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SNOPILS

Direct experimental methods to investigate changes in
micro-structure and mechanical properties in eat-iffected
zone (HAZ) of weld plate is alwost lmpossible, due to small
gize of iiZe The only alternative available is to undergo
simulation studies, which cen be carried out theoretically es
well as experimentally, ixperimental simulation can be done
with the help of a open and cloved loop systemss Closed loop
slmulation is expensive as compared to open loop simulation,
\ith this in mind, an atteapt has been made £0 Carry out
simulation studies with the help of an open loop type thermal
sisulator, using ges fleme as an inexpensive heating source,
In it emphasis is given on peak temperature and atepart of the
thermal cycle, r‘rhu- factors are mainly responsible for the
phase chenge of steel,

rtheoretical simulation is done by considering assumed
linear continwus cooling time (CCT) curve and a computer
programme has been developed for this analysiss

comparigson of results for hardness 4s moade for both the
technicues, [kmruness trend obtained from the computer aided
simulation, aypears to bDe closely related o the experimental

resultsy with the variations of cooling rates in the critical
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HOMERCLATURE

¢ = gSpecific heat
a' e Trensition plate thickness
DE - Denadty

oI =  Diffusivity

& s = Thickness of plate

314 = eat input

1T = Initiel temperature (35°C)

K = ‘hernal conductivity

Ky = Modified Begsel function of second kind and
zero order

Ky e« Hodified Bessel function of second kind end
order unity
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PP = Peak temperature (%05,39°¢)

ligat rate in col/min
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= Feak temperature
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velocity of electrode
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Distance of a point from centre of welding arc
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SHAPTER = 2
ANTRO0USTICN
gince last few decades, the use of steelg in welding
constructions such as bridges, boilers, machine tool structures
etc, has become very couuon, Thus there has been & repld
sdvancewent in the development of modarn types of steels gand
the welding processes. These steels underge drastic changes
in micro-structwres and mechanical properties during welding,
These changes are coniined to a certain ares in a welded Joint
called Heat Affected sone (HAZ), where temperature and deformation
cycle acts during welding [1]s The information regerding these
changes could be useful in predicting the weldability, stresses,
strains and anticipated behaviowr of these metals.

Direct experimentel wethods to investigate chenges in
mioro-structwres and mechanical properties in Heat affected
Zone of weld plate is clmost impossidle due to small size of
HAZe spurt from this, cheanges are a function of location as
well aa time, Thus different polnts in HAZ undergo different
changes at the same time,

in guch @ situation the only alternative availuable is to

underge simulated studles, These simuloted stulies con be
carried cut on & larger gpecimen for eny peint in HAZ of the
welded member by simulating the weld thermal coycle of that

point on the gpecimen, Both experimental and theoreticel methods
could be applied for these simulation,

Meny research workers like sevage and others [2] did
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primery work on weld thersal simulation technique, as reported
in the literature review, but the modern technique is developed
by ciifton et als[3) in the form of o closed loop weld thermel
sioulator, rhe system consists of & thermocouple cmbeded in the
specimen, the output of which is continuously compared with the
reference voltage gemerated by function generator, The error
signal is fed to control the power swply to the heating system
of the specimen,

Modern simulators, with progremaing end feed back control
gystem, are cepable of generating and controlling the weld thermal
cycle in the fine limits &t the expense of higher cost with
extremely complicated gystemse Complications, sefety requirements
and higher cost has confined its use in the sophisticated labo-
ratories., In the light of these pointsy it 1s extremely necessary
to evolve & simple gystem of simulation with compearsble end
resulte. It will be preferable t0 use traditional same sowrces
0f heat as is evailsble in the welding shops itself such as gas
Llame or electric arc.

In any welding processy the thermal cycle mainly conaists
of:
4is Heating portion

ii, PpPeak temperatwe and soaking time
iii, Cooling curve,
The rate of heating has got alumost no or little effect

on the metallic properties in the final conditions, thus it is
not considered in thermal simulation, Heating rates in welding



are very fast, thus complete repetition of this portion on a
gloulated gpecimen leeds to the requirement of a huge amount

of power and extensive control system, This portion is responsi-
ble for the major cost of the simulation set up,

Peak temperature, above the critical temperature,extremely
effect the microstructwre and mechanical properties of metals,
In this regard, only decision required is whether the peak temper-
ature is above the critical temperature or below it, sSoaking time
above critical temperature will effect the graln size but due to
faster heating end cooling cycle, the actuasl soeking time in
welding is very small,

idrichan and Kas (4] reported that cooling rate,
particularly in the temperature zome of 600°c to 500°c, has
pexinum effect on the properties of simulated specimens, Decause
¢ifferent phuses of steel at room temperatwre depends uon the
cooling rate in a tesperature zone of 500°C to 800%c, This
intern cen be evaluated by time taken to cool from 800°C to
500°Ce

In view of foregoing objections of closed loop simulation
technique, it was thought desirable to develop a simple weld

paremeters nemely peak temperature and cooling rate in the

zone of 800°C to 500°C were conmtrolled, A computer programme
was also developed to simulate theramal and metallurgical changes
in low alloy steel as & result of welding process, Computer aid
results wvere then compared with experimental results.
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JATERATURE ROVIEW

2.1  GHISRAL REMARKS
pioneering work in the direction of weld thermal simulation

was done by Savage et als[l]s ‘They passed large a.c, cwrent
through the specimen to get rapid heating rates, They made
attempts to duplicate the weld thermal cycle by progremuing
heating current as a function of time, lHowever, with trials
end error method by taking thirty to forty trials, it was
possible to obtain & correspondence within s 50°C of desired
thermal cycle,

