec at a
given temperature T, and the heating time t; above a
given temperature T (fig.22).

In the arc building-up a bead on a massive work -
piece (see f1g.5 and 23a) the instantaneous rate of cooling
at a given temperature 1s found from the following expres-
sion
TN (T-T, )"

%Yy @)

where To - initial temperature of the workpliece or the
temperature in simultaneocus pre-heating. In the single-
pass butt welding of sheets or in the building up a bead
on a sheet of small thickness (see fig.6 and 23b) the
instantaneous rate of cooling is found from this relation:

27a ey (T-T,)°

( QQQnSJZ

In the building up a bead on a sheet of any thickness
(£1g.23b) the cooling rate is taken from the nomographic
charts (fig.24a and b). When determining the cooling rate
with the help of the nomographic charts or the expresslons
(22) and (23), 1in place of the true values of the linear
energy 9/ and the metal thickmess §  their reduced
values are taken which had been obtained in multiplying

475u and & Dby coefficients taking into consideration
the effect of the weldment shape (table 3).

The time lapse t, of the heating over a given

temperature in the building up a bead on a massive work-

plece %%}
Ty @

w =

W=

(23)
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is proportional to the linear energy 9/ of the arc. In
the single pass butt welding of sheets this duration

YVus)
J[z ACJ(‘ : )z 22

is proportional to the square of the arc speclfic energy
—%%y— In these formulae - T is the maximum temperature
of the cycle (see f£ig.22) and the coefficients jf and
‘/G are to be chosen in accordance with the non-dimensional
temperature 6= 7’,": T which varies within the range
from O to 1 in the nomographic chart in fig. 25.

Multi~layer weld1lng. In the multi-
layer welding by long sections each previous layer has
encugh time for cooling before the next one is to be brought
on. That is why the thermal cycle of any layer is practical-
1y indeperdent of previous ones. However the smoothened
temperature by welding subsequent layers may affect the
structure of the weld or the adjacent zone. For instance,
such an effect can temper a previously hardened structure
(f1g.26).

In welded sateels, susceptible to hardening and
cold oracking it is necessary to check up the cooling con-
ditions of the first layer in heat affected zone of which
in case of fast cooling and sharp hardening cracks may appear.
Cooling rate w of the first layer in a multi-layer weld 1is
determined from the expression (22) and the nomographic charts
(f1g.24) for bullding up a bead on the sheet.

Different conditions of heat loss are taken into
account by using in the calculation instead of true values
of the thickness of welded sheets and linear energy 72;
their reduced values given in fig. 27.

The cooling rate may be lowered by increasing the
linear energy, that is the cross-section of the layer,and
by rising the pre-heating temperature of the workpiece.

In multi-~layer welding by short sections the
thermal effects of subsequently welded layers are summed
up, thus contributing to the slow~-down of the cooling for
28



3. Reduotion Coefficients

Value to be First layer |Building up | First layer
reduced of the butt |single pass | 1n tee weld-
weld; bevel-|butt weld- | ing or lap
%gag angle |ing welding
('1’/'0-' 2/3
3/2 1
& 1
r
x o teh
g
N |
=~
)

Fige.22., ~ Scheme of thermal cycle for heat affected

zone adjoining the weld in the single-pass welding
or in the building up of a bead.

Fig.23. - Schemes of heat flow from a moving point

source on the surface: ag
b) - of a thick plate, ¢

- of a massive body,
- of a thin plate.
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Fig.24, — Determination of cool-
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Ainear moving Source in g [hin plale modification of heat effect
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Fig.25. - Determination of over-heat time [, above given
temperature T: in building a bead on a massive body; 1in
single-pass butt welding of sheets.
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Fig.26. - Multi-layer welding by long sections:
thermal cycle (a) and modification of heat effect (b).
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fig.27. = Corrective coefficients of thickness and %inear

£§§r§; for cooling rate calculation of the first Pabs_of a
multi-layer weld,a) building up a bead on a plate,b)'outt

welding, V — bevelling;e) lap welding; d) tee welding

(second weld); e) cross welding (foufth weld). y



each layer and to the formation of a complicated thermal
cycle (fig.28 a and b).

Technological conditions of the multi-layer welding
(cascade and "stack" type) are featured by two independent
parameters—the linear energy /U (proportional to the
cross-section of the layer) and the length 1 of the section;
hence they are more flexible than the technological condi-
tions for the single--pass weldlng.

The length of the section 1s chosen on the basis of the
following considerations:the temperature Tb in the heat
affected =zone of the first layer ,~ at the moment when the
heat wave from next layer is to be imposed ,-should not drop
lower than the temperature M at the beginning of martensite
transformation (200°-30C°),or lower than the temperature at
which the cold cracks are most probable to occur(60~200°0).

The section length 1 at which the first layer bdbuilt up
on metal having the temperature To(initial temperature or
temperature of the accompanying pre~heating) 1s cooling down
to temperature Tb, may be calculated by means of the formula
given below

[ = Y97k k, g* (26)

é\lv-(@ _7;)2,

where (¢ - effective power of the arc in welding the first
layer cal/sec; ¥ ~ travel rate of the arc, cm/sec; K@ -
coefficient of arc net burning time assumed to be equal to
unlt for the automatic multi-arc welding and to 0.6 - 0.8 for
the manual multi-layer welding; A; - correction factor, as-
sumed to be equal to 1.5 for butt Joints, 0.9 for tee joints
and 0.8 for cross Jjoints. The temperature 'I‘b in the cocling
of the first layer 1s the hlgher the more heat 41s intrcduced
to this layer. This temperature increases with the rise of
the arc linear energy and the initial temperature TD ef the
metal under welding, as well as with the decrease in the
length 1 of the layer section and the time interval between
welding subsequent layers.

Conditions for the multi-layer welding by short
sections may be selected in such a may as to make the weld
and zone near to it remaln in the lower subcritical range -
32




4 b

3 : T Fig.28 - Thermal
cycle in the heat
affected zone in
multi-layer weld-
ing by short sec-
tionsja - first
layer (point 1);
b - last layer

i

i it N 100 °C (point 2); ¢ -
I/ I AN scheme of cascade
4 ¢ welding.
c
[ 4 >
———
N\ N
gy, N B
N N i ., J
7'6 . r‘
g
A,--———iwanL————— A,

Fig.29., - Diagrams of austenite transrormation;
a -~ isothermic transformation; b - continuous
cooling transformation; W, - cooling rate cor-
responding to the beginni%g of martensite for-
mation; Wz - cooling rate of 100% martensite
formation§ I - zone of complete hardening;

I1 - zone of stable structures; W. - cooling
rate at which ferrite separation gegins.

A -~ austenite; F - ferrite; P -~ perlite; Int.-
intermediate structures(bainite); k- maricnsite.
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from the temperature Thins corresponding to the minimum’
stability of austenite, to the temperature M corresponding
to the start of marte