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SUMMARY

-y - - - - " -

The themal cycles in the mild steel parent plate adjacent to =z vead
ate weld have been measured for heat inputs of 108, 54 and 42 kJ/inch,

on plate

by meang of embedded themocouples connected to high response aubomatic

recorders. The results show that decreasing the heat input increaces the
he at affected zone.

cooling rate and decreases the width of the heat

For thermal cycles in which the peak tempsratures reached 900°C or
above, two points of inflection have Leen noted in the temperature ranges
Lo0° - 600°C and 950° - 1200°C. The inflection in the lower temperature
range, which has been observed by other workers, has been attributed to
latent heat from the exothermic transformation of austenite to ferrite.
The higher inflection point, not previously reported, has been tentabtively
related to the solidification in the weld pool and the release of the

n.

latent heat of fusio
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1. Introduction

- - - -

In the procegs of fusion welding an intense locali source
¥ gome of the parent ; 2l to form a »ool of molten metal Lo
which additional filler metal may be added. The 1 L material
irmediately adjacent to the molton g j ed to ertremely
rapid vnahgcu wn tcnpc i 1 distance. In
this heat ai the rmbin i 7ide ranze of themaeal cycles
produces L “ structures with
aCCoMDany

The ships for points in the parent plate
at varicu boundary are of wnarticular
signific the mechanical nroperties of the
heat affc paxr neuerk are the maximum
tempcrat z rate through any ;arzicu-ar temperature
range. and control metallurgical mi "W"oct“acture

3 also to predict and Cfﬂt“”l digtortion
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ing cycle.

The on nmeschanical nroperties is well
known. . “*ﬂela develop the best corbination of
tensilc 5 nd notched-bar Impact properties when their
structure Y of mpered martensite. The orV~cnuc of

e%rlh" ] nite uvsually lowers s

impac and cth. In welding, : mit:
which th, zone lg rali to the maximum tanpex atvfc and

then cools g in many cascs only a partial desree of austene
itisation, allow enough time for complete diffusion of carbon
and other nts. Although the heat affected zone in mild
steel plat nslste of ferrite and carbide, other structures
may be prod ges in the rate of heating and cooling or by the use
of mnlate of denability. Thus it ig possible that the heat
affected zone may consist of a range of mixed structures including martensi te,
fer ics

bainite, pearlite and ite, giving very different mechanical nropertic
to those o: the unwel Nt materi:

The use of continuous cooling transformation data has been applied fo
nany years to the control and uvnderstanding of the heat treatment of alloy
steels and, in a more gualitative manner, to the welding of such steels.

The weldanility of a steel may be partially attributed to the hardenability
and the crack-sensitivity of the heat affeﬂted zone ana congequently the use
of the C.C.T. diagram for inferring the struc mechanical
properties of that zone offers a reliable 1 ing the weldsbility

given steel.
fluenced by the

e -
*1&.;3.3._1_ that the

<A
of & steel and for determining the welding ¢

However, the t;ans;orr'au on of auste 1vte is
thermal condition of austenitisation
c.c.m. dwaf“a 'sed Tor welding res
conditions of ating and cooling of regions ¢
Vie ved by the use of specieally designed high speed dila-
n 1 ¢

Thie has been a i g
ometers (1)(2). In this way INAGAKI and his colleagucs (2) have drawn
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up a btable for a geries of high tensile steels showing, btogether with
their chemical composition, the limits of martensite, bainite and pearlite
corresponding to the various cooling rates found in the regions of the

heat affected zones
The determination of weld heat affected zone thermal cycles is

therefore of paramount importanbevln determining the mechanical properties
of the welded joint. The determination of these cycles was the Tirst -
stev in a programme of research carried out at Cranfield into the

investiga tlon of the properties of the weld heat affected zone. Previous

technigues used to measure the temperature distridbutlion in paterlals have
ranged from the use of temperature sensitive lacquers 3 (+)ﬁ%ich change
colour when heated asbove a critical temperature, through crayons apd wax

pellete which have fixed melting points to themocouples welded to the
plate and connccted to automatic recording instruments (5 ) (6) (7 )

The accuracy of the latter mcthod is conesiderably better than the others
which measure bemperatures to only % 10% and are ver QCuhLE ve Lo change
in heating rate. For these reasons automatic recorders were used for this
work.