Later on Cclifton et al.[3] developed a closed loop thermal
simulator. in this simulator, the output of the thermocouple
atteched to the specimen is continuously compared with the refer=-
ence voltage generated by the function generator and the error
signal is used to control the power swplied for heating the
specimen, Tnis system is capable of controlling the specimen
temperature within i 20°C of the desired thermsl cycle in &
reproducible fashion,

In this chapter, the development of thermal cycle and

— various simulation technicues used to simulate it, is digcussed,
Design and construction of closed loop thermal simulator along
with problems end limitations connected with it is given, 4 at
approach on which the open loop thermal simulator is developed
is also given, ipart from it, different tests which can be
carried out during end after simulation is discussed,



2e2  ZHERHMAL CYCLES
Ze2el jctual yelding conditiong

leat inputs to base metal in fusion welding is usually
through fleme, electric arc end energy beam, Heat inputs from
these sources produces very high temperature end the plate thus
crectes @ wolten weld pool, by melting the base metal and the
filler metal, Ieat from the molten weld pool and the heat
source is transsitted to comparatively cooler portions of the
bage wetel by all the three modes of heat tranafer i.e,j,conduction,
convection and radiation, As a result of this different points
on the base metal will heve different temperatures. Moreover,
heat source in welding is not stationary one but woves at a
constent speed, %0 tewperature at any point on base metal is a
function of time,

In welding, weld metal and base wetal sncounters a
tempereture above the welting point and solidifies wunder an
equivalent of chill casting conditions, Thus the base metal
encounter a very high heating end cooling cycle, Moreover s
stated, all points in HAZ of base metel with different distences
from the fusion boundary, will experience a different thermal

rhe peek temperature aistribution and retes of heating and cool-
ing cen be achieved which very widely and depend upon welding
process variables such as heat input, plate thickness and degree
of preheat [3)e



Two approaches are available to find out the thermsl
cycle experienced by eny point in HAZ, One is the theoretical
approach end another is the experisental approach,

In theoretical spproach, heat transfer in plates is tackled
either as a two-dimensional or a three-~dimensional case, For two
dimensional case, considering heat source as & line heat source,
with length equal to the thickness of the plate and assuming
that the bheat from the sowrce is transmitted in X and Y direct-

ions only (5]« The resulting equation, epplying boundary
conditions, for uni-axiel heat cransfer is

U o= 'I‘o .T;ﬁ:- ."'é/“ Kﬂ‘%j sens (261)

And the theoretical cooling rates [§] for eny point (X,Y¥,27)
relative to the source as origin, for two-dimensional cese is
gdven by the following equation

%{ = -QWJ eese (2:2)
(]

sdailarly for three-~dimensional cese, while considering
Z axis in the direction of thickness of plate and applying

boundary conditions, the resulting ecuation for heat transfer
becomes [5]
Teg, oo™ AW coss (2a3)

ind theoretical cooling rates is given by the following
equation [6)
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%E = -*z[ﬁ --E_B(l -i)] ssee (244)

Using ebove equations, the thermal cycles of various points

in HAZ at right engle to & weld with a heat input o/v = 4 x 10%
Jouleg/om in 1,25 um thick steel plate, were obtained as shown
in Figes 1.

Clifton and Ceorge [3] experimentally found thermal
cycles for various points having different distances from the
fusicu boundary in case of a butt weld, carried out on 3/4 inch
(19 ma) thick plate, with no preheat, at & heat input of
71 Kd/in (2.8 KJ/um) as shown in Figs 2.

“el  SEAULATION LSCENIQUES
2e3e1 Yerious sdnulstion Technigues

sinulation technigues of a weld thermal cycle are either
experimental or theoretical, Sxperinental simulation is carried
out by the use of open loop and closed loop simulation systems,
Closed loop simulation gystem involves a feed<back control of
temperature and deformation courses in the gpecimen, Principle
of operation of a closed loop simulator as exXplained in Pig, 3,
is that a metallic gpecimen held in water cooled copper Jaws is

generator, The output of the thermocouple attached to the
specimen is continuwously compared with the reference voltage
cbtalned from the fumction generator, The error signal is fed
back to the power controller which accordingly adjust the power
of the generator [7]e
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Open loop simulation system do not have feed-back control
of temperature wul deformation courses in the specimen, Some
regsearch workers [4] has suggested the development of open loop
simulation technique on at spproach, which make this technique
preferable for meny considerations,

Theoretical simulation involves the development of a
computer programme to simuleste thermal and metallurgical changes
in the bagse metal as a result of a welding process,

The closed loop slmulator may conveniently be divided
into three parts [7]:

i, J/unction Cenerator

iis Heating and Heating Control Jystem

iii, Jpecimen folding and Cooling vevice

In the closed loop simulatory function generator hos to
play a very importent role, It hes to produce a reference
voltage as close as possible to the existing thermal cycle and
yet flexible enough to accommodate the variation in different
thermal cycles,

