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SCHEMATIC OF THE WELDING THERMAL MODEL

Three metallurgical zones are
formed in the plate upon

completion of the thermal
cycle:

v the weld-metal (WM) zone,
v the heated-affected zone (HAZ),
v the base-metal (BM) zone.



Heat Flow in Fusion Welding

* The peak temperature and the subsequent cooling rates
determine the HAZ structures, whereas the thermal gradients,
the solidification rates, and the cooling rates at the liquid-solid

pool boundary determine the solidification structure of the WM
Zone.

* The size and flow direction of the pool determines the amount
of dilution and weld penetration.

» Thermally related welding problems can be categorized as:
» SOLIDIFICATION RATES IN THE WELD POOL
« COOLING RATES IN THE HAZ AND ITS VICINITY
 THERMAL STRAINS IN THE GENERAL DOMAIN OF THE WELDMENT
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Power density distribution s
influenced by:

1) Electrode tip angle
2) Electrode tip geometry

Sharp electrode
* Arc diameter4ip
« Power density distribution

Blunter electrode
* Arc diameter-J-
 Power density distribution<~

s giis olg3 (JEo )03
THE DISTRIBUTION OF the heat applied on the surface of the workpiece

has an important effect on the heat distribution pattern in the vicinity of the
weld.

Tungsten
glectrode ™
Arc
(a) \\t (c)
A Power A Power
density density
AN ©
- |
Radial Radial
distance distance

oly B 259 9 S 09 xSl Sgs S ]
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With GTAW, the arc becomes more constricted and the weld depth-to-width

ratio becomes greater as the effect of vertex angle of the conical tip of the
tungsten electrode increases.

As the arc becomes more
constricted, the heat source is
more concentrated.

The electromagnetic force in the
weld pool also increases as the
arc becomes more constricted,
and produces a change in weld
pool motion

B = eSS (gD JSb g2 99 SN Sgh sl 31



Weld Thermal
Cycle

2000

9
L
14
2D
3
T
o
=
w
-

:

= === TOP SURFACE OF WELD
BOTTOM SURFACE

r PHASE CHANGE RANGE

0.2 0.3 0.4 05

TIME (minutes)

« A typical weld thermal cycle is such that the temperature at a point
In the workpiece increases rapidly as heat is transferred from the

heat source.

e The rate of increase varies inversely with the distance from the weld

centerline.

 When the temperature reaches a peak value, cooling commences at
a rate that also varies inversely with the distance from the weld
centerline. The cooling rate then decreases with time.
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Effect of Relative Plate Thickness

e The general (analytical) heat-flow solutions for fusion welding
can be categorized by those appropriate for:

= a thick plate: The thick plate equation is used when heat flow is
three-dimensional-downward as well as lateral from the weld.

= a thin plate: The thin plate equation would apply to any weld in
which the heat flow Is essentially lateral; that is, a base metal thin
enough that the difference in temperature between the bottom and
the top surfaces is small in comparison to the melting
temperature.



e Sometimes, it is not obvious whether the plate is thick or thin
because the terms have no absolute meaning.

 For this reason, it is helpful to define a dimensionless quantity
called “the relative plate thickness™:

H

mer

r:f\j‘”‘:ﬂ‘m

* Where
s p IS the density of the material (g/mm3),
= Cp Is the specific heat of solid metal (J/g - °C),
s 11s the thickness of the base metal (mm).
s H.e IS the net energy input equal to nEl/v (J/s - mm)



e The thick plate equation
applies when T is greater than
0.9.

(A) Three Dimensional Heat Flow
r=0%9

e The thin plate equation when
AN T 1s less than 0.6.

« When T falls between 0.6 and
r/ 0.9, the upper bound of the

cooling rate Is given by the
thick plate equation, and the
(C} Intermediate Condition — Neither Thick lower bound by the thin plate

Mor Thin. 0.6 <7< 0.9 equa‘[ion_




The cooling of a weld depends on the available paths for conducting
heat into the surrounding cold base metal.

e If a weld is deposited as a fillet weld ina 9
mm T-joint with a heat input of 804 j/mm,

the web plate would absorb some of the L, jJ

heat, and the apparent thickness would be

greater than indicated. B rant Baze Motal Thickness
 To compensate for the extra heat sink, the

heat input should be reduced by 1/3 to 536 —7

J/mm.