In the second stage of the work a rig was constructed to simulate
exactly the measursd thermal cycles in specimens of the pa wrent plate vhich
were then uca ted to determine the mechanical propertics of the varlous
regiong of the heat affected zone. Thege results will be publiched later.

2.  Experimental Work
Heating and cool; ¢ thermal cycles in the parent plate adjacent to
the weld were measured by means of themocouples connccucd to high response,
direct, COHulHDORC Lecora_ﬂg millivoltmeters. For the nmeasureanent of
cuperatures above 1,200°C the themmocouplcs were constrthcd from O.f
diameter wire of purc platinum and an alloy of platinum - 10% v;oﬂluk.
For the measurement of temperatures below 1,200°C the JhCMhOCOLri 28 Were
consiructed from 0.005" diameter wire of chromel (aq alloy of 90% nickel
and 10% chromium) and alumel (an alloy of 95% nickel pl“:.w sluminium, silicon
and mangancse additions). The themmocouple was constructed by feeding the
geparate wires throush a two inch long twin bore alumina ingvlator, of
oubside diamcter 0.063", twisting the ends of the bare wires together and
welding in a carbon arc to forma VEry small globule. Several of these
thermocouplecs, of both types, together with their cold junctions and
compensating leads were cal¢o$aﬁea against the mclting points of standard
pure salte and mebals using the thermal arrest technique .
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Initial triale were nade with the thermocouples sgpot welded, hy means
of a capacitor discharge unit, to the surface ol the nla

¢ the vplate at regular intervale
awvay from the region to be welded. This technigue proved unsuccessful
gince the themocouples that were closest Lo the weld were detached Trom

the plate suwrface during welding by the turbulent molten flux. By drilling
holes about 1/16” deep and spot welding th~rmooounlos to the bases of the
'}

@
e e insulabor,

holes with subsequent peening of the edges of the hole around
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nig provlem was overcome. However, the method was not acceptable Tor
the following reascns: (1) The nol ten flw produced during the welding

process caveed additional heating of the thermocouple wires avay from
the hot junction and thus inbroduced e“rorm in the measurencnt of the
plate temperature; (2) Positioning the te-gized “0L~3ancb on just
below the top surface of the plabe cause
ceveral isotherme, thus D*O&uuln& larg
the hot junction. To avoid
the hot junction along an is
thermocouple to the base of

t}e hot Jjunction to etraddle

temperature gradient across

it was necessary to position

otherr: g was achieved by welding the

a hole drilled upwards from the underside
2a

of the “7ats, immediately underneath the weld bead vwhere the temperature
isotnerms were parallel to the plate surfaces.

For the actual measurement of the heat affected zone thermal cycles

a bead on plate weld was produced by an automatic submerged arc welding
unit, using 3/16” mild steel filler wire, on a 14" thick mild steel
(3.8.15), plate approximately 26 long and 12 wide. The composition
of the mild steel iz given in Table I, whilst welding conditions for each

heat input are listed in Table IT. The weld waes then sectioned in
mmerous places, etched in 10% Nital, and measurementz made of the bead
width, depth of penetration and width of the heat affected zone at the
point of meximum penetrabion.

g.:.

Trom this information holes of 0.087 in. diameter were drilled into
anothsr mild steel plate of identical dimensions along the longitudinal
ine to depthe which on subsequent welding, under the seme conditlons
gide of the plate, would teke them inbo various regilong of
the heat aflected zone. The thermocouples were then spot welded to the
£

bottom o “illed holes. This wag achieved by connccting the plate bo
onec ternm he capacitor discharge unit and the thermocouple wires to
the other. By gently lowering the twin bore aluminium insulator down the
drilled heolc electrical welding of the thermoccuple to the base of *he hole
took place immediately it touched the bottom. In order to produce &
satisfactory weld it was essential to eneure that the drilled hole did
not contain any dirt or grease. Also it was necessary to ensure that the
emall le 1 of ermocouple wires emerging from the insuvlator to the hot
sunction elobule did not touch the sides of the drilied hole during the
iow=r;n§ of the thermocouplc or else welding of the wire took place above
the base of the hole. Finally the twin bore aluming insulatore were fixed
glition Ry nting to the place surface with alumina paste. The
weouplis cold Jjunction wag mal intained at 0°C by means of an ice/water

In order to avoid disturbance of the themal
holes were drilled to as small a dianmeter as pos
by i ter of the smallest twin Ja re alumina \ .
and the holes were spaccd ab not less than one inch int mval~

Very fine themmocouple wires were used for three reasong; firsetly,
to nroduce a hot Jjunction as small as posgible in order to minimise the



temperature gradient across the globule, l.e. to minimise the region of
the heat affected zone wxoke thermal CJc’a was to be measured, secondly,

£o minimise conduction of heat Irom the 1id and the error QLP to a
temp"“ ature gradient aloﬁﬂ ﬁhc wires, and thirdly, to kecep the respons
time of the thermocouple to a minimum.