In early experiments, a predetermined thermal cycle was
reproduced by using cam operated potentiometer to generate a
voltage versus time reference cycle, Later on sclentists
sugge sted more prosmising methods to generate a reiference voltege
for a given thermal cycle,
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lover et al,[7] suggested a precision multi-turn potene
tiometer which produces the varieble reference voltage represente
ing the thermal cycle, The slides of this potentiometer is
driven by a mmall d,c, motor, and the gpeed of the motor can be
changed at selected points on the thermal cycle, thereby altering
the slope dv/dt. A tenepoint setting potentiometer is used to
deteraine the voltuge and hence the temperature at which the
motor speed is changed, and this setting is preselected, At
the apuropriate momont a relay switches the preselected sglider
voltuge into the imput of a differential emplifier where the
voltage output is compared with that of the main reference
voltege potentiometer, when coincidence is reached i.e.,y at a
selected temperature, the progreame is advanced Dy one step,
thus selecting the next phase of the function, The complete
function thus consists of a series of stralght lines which
approximate closely to the required thermal cycle,

clifton and George (3] used a single tum potentiometer,
having nunber of tops equally spaced over a resistance renge,
is driven at & constant speed by driving motor and gear arrange-
ment, A varisble resistor is connected in geries with the
potentiometer and stabilised de.c, potential is connected across

the terminal, By adjusting the tap to which the positive voltage
connections to the net work is made and by edjusting the value
of series resistor, the shape of the output function is verded,
Further, by mocifying the total resistance value at each tap
position by suitable parallel resistors consisting of a bank of
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multi-tuwrn potentiometors, the voltage~time function is modified
to produce shape function equivalent to that of the required
function,

r} "4 gy i e = '
An b 4 bt L Adld i L b

slectric power is usually used to simulate the coumplete
veld thermal cycle under full control for a wide range of specimen
slzes.

Two mostly used methocs of heating the specimens by
electric power are; '

i. hReglistance Heating

ii, Induction Heating

Besigtance Heating

In resistence heating a.c. power of low impedance is
given to the specimen so that the gpecimen is heated dy its own
electrical resistance, The provision of the necessary power at
low impedence is @ considerable problem but a welding transformer
as en impedence converter may be used as a reedy sowrce of the
necessary power,

A further problem in rezistence heating is that of pick

described how this can be overcome by the use of a gynchronous
chopper which cuts off the heating cwrrent briefly during each
half cycle and samples the thermocouple output during this
period,
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induction Heating
In this heeting gystem, high frequency induction heating
is employed, Most induction heating systems use cylinderical
testing coils. Sqguare coils may also be used for square Crosse
section gpecimens,

In HeFs Induction heating the problem of classical skin
effect (7] 4s there, ODue to skin effect the temperature of the
ingide of the specimen lags behind that of swface during heating
and thus variction in augtenite grain aize, acioss the gpeclimen
is evident, The problem was substantially eleminated by intro-
ducing & ssall holding period at peak temperature, allowing the
centre to reach the swfece temperature prior to cooling. As @&
congequence, the uniformity in grain size across the section was

markedly iaproved,

comp arigon
Induction heating system needs a more costly supply and

that is why it is recommended for ssaller specimens. The problem
of skin effect is agssociated with it which can De overcoue Dy
providing ssall holding period at pesk temperature.

nesistance heating system is comparatively cheeper and
may be used for heating large size specimens., It has got the
problem of heating cuwrent pickup which can be overcome by using
gynchronous chopper as suggested by Savage [2].
pHeating Control Jystem

the function of the heating control system 18 to compure

the output of the thermocouple attached o the specimen with the
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reference voltage from the function generator, and to use the
resulting error signal to regulate the primary cwrent in the
pover trensformer, and thus helps in achieving the required cycle
on the gpecimen,

The theory of control system design is well developed,
but the requirement for very sccurate temperature control, for a
wide range of specimen sizes and heating rates, makes the control
circuit design usually critical,

The grips in which the gpeclmen is held have two maln
functions [8]: '

i. 7o conduct heat from the specimens

ii, 7o provide a mechanical swpport and trenmit test

loads to the sgpecluens.
in case of registence heating these also conduct heating
current to the specimens

clifton end Ceorge [3] used specimen grips which consists
of four copper blocks, through which water is circulated, Eech
end of the specimen is gripped between two blocks by means of
four boltse Bt A,

one of the specimen grip is free to move to accommodate
expangion and contruction, as the gpecimen heats wp and cooled
down, 1he free specimen grip is mounted on & ball-bearing slide,
so that it can teke care of expansion end contraction of the
gpeciuen.
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cooling in copper grips is echieved by circulating water
through them, enguring that the naximus cooling rate (in the
absence of any heating) is grester then that needed for simulation
of required thermal cycle, 90 that the cooling rate can be
controlled by wmaintaining a small varieble heat input to the
specimen, during the cooling part of the cycle,

problems Connected with Closed joop sdmulation .ysten

Closed loop simulators developed by different scientists

till today has got nwibers of short-comings as given below [7,6]:
i. The whole gystem becomes expensive due to its costly

celed

elements, function generator one of the essential
elesent, involves aulti-tum potentiometer, tene
point potentioneter, d.c. motor etc, The heating
system consunes lurge 6.C, power in resigtence heate-
ing and high frequency current in induction heating
to get fast heating rate as required in thermal
cycle, These all fectors make this simulator a
costly one [7,8].

ii, The system is more time consuming as the complete
thermal cycle is to be simulated with feed-back,

111, The system is complicated due %o its heating and

feed-back gystem, To get reference voltage, settings
in function generator is to be done, end in heating
system due to rapid heating, large a.c, power at low

impedance or high frequency current is a problem [E].
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iv. As the heating system involves lerge a.c, current
or high freguancy current, it becomes less sufe to
use it [7,8].

