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1. Sumary

The polished surface technique weld simulator has been used to obtain
quantitative information on the phase ;ransformations taking place in the weld
heat affected zone (HAZ) of a Fe-0, 6C steel. The progress of the ferrite to

austenite and austenite to pearlite transformations were determined by quanti-
tative metallography and related to the thermal history, as measured by
microthermocouples, throughout the specimen.

Te a - y transformation is observed to be complete at 780 "C under a
heating or 50 'C.s-I while the pearlite in the HAZ coarsens and dissolves to

form an austenite initially' inhomogeneous: both these processes initiate at
internal 'faultso in the pearlite colonies. On cooling a pearlitic type morphology
with an interlamellar spacing not resulvcd oy optical microscopy is formed
from this austenite,

Inflections were observed in the cooling curves measured in the weld
simulator which did not correspond exactly to the pearlite transformation
temperature at that point but were a reflection of the recalescence effect,

caused by the latent heat evolved by a transformation occurring at some
nearby point. By co -noaring the weld simulator and continuous cooling trans-

formation data it was concluded that inhomogeneous austenite favours the
nucleation of a no-r-conventona oearfite.

The pooling rates between 625 "C and between 525 0C and 425 0 were
found fo characterize well the traction of pearite nresent in the microstructure,
which due to the rapid cooling experienced dcx s not contain the equilibrium

carbon content.
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5. Body of Report

5.1. Introduction

Welding is, perhaps, the most common process The microstructure - the nature, shape, dimen-
employed to form a permanent joint between sion and distribution of the phases present in the
metallic components. The process is in essence material will be determined by the thermal history
so simple that it is no wonder it is so widely used. of the specimen and this, in turn, will determine
However, this apparent simplicity is deceptive; the properties of the material. For this reason it

welding in fact involves more sciences and varia- is so important to observe and understand how
bles than many other industrial processes, which and why materials transform on welding.
may explain why most of those concerned are

satisfied with a very crude understanding of its In any systematic investigation of the heat
complications. In fusion welding, for example, the affected zone it must be possible to relate a given

molten metal heats up the solid metal in contact microstructure to its thermal history. In order to
with it, thus establishing a temperature gradient reduce the number of variables introduced in the
in the material being welded. The temperatures in process and to standardize the test conditions
the metal range from above the melting point of more easily, over the last twenty-five years welding

the material to room temperature in parts not too simulators (1-18) have been constructes which
distant from the weld. It will suffice to remember are capable of applying a previously programmed
the various phenomena that are strongly dependent and repeatable thermal cycle to the material being

on temperature to realize the potential enormous examined similar to that experienced in welding.
complexity of the so called heat affected zone While these types of experiments do not provide
(HAZ). These phenomena include allotropicchanges results which can be used in a fully quantitative
in the metal, variations of the mutual solubility of sense for design purposes they can be sufficiently
the distinct phases, the processes of recovery, valid to allow qualitative trends to be firmly esta-
polygonization, recrystallization ad grain growth, blished.
the disappearance of carefully prepared structures
and their replacement by others perhaps intentio- Most of these welding or HAZ simulators employ
nally avoided, plastic deformations resulting from direct resistance heating of the specimen, although
thermal stresses, residual stresses caused by both recently high frequency induction heating has been
volume changes and by the expansion and con- employed principally because of the versatility
traction of the material constrained by the solid afforded by this method of heating (5).
material not heated etc. That is, welding will influence
all those properties which are affected by heat However, the thermal cycles generated by these

treatments. The heat treatment variables introduced complex simulators do not, in generak, reproduce
by welding are. the very high heating rate developed in welding

(19), and in view of this major limitation it was

1) rate of heating thought that a better and much simpler technique
to reproduce welding cycles would be to use an

2) maximum temperature reached. argon-tungsten arc welding torch as the heat source.
In this technique a flat specimen is heated on one

3) time at this temperature. side by this arc while observations to the micros-
tructural changes are made on the other side. This

4) cooling rate. method has various advantages:

13



1 The thermal cycles applied can be varied In welding, and in the PST weld simulator not
over a considerable range of heating and only does the temperature vary with time (in both
cooling rates while the maximum temperature heating and cooling cycles) but also a steep tem-
can be set at any desired value. perature gradient will exist in the specimen. That

is, the transformation conditions will not correspond
2) By spot welding microthermocouples at to either isothermal or continuous cooling conditions.

different points on the surface of the speci- In addition the standard isothermal or continuous
men the thermal cycle producing a given cooling transformations are determined after an
microstructure can be accurately recorded. austenitization treatment, which is at a sufficiently

high temperature or for a sufficiently long time, so
3) The observation surface can be polished as to decompose completely the phases previously

before the arc is struck. This enables the present and eliminate any carbon or alloy element
comparison of structures before and after concentration gradients. However, in a weld, and
welding on the same areas without the nn- in the PST weld simulation, the time the specimen
cessity of repolishing, thus allowing any is above the eutectoid temperature is of the order
surface effects resulting from the phase of seconds, and thus in some regions of the HAZ
changes, or from stresses developed during the austenite has not time to become homogeneous
the weld simulation, to be studied without before transforming on cooling.
their possible masking or elimination in a
subsequent polish (Polish Surface Technique, It is well known (23-25) that continuous cooling
PST). displaces the initiation of the pearlite eutectoid

reaction to longer limes than in isothermal heat
4) The apparatus used is simpler and repro- treatments and suppresses the nose of the trans-

duces more closely the thermal cycles in formation curve to lower temperatures. The maxi-
welding than a conventional thermal simulator mum temperature reached during the welding
apparatus. cycle is reported (26) to affect the subsequent

transformation of the austenite on cooling, an
increase in temperature and duration of the auste-