The thermocouples were connected vi multiple switch system to
four Sefram Graphispot high response, sir Lle channel, direet conbinuou
recording millivoltmeters, especially designed for the measurcment of
low voltages. The Graphispot recorded low potentials by neang of an
immersed coil galvanometer which was insensitive to vibration and
consuned essentially zero current. A responge time of %~cec wag glven
for full scale deflection, i.e. it tock 1/4 gec., to reach a tCMDG“”uWTC
,500°C. A trolley carried a pen giving inecription in rectilinear
co-ordinates, as well as the photo electric recelver gerving as a debector
for the light spot. The current Ifrom this detector was amplified and
fed to a servo motor which corrected any cryor in position between the
light spot from the galvanometer end the detector. By correctly spacing
the thermocouple holes in the plate and by using a meltiple switching
system three themal cycles from three different couples could be recorded

for welding on a run-on plate adjacent to the plate containing th

on a single Graphispot during the welding of the length of the plate.
The technique for the actual temperature measurenents congigted of
firet lining up the welding unit and adjusting to the correct coplit“ons
{‘4 (\.L..

couples. When +hccc COF”¢£LQRS were obtained all the fouwr Graphl
recorders were switched on and the bead on plate weld was produce d, ﬂsing
the multiple switching system at the appropriate t to record all the
a'a
o

Tl imes
thermal cycles. he experimental arrangement ig shown in Fig. 1.

After welding, the plate was sectioned next to each thermocourle and
small portions containing the thermocouples carefully ground until the hole
containing the themocouple wag visible. Thig surface was bthen macro-
etched in 10% Nital solution for several minutes to show the heat affected
zone and fusion boundary. The dictance between the welded thermocouple
and the Ffusion boundeary was mecasured with a finely graduated steel rule and
a magnifying glass to within 0.25 mu. This region ig shown in Fig. 2.

In order to determine possible errors in the measurement of the thermo-
couple nillivoltages a number of tests were carried out. For instance,
BeeversiB8lnas shown that one of the major difficulties in the measurement
of temperac g in welding by means of thermocouples is the reduction of
voltage pick-up from;*xtvanco gources. To investigate the magnitude of
this p"oolcm, the welding power sulply vas switched off at a parvicular point
in the themal cycle of a trial run and the immediate change in millivoltage
noted. The results of the test ghowed that this effect was negligible.

The calibration of both types of tﬂ”rh@counleq was carried out to investigate
errors due to the circuit, (i.e. connection wires to the cold Junction and
to the recorder), and due to the Grapblspot recorders and the appropriate
corrections made . The results were used dircetly in the correlation of the
measured temperature values.

Ul




Resulte and Digcussion
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pogitions in the mild steel parent plate adgacent t the bead on plate
weld for welding conditiones giving thrﬂm different heat inpute are chown
in Fig. 3, 4 and 5. The results show that the heat input has a

The resulte of the tamperature - time measuren ts for the various
mi

congideravnle effect on the cooling ﬂaub, as shown in Fig. 6. s would be
expected deereasing the heat input increases the cooling rate and
narkedly reduces the width of the viegible heat alfected zons. The
variations in peak temperaturcs with distance from the fusion boundary

Tor the different heat inputs are shown in Fig. 7.

pecial interest ils the fact that during cooling there are two
which show a definite inflection in cooling rate over a ce in
wre range. These temperature ranges are 400° - 600°C and 1200° -
. The lower temperature inflecbion depends on the heat input and
nealk temperature ol the themal cycle. This reg

ion has been reported by
Calvo et al. 9)&3& ig thought to represent the temperabture at which the
exothermic transformation of the austenite began durling cooling. The
temperature at which austenite transforms depends upon iits honogeneity
and grain size and upon the cooling rate from the austenlite range. To

heck thig the C.C.T. diagram for this steel was determined by means of
a’ﬁh gpeed dilatometry at B.W.R.A. (20). In this test the material vas
rapidly heated to 1325°C at a heatwﬂg rate similar to those found in the
weld heat affected zones t this austenitising temperature for
geveral secondg and then coclcd at various cooling rates.