Ve The heating system used has got some technical
problems, as in resistance heating the pick up of
heating current by thermocouple is obvious which
give wrong readings of temperature measurements [8].
Induction hesting system has got the problem of
eritical skin effect, by which the temperature at the
gentre of the specimen lags behind that of at
surface (7]«

vi. Inspite of all this preciseness and control on
temperature these simulators are wnable to produce
the real welding condition prevailing in a HAZ,

2e344 ot Approach

In steel, ebove the critical temperature, different phagses
of it converts into austenite and on cooling the austenite
converts back into pearlite, bainite or in austenite depending
wpon the cooling rete, For cooling rates faster than eritical
cooling rete the austenite converts into martensite, It is
observed by scientists (4] that diffnmt phaces of steel at

room teaperature depends upon tne cooung rate in a wmperature
zone of 500°¢C to 800°c, This intern cen be evaluated by time At
taken to cool from 800°c to 500°C. Figure 4 defines the important
time interval at required for cooling from 80u°c to 500°C, on

teupalrature~Ling Ccur'ves.
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In principle, the length of at can be calculated by
naking use of the known theories concerning heate-distribution

during welding,

from the Rosenthal eguations (2,1) and (2.3), ot for the
weld centre may be calculated and is given by [4]

at -}-é-g(%)(m 'gﬁff;) eens (243)

for welding thick pletes (three-iimensional cooling) and

at .n-li-nég)‘um}-;-,;)“ - (-m-‘rf;)“] eoss (265) |

for welding thin plates (twoedimensional cooling)s The heat loss
o eambieni otmogphere not being token into consideration,

The chodce of the formule is governed by the plate
thickness, the welding date end the properties of the base
material, IThe decision can be made by caloulating transicn
plate thickness d', Cooling will be three-dimensionzl for plate
thickness exceeding @' and otherwisze it will be two-dimensionals
By equating eguations (2.,5) and (2.5)s the transion plate
thickness con be found as (4]

M / i ¢ ; = . :
21 = ‘ T T - ) sses (ZaT)
. v . > il :

cebt

These can be categoriged into two groups:
i, Tests cwried out durdng the simulation cycle.
ii, lests curried cut after the simulation cycle,




Zebel Jests puring stoulation

Tests during simuletion are mainly [9]:

i+ ODiletometry test

i1, Iot ductility test,
Lilatometry 1est

pdlatometry test is carrded out to detect metallurgical
phase transformetions at high heating or cooling rates in metals,
characteristics of welding and heat-treatment processes [9].

4 dilatometer consists of & peir of cuartz knife edges,
coupled t0 & solid hinge liver mechenism end & high resclution
rectilinear potentiometer, The quartz kniie edges contact the
gpecimen across the diemeter [10], end any expansion orF contraction
in the specimen is trensaitted to the potentiometer via the solid
hinge, 7This in turn produces & signel on the chart recorder
directly proportional to the dilation end since the dilation
recording is simultaneous with the recording oi temperature, it
is cluimed that phase transformations can be readily detected,

iot Luctllity Test

the simulator has been used to investigate the high
temperature ductility of several high yleld strength, quenched
and tempered low alloy steels,

In such investigations the principol approach hos been
the measurement of 'on heating' end "on cooling' tensile charae
cteristics, mainly ductility, with the objeat of relating
differences in "on heating' and "on cooling' behaviowr to the

_————————-—J
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performance of the steels in weldability tests giving an
indication of susceptibility of HAZ hot cracking [11],

2olbel faesta After sim ulam

fests carried cut after simulation ere numerous, the
most common are impect test and frecture mechanics test,

impact "geg

The moast common test after simulation is Charpy venotch
test [11])s 1In this test, alnulated gpecimen are notched using
schnadt cutter, which has got excelemt reproducibility of notch
redius, The notch is located in such & way =0 that it removes
the Chermocouple Dead, It is known that steels like most other
8CC metals and alloys abgord more energy when they fracture in
4 ductile fashion rather than in a brittie fashion, so che
impact test is often used to assess the temperature of the
transition from the ductile to brittle state which occurs as the

tenperature is lowered,

fracture Me 8 ¢

The subject of Iracture mcchanics deals with the gtudy
of fracture of materials, One of the most dangerous types of

failure is feilure by brittle fracture, rfor example, the brittle

fracture of the hulls of 'Liberty ships' during Second vorld war,
Crack opening digplacement (C0D) test is commonly used to detere
mine the sengitivity for brittle frecture [1l2], The CUD test can
be performed as tenslile or bending testy The specimens prepared
has got & notch which consists of two partsy vize, & mechanical

part and a fatigue part,
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puring the testy the opening of the notch can be determined

on one or more levels by means of a clip geuge with strain gaugess
the clip gauge consists of a pair of spring steel strips with
smell diamonds at the end, The clip gauge is placed into the
notchy they press ageinst the surfaces of the notch by means of
the diamonds and they follow the surfaces when the notch 1s
opened under load, when this (these) opening(s) has(have) been
determined, the opening in the bottom of the notch at the moment

. of fracture cen be celculated, The opening in the bottom of
notch, at the moment the first crack starts gives an indication
about the toughness of the materieal,
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51  QBIECT

Comparing the open loop and closed loop simulation, it
is evident that cost wige open loop sluulator is better than
closed loop, as its cost is extremely low, The effected accuracy
may be very little in comperison with the reduction in cost,
it wep decided to fabricete wm open loop thermal simulator,

A thermal cycle involves heating rate, peak temperature,
souking time and copling rate, In welding, the thermal cycle of
& point in HAZ near weld pool involves fast heating rate, peak
tempersiture above critical value, very saasll soeking time and
woderate cooling rate, Out of these factors only peak temperature
and cooling rate has got main effect on the structure and
properties of the simulated specimen, Horeover as dliscussed,
different phuses of steel at room temperature depends upon cooling
retes in & temporature zone of 500°C to 800°C [4]s These cooling
rotes cen be evaluated by time teken to cool from 800°¢ to 500%c.
It 415 also known that austenite grain size depends won austenie-
tizing temperatwe, time Lo austenise and the cooling rate in the

eritical zone, o the simuwlator was designed to control the
cooling time in criticel zome, along with manual control of

peak temperature,

3e2  GARERIMENTAL SUT UP
General arrangement of various components of this get W

are shown in Fig. Sa,be It conalsts of a cylindrical gpecimen of
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mild steel with & 0,14 per cent carbon contents, Different
specimens were prepared to 1 cm diameter end 24 cm long.s Vvith
these dimensionsy it is possible to carry out hardness structure
end COD testing etc, and at the same time chances of temperature
variations along the croassesgection are very little,