. . . L

« If the thick plate condition exists, the — i)

extra plate cannot provide additional / \
apparent thickness. A / \

{B) Thick Plates — Extra Path Does Not
Increase Apparent Base Metal Thickness




Effect of Heat Flow Paths

Multi paths increase +
effective plate thickness




Cooling Rate

 THE FINAL METALLURGICAL structure of the weld zone Is

primarily determined by the cooling rate from the maximum
temperature achieved during the weld cycle (peak temperature).

e Because the cooling rate changes with temperature, when one
speaks of a cooling rate, the specific temperature, Tc, at which it
occurs must also be given.



Cooling Rate

e To determine the cooling rate along the weld centerline (that isy =
O) for a particular critical temperature, the cooling-rate equation
can be reduced to:

> in a thick plate R_Emuﬂ—%F

Hm&'z‘
= in a thin plate o 2
R- Ejr.lpC'P[ | @-1)
\ met

Hnet = the net energy input equal to nEl/v (J/s - mm),
o = the density of the material (g/mm3),
Cp= the specific heat of solid metal (J/g - °C),

t = the thickness of the base metal (mm).



Cooling Rate

 However, the cooling rate near the weld fusion boundary is only a
few percent lower than on the center line. Accordingly, the cooling
rate equation applies to the entire weld and the immediate heat

affected zone.

e The major practical use of cooling rate equations is in the
calculation of preheat requirements.



PREHEAT TEMPERATURE AND CRITICAL COOLING RATE

« FROM THE COOLING rate equations, increasing the initial uniform
temperature, To, of the base metal being welded has the effect of
reducing the cooling rate.

« For each steel composition, there is a critical cooling rate; if the actual cooling rate

in the weld metal exceeds this critical value, hard martensitic structures may
develop in the heat-affected zone.

* The cooling rate equation can be used
(1) to determine the critical cooling rate (under welding conditions),

(2) to calculate preheat temperatures that avoid the formation of hard
heat affected zones.



Multiple Pass Weld Cycle 1500

2500

The effect of multiple passes on the '
calculated and measured weld
thermal cycles

e The base metal of multi pass
welds can be preheated by the

2000

=1
o
o
=]
-

8

TEMPERATURE, °F

1000
500

TEMPERATURE, *C

. mgm WEASURED TEMPERATLIRE - 50O
|n|t|a| Weld passes ‘_ ———- CALCULATED TEMPERATIRE
G:} 12]0 242}0 ERI]D 4030
TIME, SECONDS
Average Cooling Rates for Each Pass S
In a Multi Pass Weld aof O O CALCULATED
® MEASURED
* The effects are greatest on the , | e {00 @
second pass. As the preheat ° o u
condition stabilizes after the & e« ° o o g 1% ¢
. ® =
second pass, the change In 3 o ° 1w 8
10 |
thermal cycle and the resultant 8
change iIn cooling rate are less 0 R S —

significant.

WELD PASS



Effect of heat input on cooling rate

1200 ] 1 1 I ] T | ] 1
1100 (a) V:10 cm/min; EI/V:15.4 kd/lem  _
(b) V:15 em/min; EI/V:9.79 kd/cm 1925 3500
1000 ¢ (c) V:20 cm/min; EI/V:7.34 kJ/cm N
& 900 (d) V:30 cm/min; EI/V:4.76 kJ/cm - O 1650 h\\""-. 3000 &
L (e) V:40 cm/min; EI/V:3.57 kd/cm | - Eleciroslag -
> 890 N\ (f) V:60 cr/min’ EIV:2.38 kJ/em g 1370 weld 2500,
e e | [ 3
= L 5 8i5H = 1500 ©
2 G4 <3 Arc weld = o
g 500 E 540 1000 §
2 400 = 260+ 500 "
300 - d -18
56y | 0 O 2 4 6 8 10 12 1a 0
100 gl g Time, min