4}
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The results are shown in Figure 3, with the cooling rate f a weld
heat affected zcre thermal cycle, with a peak temperature o UPET -

imposed on the graph. From this it can be seen that transt
ferrite and nearl't e at about 650°C for cooling rabte
those ueged in the pr

-

esent work.  However, in txc actual weld heat affected
thermal cycle the material

zZone ig not held 1ts peak temperature for
any 1 Lime but immediatelj cooled and tlis nay not produce such
comple OLD“ﬁ ion of the austenite, which may explain why there is

| -
g O
i
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iisat
a difference of 50°C in the transformation starting temperatures.

The second inflecction hasg not been reported previously in any of the
papers on bemperature measurement in plates during welding. This inflection
occurs iﬂ the temperature range of about 1200-050°C again depending on the
thermal cycle and heat input, and it is tentatively suggzested that 1t i
caused by‘the golidification progression in welding.

Rarkin(Il)has studied the te mperatures in the weld pool of automatically
submerged arc welded aluminium. He showed that in the welding pool there
is a o vl flow of molten superheated metal Torced from under the are,
vhich flowe %o the rear part of the weld pool and produces a slower

KN

n the rear part of the weld wool than in the forward part.
hy the molten pool shape is not elliptical, as predicated
theoxry, 12 Jout includes an elongated tail.
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The sharz
shown in Fig. 9, from which 1t may be noted that the melting point
isothern 1s very nearly parallel to the weld gurface at the front of
the pool, with lower temperature isotherms following a similar mttern.
Thue a themocouple located in the heat affected zone irmediately below
the arc would remain at a high temnerature for s longer time than would
be predicted by heat {low theory or by temperaturc mecasuvrements in a
static system (compare, for examplc, the resulte of Appe and Milner 13).
Most of the latent heat of fusion is released at the end of the pool and
transfer of this heat could result in an inflection in the cooling curve.

hape of the molten weld pool for a bead on plate weld is

No attempt has been made to correlate the experimental resulits with
heat flow theory since the size of the plates used for the work was
insufficient to c¢liminate edpe effects. Additionally, the thickness of
‘the plates together with the heat inputs used were such as to produce a
heat flow pattern that was ncither pure two-dimensionsl nor three-
dimensional heat flow (1h).

It may be noted that the width of the heat affected zone increascs
markedly with Increase in heat input, although cooling rates within the
zone decrease. The significance of high cooling rates in mild and low
allcy steels ieg readily appreciated but the width of the heat affected
zone could also be important in determining the proverties of welded
structures. Future work may well show the importance of selecting welding
variables such that a correct balance is meintained between heat affecte
zone structure and dimensions.
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TABLE I: Composition of Parent Plate

Element Conposition %
C 0.21
Mn 0.89
Si 0.065
S 0.050
P 0.040
TABLE IX: Welding Conditions
Heat Welding Welding Welding Wire
Input Current Voltage Speed Diameter
kJ/inch amps. in/min. inches
o £ o4+ 1 3
108 390 % 10 30% 2 65+ % 3/ 1s
S5k 390 = 10 30 % 2 125 = % °/1s
42 500 £ 10 30+ 2 122 & & °/1e



FIG. 2. THERMOCOUPLE  HOT JUNCTION
IN THE HEAT AFFECTED ZONE.

FIG. 1 THE MEASUREMENT OF THE HEAT AFFECTED ZONE THERMAL
CYCLES
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FIG. 3 THERMAL CYCLES PRODUCED IN THE
PARENT PLATE ADJACENT TO THE WELD FOR
A HEAT INPUT OF 108 kJ/IN
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FIG. 4 THERMAL CYCLES PRODUCED IN THE PARENT
PLATE ADJACENT TO THE WELD FOR A
HEAT INPUT OF 54 kJ/IN.
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FIG. 5 THERMAL CYCLES PRODUCED IN THE PARENT
PLATE ADJACENT TO THE WELD FOR A
HEAT INPUT OF 42 kJ/IN. ‘
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FIG. 6. EFFECT OF HEAT INPUT ON COOLING RATE.
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FIG.7 VARIATION OF THERMAL CYCLE PEAK TEMPERATURE
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