The gpecimen is heated from one end where ag the other
end swports it during the complete cycle, A speclal rectangular
frome along with the stend, was fabricated to support these

5 gpecimen, One end of gpeclmen rests in a hole in the block of a
freme, The heating side of the specimen is insulated from frame
by plecing the heat resistant plate between sgpecimen and the frume,

dince heating rate is not important in this type of
simulation, any mode of heating which is capable of giving
desired peak temperature can be used, As such commonly used mode
of welding 1.0y Oxy-acetylene gas flame wes used, The heating
wag done from one end only, Iy manual control of digtances,
peak tomperature can be controlled, As the required peak tempere
ature and soaking time wog reached, the heating isstopped,

fate of cooling,after the heating,waes controlled by
pasaing cold vailer around the gpecimen through a water Jjacket,

gpecimen plus allowance @0 that this Jacket can be easily slipped
over the specimen, Outside diameier of the Jacket is 6,75 cm and
thickness j.5 cms The distance of vater Jjecket from the thernoe-
couple cun be adjusted with a pointer and scale arrangement,
A thermometer was attached to meagure the inlet temperature,

L
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Amount of water was controlled through a cock, and measurement
of discharge was done through a greduated Jar and stop watch,

Temperature measurenent was done by a chromele-alum
thermocouple having @ range from 0°C to 1350°C, A hole of
2 mm x4 oo was mede in euch specimen to fix the thermocouple,
therwocowple wires are protected from direct gas flame by
heat resistent beads and gleeves, These thermocouple wires are
connected to recorder heving arrangesent for signal smplification
and chart plotter. A chromel-alus calibrated temperature indi-
‘caw wugs also attached in parallel to have a coumter check,

Se3  EXLERIMENTAL FROCEUURE
In order to check the repeatability, nuber of independent

obgervations for peak temperature and cooling rate in the criti-
cal temperature runge was recorded, In the first, the gpecimen
along with Jjacket wag placed in position, Discharge setting was
carried out by setting the position of the cock and checking the
same at the other end with the help of a graduated cylinder and
a stop watch, After setting the discharge,the flow through
Jacket is stopped by @& valve which is only used to open or close
the flow through the Jacket,

rhermal cycle started with the heating of & specimen,
Heating was ccmpletely a manual operation in which a desired peak
temperature of 900°C has to be attained, After few initiel
tricls the velder \mla able to obtain it, Joaking time at peak
temperature, indicates how far & welder wes able to maintein the

peak temperature for @ longer time,




22

After completing the heating cycle, the heating is
stopped and water circulation is started, The rate of cooling
was dependent upon the digtance of gink and point under consie
deration, when the discharge and inlet temperature are kept
constent, Time meesurement from 800°C to 500°C was recorded with
stop wutch and verified with chart from the recorder, One such
chart record igs shown in Fig, Sa,bs rFor establishing the repro-
ducibility of the experimental system, ten trials were made and
values of peak temperature I,, cooling tiase at from 800°c to 500°¢,
heating time ¢, end soudng time were recorded es given in rable 1,

After ascertaining the reproducibility of the experimentel
gystem, some of the gpecimens vere exposed to different thermal
eycles by changing the cooling time from 800°C to 500°C as
shown in Jables 2 and 3, vValu® of peak temperatwre wag tried to
maintain constant at 900°C,

These specimens were prepared for hardness testing,
Jpecimens vere cut at tho location vhere thermocouple was embeded,
Thin outer layer was removed by the grinder so as to eliminate
the possible eifect of atwogpheric contemination or carbvon
diffusion during heating,

As planned, 'hardmu mesgurenents were made both in the
redial and transverse diresctions, so that any variations could
be recorded, [ardness meagurenents were carried out on a
rockwell hardness testing machine using hardened steel ball on
scale 'B', at equal intervels, The observations so recorded are
shown in Tebles 2 and 3, and cwrves vere drawn accoingly as

B



ghown in Figs. 7 and & for radial end transverse direction
regpectivelys

the microstructure of the samples, subjected to simulated
welding conditions, were also studied, The specimens were cut at
the regions, where the temperatures were tcken and then polished
with usual mechsnical abrasion tecilmiques., After that the samples
wnotmwsthzmmtmmtammtm3m%w
cent alcohol) for 45 seconds, The metallogrephic stuiies were
conducted on a large incident light camera as Neophot 2, The
microstructures were examined at different magnifications

throughout the gpecimen,
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Computer aided simulation can be suitsble altermative
approach in comparigon with the hazardous and time-congsuming
experimental approach, It can be more useful than experimental
simulation as 1t will be extremely cheap to simulate various
factors connected with it,

In computer programme, it is eagy to incorporate changes
as and when required, study of possible elternatives can be
implemented, Optimisation studies of welding peremeters can be
easily carried out with its help, It provides very quick results
to degigner or a recearch scholar, with this in mind, an atteupt
has been made to develop a computer programme, wiich can simulute
thermal end metallurglcal changes in low alloy steel ag & result
of welding process.

Ge2

velding process may be slmulated as @ heat source wmoving
over the metallic members to be Joined together, The heat sowrce

conducted ewey Lo the comperatively cooler sectioms of it, It
regults in solicification and thus Jjoining of the two plates
together, This process produces a theramal cycle consisting of
heating end cooling portions, Teuperature at any point in the
heat aflected zone of the plate will be a function of time, Range
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of temperatwe involved will be & temperature higher then the
melting point of the metal considered to a temperature as low

as room temperature.