0 04081216 2 24283236 4 _ _ _ _
Time (sec) The cooling rate in ESW (high Q/V) is

much smaller than that in

nvlegnaa & coomorse [



Peak Temperature

e PREDICTING or INTERPRETING metallurgical transformations at a point
in the solid metal near a weld requires some knowledge of the maximum or
peak temperature reached at a specific location.

e The distribution of peak temperatures in the base metal adjacent to the
weld is given by:
| 4.13pC},rY 1
= +
T,-T, H,. T, -T,

where

* Tp = the peak or maximum temperature, °C, at a distance, Y (mm), from the weld
fusion boundary (The peak temperature equation does not apply at points within the
weld metal, but only in the adjacent heat-affected zone.)

* Tm = melting temperature, °C

e To = initial temperature, °C

At the fusion boundary (y = 0), the peak temperature (Tp) is equal to the melting
temperature (Tm) .



Peak Temperature

 The peak temperature equation can be used for several
purposes including:

1. the determination of peak temperatures at specific locations in
the heat-affected zone,

2. estimating the width of the heat-affected zone,

3. showing the effect of preheat on the width of the heat-affected
Zone.



Peak Temperature

* For example, a single, complete joint penetration weld pass Is
made on steel using the following conditions:

« E =20V, | =200 A, V=5 mmfs, To=25°C, Tm= 1510 °C
 pCr (VOLUMETRIC SPECIFIC HEAT) = 0.0044 j/mm3- °C

e t=5mm

- n=0.9

» atY =1.5mm, Tp = 1184 °C

atY =3.0mm, Tp =976 °C



Width of Heat-Affected Zone

width of the heat-affected zone is
proportional to the heat input.

Peak temperature equation »




Solidification Rate

e Solidification rate can have a significant effect on
metallurgical structure, properties, response to heat treatment,
and soundness.

e The solidification time, St, of weld metal, measured iIn
seconds, Is: 15

Her

" 2mAC, (T, -T,)
where

= St = solidification time; the time lapse from beginning to end of
solidification at a fixed point in the weld metal, s

o L = heat of fusion, J/J/mm3



Solidification Rate and Dendrite Spacing

Solidification Time =) directly affects the structure of weld metal.
e« Most alloys of commercial importance freeze dendritically, and an
important structural feature of weld metal is the dendrite spacing (more
exactly, dendrite arm spacing).

Solidification . Dendrite .
[ Time J [ Spacing J

« Because weld metal solidification times are rapid, the spacing between dendrites is
small, and a very fine microstructure results.

e Longer solidification times result in larger dendrite spacing and coarser
microstructures.

e The mechanical properties of weld metals with fine microstructures are generally
better than those with coarse microstructures.

The solidification time
» The final weld metal properties are a result of 4 &

The weld metal cooling rate.



« The solidification time at the fusion
boundary is greater than at the centerline.

 The microstructure Is finer at the centerline
than at the weld fusion line.

« If the heat Input Is iIncreased, the
solidification times at both the fusion
boundary and the weld center line increase,
and the dendrite spacing Increases
accordingly.

Subgrain Structure of the Weld:



Effect of temperature gradient on weld microstructure

The in the liquid weld material are substantially higher
than in most casting processes. This leads to high solidification rates which
produce a finer dendritic structure than that observed in most castings.

R Gt

lemperiire
|
|

solidified wald solid—liguid transition zone

ETAIN STOWLH ZONc

e i i S

recrvsiallized zone

pariially transformed zone

|:"|'|l‘.'-:'|'l:‘|] 2One

5 NEeClpil bR T Microstructures occurring in
a weld and its HAZ.




Effect of heat input and welding speed on the weld pool

The shape and size of the weld pool is

significantly affected by heat input Q and the
welding speed V.

@ 2mm 354, 7.4V
-—

0.42 mm/'s

The weld pool
@ TOA, 8.4V becomes more

SR elongated.
R
4.2 mm's

Note: the cross indicates the position of the electrode.
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