Thds thermal oycle will produce chunges in grain size,
phese trensformation end chenges of mechenical properties depend-
- ing won the chemical composition of the steel or metal,

Accordingly, the computer prograume has been given the
modular construction so that different sets of information can
be added or deleted, depending won eny advencement concermed,
pProgramme mainly consist of:

i, Input information

ii, Ccaleculetion of critical cooling time

iid, Calculation of austenite grein size

ive Interpolation of CCT curve

Ve Factors aifecting the shift of CCT curve

vis Actual shifting of CCT cwrve

vii, pPhage chenge

viii,calculation of hardness.

‘be2el Ipput Informetion
Input informetion to the computer progremme consist of

velding conditions, geometry und chemical composition of the
base metal, The value chosen for these parameters are given in

rable 4,

cusntitatively, the heat flov und temperature distribution
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to be found are governed by welding parameters, the Joint .
geonetry, the heat flow distribution of the arc, the heet
exchange between the vworkeplece end the environment and Dy the
thermal properties of the base materisl [4], In view of the
high degree of complications involved in a strict mathematical
treatment, it is essentianl to develop appropriate models stress-
ing all primery features end discarding secondary peculiarities,
nosenthal’ s model for temperature distribution [5] has been nmede

accordingly and is used in owr study.

Uepending upon the welding conuitious, one of the Two
models can be chosen for temperature digtribution [5].

i. Three-dimengional (30) heat {low model in which a
send-dnfinive body with heat flow in three directions
from a moving point source and mere heat loss through
the top surfece is considered,

ii, Twoedimensional (20) heat flow model is baged on the
heat flow in two directions from a moving line sowrce
when plate is considered to be a thin plate, In this
cose temperature in thickness direction 1s assumed
be constant,

of the two models can be safely considered,

peak temperature and cooling time corresponding to critical
zone is important from the point of view of metallurgical and
mechenical properties, This critical zone for steel cen approxi-
sately be taken from 800°¢C to 500%C [4]s
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sdrichen end Kas [4) performed certain experimentel and
enalyticel work end comcluded that the cooling time from 800°c
to 500°C in the heat affected zone ond the weld centre differ very
slightly, @s such it can be epproximately tuken to be equal for
sloplification purposes,

In these conditions, Rosenthal’s equations (2.1) and (243)
given in litcrature review are simplified considerably snd thus
it is poasible to express eritical cooling time (at) interams of
certain veriubles as shown below [4]

ot = iy $isd=r ~ s ) sree (4a1)
(for 30 cooling)

st = g7 T e i) - @)l e @)
(for 20U cooling)e

By equating the two cooling time equationsy the transion
plate thickness d' cen be found as [4)

a* '/ﬁﬁ(ﬁ‘ 3531;1;) seee (443)

first a decision has to be made for the suitability of 20 or 3D
model, In this regerd, the transion plate thickness (d') is
calenlated and compared with the plate thickness (d)e I1f£d D a*
then it is considered a three«iimensional case, othervise two-
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dimensional case and equations (4.1) and (§.2) ere used accorde
ingly for the calculation of critical cooling time at,

If the temperatwre at & point in HAZ has crossed critical
temperature, the resultent structwe and properties will depend
won the cooling rate in the critical zone, the pesk temperature
and chemical composition of steel, For calculation of austenite
grain size, curves from reference [13] of austenite grain size
as & function of cooling time from £00°C to 500%C at different
peak tomperatwres were consldered, Lquatien drewn from these
cuwrves is explained in sppendixel, Lffect of soaking time being
saell is neglected, The resulting equation is fed to computer

progruuse, for the caleulation of austenite grain size.

At i el e e

4e244 Interpoletion of CCL CUrVe
It may be difficult to incorporate variety of CCT curves

availeble for steels, 0 a generalised CCT curve obtained from
reference [14)] at page 71& regarding low alloy steels having
different formation zones for marten-site, bainite and peralite,
depending upon the cooling time in critical zone is comsidered, |

priage straight lines es shown in Fige Y

In the assuwmed CCT curve, log of cooling time in critical
zone is represented on X-axis and temperature on Y-axis as in
the case of most of the CCT cwrves available in the literature,
selient points in this curve includes the representation of
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total formation of martensite, which is represented by a horizone-
tal straight line of length A This line is followed by enother

horizontal straight line from A to AXe In this zone a combination
of martensite and bainite is formed, Further, a slanted straiiht
line from AX to AZ with & positive slope is agssumeds In this zone
sainite and ferrite/perelite is the most probable structure to be
formed, After AZ the cooling rate is extremely slow, resulting

in the formetion of a structure almost available in the ecuili-

brius conditions, The value of AX and AZ is represented interms

of A and fed into the computer programme, These values are deter=-
mined from the conaldered CCT curve and are as under AX = A ¢ 1410
and AZ » A + 1500

bGeced

fhe shdlt position oi CCT curve on abcissga is dependent on
the chemical couposition and austenite grain size, The main
elements of chemical composition, which effects the shift of CCT
curve, includes C, Mn, 5i, Ni, Cry end Mo, Knowing the percentage
content of these elements, the herdenability multiplying factors,
which indicates the shift of CCT cwrve due to chemical composition

can be find out from Table 5, obtained from reference [14]., Effect

computer progresme in the form of equations through hardenability
oultiplying factors es explained in Appendix-I1l,

be2e5 jpotusl chiftdng of CCT curve

The base diameter . incorporaute the total effect of
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chemical composition snd austenite grain size, Actual shifting
of CCT cwrve on Xeaxis is calculated by finding the time of
cooling through criticul zone &t a base diameter from the heat
source [15]« In this regerd, semi-infinite body with a heat
source in the centre was conasidered, Based on these assusptions
at is given es under

st = [igin)? (e))e

Now the revised value of "A' will include the initial value
plus the log ats

4e247 phase Chonge
once the actusl location of the CCT cwrve based on chemical

composition end austenite grein size i1s known, 1t will be eaay
to predict en anticipated phase formetion for eny cocling rate.
pepending upon the sctusl cooling time from 800°c to 500°C in

HAZs celoulated by equations (4.1) and (4.2), the final phace

will be & certain proportion of mertensite, bainite, peralite/
ferrite etec, Iheir ratio cen be calculated from the CCT curve
as explained in sppendix-III and the information is fed %o

computer prograke,

The hardness at any point in steel is determined by the
type of phase and the carbon content. Linear relations are
interpolated from the experimental inforunationgobtained from
reference [14]y a5 explained in ippendix-lV, Hardness of the

combination of two pheses will be in proportion to its
constituantse.
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REPRODUCISL LI TE OF BEXAPERINMUH TS L L8
For the purpose of epstablishing reproducibility of the
experimental date, a number of independent obgervations for peak
temperature T, heating time t , soaking time end cooling time
trom 800°¢ to 500°C were recorded as shown in Teble 1, Total
ten specimens were token and standerd deviation for peek
temperature 7, end cooling time from 800°c to 500%¢ were calowl-
ated, Jtandard deviation for peak temperature came out as 4.683

and for aby, 0. _ 5,0; 98 le323e

Del

lardne ss weasuwrenents in rediel and trungverse directions
were carried out for seven specimens at different cooling retes.
The observations as lockwell hardness on '0' scale for redial
and trensverse directions is given in Tables 2 and 3 regpectively.
(rephs vere also plotted against these observetions as shown in
Flgse 7 end 8, Cwrves in Pigs 7 are almost straight lines which
indicate that herdness remains almost constant in radial directe

5 mm of distence from surfece in trangverse direction and then
onwerds remein slmost a straight line, This behaviowr of the
curves suggests that the HAZ of the samples is wto Jmm of
distence from the swfece in trensverse direction and after that
thepe i3 no or little effect on hardnegs.



sl THEORETICAL AND EAPLIUIM SNTAL RS S

Hardne ss results obtained by theoretical ag well as
experimental simulation system were compared,

MPARL CON BEIWS

cooling time from 800%°c to 500°C in seconds was taken on
Xeexis and rockwell hardness on "5' scale on Yeaxis. @xperiumen-
tal and theoretical hardness cwurveg were then plotted as shown
in #ig, 10, from experimental hardness results given in Table 2
and theoretical hardness results given in Table 5,

the trend for both the curves is almost same i.@.p with
aecreace in cooling time, hardness increases.

the theoretical cwve is below the experimental curve and
mwuw.mtmmnamdm-mumot
8%,0% « 500%C equal to 54 seconds, This indicates that theore-
tically determined hardness values are couparatively less than
the experimentelly determined hardness velues.s This can be
expleined by the following reasons:
4. COT cuwrve for simplification purposes is teken to
be & streight line instead of & curve,
ii. There way be some effect of soaking time on final
structure and hardness, which have been neglected in

this study.



33

SHEAPIER =8
SRUCLUZIQNS

In view of the foregoing discussions of the results,
the following conclusions can be drawng

i.

il

ive

Ve

vi.

It is possidble to use a relatively Maﬂn simple
weld thersel simulator without & closed loop system,
A chogen temperature cycle can be reproduced with
amall errors, rhe standard deviation for peak
temperature came out as 44683 and for aby, 0. _ 50,0,
a8 1.525 for open loop fleme heated weld thermal
sdaulator.

In open locp flame heated weld Chermal simulator

a minimus of 25 secolds as & cooling time from 800°¢
o 500“(: is poassible,

Uniformity of hardness variation is possible in whole
radial direction and upto HAZ in trensverse direction
for the congidered sgpeclmen,

it is possible to simulate the anticipated hardness
of & specimen with the help of & computers
Theoretical results for hardness, obtained by computer

vil,

obtained results.

ror simulated weld spocimen, the veriation between
cooling rate and hardnegs is linear, Moreover, as the
cooling time decreases, the hardness increcses,




i.

ii,

iii.
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computer aided simulation should be improved by incorporat-
ing wmore accurate cooling CCT curve,

Further experimentation is suggested with other parameters
of simulation so that data can be generated for comparison,
For comparison purposes, other tests durdng end alter
sioulation should be considered for theoretical as well

as experimental simulation gystem,
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ARREHUIA=L

As shown in rige 11, experimental data on austenite grain
size versus cooling time in the critical zoune for a particular
peak temperature can be nicely fitted into a straight line,
snother salient feature of these curves is thet as the peak
temperature increases, grain size reduc:g, more or less wiformly.

Keeping this in mind, it wus decided to introduce a stralie
ght line ecuetion for grain size, regarding the veriation of both
cooling time and pesk temparatiles

general equation of a streight line s Y = HX « Cy where
M is the slope of the streight line and C is the ondinate corres-
pouding W zmero axis.

In our considered graph, the slope of the lines is mgauvﬁ,
0 our equation become Y = C =~ MXe The values of ¢ end M are
found as follovs:
Jelues of B

Slopes My Mg end H, for straight lines 1,2 end 3 can be
celculated as shown below:

1y u%é = 0,01 M, -%m = 0402

M5 'i‘kg-; e 0,010
My » Fsa + N
S0 sverege slope M --L—T——} -9‘?2 = 0,015
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JYelue of G

The velue of grain size at 1000°C peak temperature,
corresponding to at e 100 seconds is 6, whereas for 1350°C pesk
temperature 1t is 1, a3 indicated in the figure, Thus if
straight line relation is assumed in grein size versus peak
temparature, then at 1400°C peak temperature the grain size will
be zero et cooling time at = loCgeconds. 50

¢ = Hi=Ee
Thus the couplete equation become as such

65w (EEEEDE - 0,005 ate
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APPENDTE-IT

fguations of hardenability multiplying factors, for
various alloying elements in steel, has been derived from the
experimental data given in Teble 5 of reference [14], by plotting
it es si_:m in 7igss 1z and 13, These figures exXplain the
derivation of the said ecuations. dguations were later on used
in computer progreaume,
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Ratio of various phages is eveluated from the assumed CCT
curve ag shown in Flg. 9

i« If actual cooling time AL is less than the critical
cooling time 4, then only martensite will form,

11, If AL is greater than A but less than AXy @& combinae
tion of bainite and martensite mey forme The ratio
of martensite formed is evaluated by the 'lever aule',
assuning complete formation of bainite at AX and
complete formation of wartensite at A,

4iis 1f AL is greater than AX but less than AZy then a
combination of bainite and peralite/icirite may forn,
the ratio of peralite end bainite is evaluated by
the lever ruley conasidering complete formation of
bainite at AX and complete formation of peralite/
ferrite at AZ.

ive If AL is greater then .z then only formation of
peralite/ferrite is asasumed,
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ACPERDEX=LY

rigure 14 from reference [14] at page 729, indicetes
the relation of percentage of carbon content with rockwell
Cehardne ss of martensite, A linear relation could be assumed
vithout much of error as shown in the figure, The relation
derived from the curve could be assumed as follows:

MH = 25 « 35 CC

This relation is obtained while finding the eguation of
aammsmuwtumofmn-&#-ﬁma-a.
sdmilerly, herdness equations for banite and poralite
can be find out from reference [14] and are given as unders
BHE=d «+ 3 CC

and
B » 40 « 20 CC regpectively.
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ZABLE 2

Rockwell hardness (8 scale) velues of varicus simulated speclumen
At different cooling rates ifrom its centre in Radial <direction
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Rockwell hardness (B seale) velues of vVarious simulated specimens
at ciiferent Ccoling Rates in Axial Direction
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Theoretically Obtained nockwell Herdness iesults for
Uifferent Cooling Rates
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CALCULATION OF AUSTENITE GRAIN SIZE
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400
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X « 008.0.4CC

x1 e+ [1-0.00 (65-8)] X
X2s (1.018+0.7S1)X,
x3 « [1.10 (4. 33-110)cuu]x,

Xe s (140,364 CNI)X,
X$ ¢« (1.10+2.08CRIX,
X6 + (1,08.2,95CMO)Xg

‘.3,|00AL09‘[ hos TC]

ﬁ*” —_—




NO

AX & A + 1,10

NO

YES

| F

AL < A

BH:5+ 35 CC
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YES

MH:25+35CC

!

MH:225+.35CC

l

WRITE MARTENSIT
H ARDNESS MC

BHIAL-A) +MHIAX -AL)

AX - A

l

WRITE BAINITE

MARTENSITE

AND

HARDNESS H

il
Lnop

T




e

HB

s40+20¢CC
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RITE PEARLIT
HARDONESS HB
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PB=40.20CC

BH=8+35CC

I

 |HB«(90+BH-PBIY+PB
el

WRITE PEARLIY
AND BAINITE
HARDNESS HE

sToP




SRS -

THIN PLATE

AUSTENITE GRAIN SIZE
AGS= 10.94641 ASTM
71.03679 - 14000
PEARLITE AND BAINITE HARDNESS 49.9009 RB

THIN PLATE
AUSTENITE GRAIN SIZE
AGS= 11.10403 ASTHM
60.52838 « 14000
PEARLITE AND BAINITE HARDNESS 51.9254 R3
THIN PLATE
AUSTENITE GRAIN SIZE
AGS= 11.22910 ASTM
52.19029 « 14000
PEARLITE AND BAINITE HARDNESS 54.4665 RSB
THIN PLATE
AUSTENITE GRAIN SIZE
AGS= 11.33000 ASTM
45.46354 - 14000
PEARLITE AND BAINITE HARDNESS 57.3858 RS
THIN PLATE
AUSTENITE GRAIN SIZt
AGS= 11.41258 ASTM
39.95819 -« 14000
PEARLITE AND BAINITE HARDNESS 60.5773 R3
THIN PLATE
AUSTENITE GRAIN SIZE
AGS= 11.48102 ASTM
35.39549 - 14000
PEARLITE AND BAINITE HARDNESS 63.9607 =3
. THIN PLATE
AUSTENITE GRAIN SIZE
AGS= 11.53838 ASTM
31.57190 - 14000

-————-«—ﬁglﬂLllﬁgaﬁﬂgaAINITE HARDNESS 67.4747 &3

64

THIN PLATE
AUSTENITE GRAIN SIIE
AGS5= 11.58692 ASTM
28.33600 - 14000
PEARLITE AND BAINITE HARDNESS 71.0718 &8
THIN PLATE f
AUSTENITE GRAIN SIZ:
AGS= 11.62836 ASTHM
25.57324 - 14000
PEARLITE AND BAINITE HARDNESS T4.7164 RSB
THIN PLATE
AUSTENITE GRAIN SIZ:c
AGS= 11.66402 ASTM
23.19568 « 14000
PEARLITE AND BAINITE HARDNESS 78.3805 BB
N | 1
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