This welding simulation technique has been nitizing treatment intensifying the decomposition
used by Calve and coworkers (20-22) to study the of the austenite. The presence of a temperature
transformations taking place during the welding gradient is known to affect substantially the thermal
of low carbon steels, tough pitch copper, deoxidized stability and t'ansformation characteristics of a
copper, brass, aluminium bronzes and commercial particular microstructure (27-30), and in particular
purity aluminium. it has been reported that the nucleation of pearlite

in a temperature gradient during isovelocity growth
However this technique, to date, has only been is slower than that under continuous or isothermal

used to obtain qualitative microstructural informa- transformation conditions (31). It seems evident
tion on the transformations occurring in the HAZ that when transformations take place under different

by using principally optical metallography, but conditions the nucleation kinetics of the different
also, to a lesser extent, both transmission and phases are different although in general (31) the
Scanning electron metallography. growth kinetics, interlamellar spacing of the pearlite

are independent of the transormation mode (23.31)
It was thus thought desirable to extend the depending only on the temperature of transtorma-

technique and attempt to quantify the changes lion which, in welding, varies with the time.
taking place in the HAZ, using quantitative me-
tallography to determine the fraction of the phases In view of the complexity of the transformations
present, and microthermocouples to determine a step-by-step comparative approach was consi-
the thermal history responsible for those changes dered necessary using continuous cooling trans-
and so proportion fundamental structure/thermal formation (CCT) data together with data provided
history relationships which could be of use for by the PST welding simulator. The steel chosen
predicting the properties of actual welds. for study was of nominal composition Fe-O.6C,
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thus enabling both the pearlite reaction and the 5.2.2. Specimens
pro-eutiectoid ferrite reaction to be studied in
the same specimens. 5.2.2. (a) Heat treatment.

Specimens of approximate composition Fe-O.6C
were austenitized for 15 minutes at 10000C and
then maintained for 3.2 h at 7120C and subse-

5.2. Experimental quently left to cool in the furnace. Both the auste-
nitization and the subsequent heat treatment

5.2.1. PST weld simulator below the eutectoid temperature were performed
in an Edwards Series 1200 Vacuum furnace the

In view of the necessity of obtaining quantitative vacuum during the process being 10-
5 torr.

information from the weld simulation tests it was
felt that an improved welding chamber and device This isothermal heat treatment was designed
to locate the tungsten electrode at a precise position to produce a specimen with a relatively large
over the specimen should be constructed. Figure 1 pearlite interlamellar spacing so enabling the
shows the chamber now used for weld simulatioi, pearlite formed from the austenite during the weld
which basically consists of a copper water-cooled cycle to be easily distinguisable from the original
chamber with a stainless steel insert into which microstructure. However the nature of the equipment
the cylindrical specimens 25 mm in diameter and used made the cooling rate from 10000C to the
2 - 6 mm thick are placed. The chamber is thus lower transformation temperature relatively slow
sealed by the specimen which has its prepared which le to the production of a rather coarse ferrite.
surface inside the chamber. In the previous cham-
ber the specimens were in the shape of a truncated
cone which, although ensuring a satisfactory fit 5.2.2. (b) Specimen preparation.
between the stainless steel insert and the specimen
during the welding cycle, required careful machining In the experiments realized the thickness of the
to match the taper angle of the specimen to that specimens (one of the variables) was fixed at
of the insert. The specimen, its edges previously 3 and 4 mm. Both of the faces of the specimens
covered with aluminium foil, is loaded into the were ground on emery papers to 600 grade. On
insert by applying pressure from a hydraulic press. one face the centre was marked while on the
This technique thus ensures a perfect fit between other a diameter was scribed. On this diameter
specimen and stage. After insertion the surplus small marks were scribed at various distances
aluminium foil is removed and when the thermo- from the border of the specimn which served to
couples have been connected (section 7.2.4.) the indicate the positions to spot weld the three
chamber is assembled. microthermocouples. These distances, based on

experience, were chosen to be in and around
The tungsten welding electrode is positioned the HAZ.

over the exterior specimen face and aligned with
it by means of a cross scribed on the specimen
to mark its centre (Figure 2). The distance between 5.2.3. Thermocouple preparation
the specimen surface and the electrode is adjusted
by a micrometer screw device incorporated into Chromel-alumel microthermocouples were pre-
the electrode assembly. pared from wires of 0.01 mm diameter by spot

welding by condenser discharge. The preparation
As in the previous chamber, the prepared sur- conditions for joining the wire were 125V condenser

face of the specimen in the interior of the chamber charging voltage and 25 mF capacity. The ther-
is protected against oxidation during the test by mocouples were examined after preparation by a
passing a flow of 20 ft'h I of argon continuously low power optical microscope and only ones with
over the surface. An overall view of the equipment a small spherical junction were selected for sub-
is shown in Figure 3. sequent welding to the specimen.
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The microthermocouples prepared as previously but some small abnormal regions or inflections
described were spot welded by condenser discharge (Fig. 4b) were observed on the cooling part of the

at the positions previously marked on the specimen; curve. The temperatures at which these inflections

the thermocouple being accurately located at the occurred were determined (T and T2).

marks by means of a low power microscope. The

welding conditions were: charging voltage 125 V, Frum various experiments with thermocouples

and 10 mF capacity. After welding the thermocouple positioned at different points on the specimen the

junction was examined by low power optical mi- centre of the fusion zone was established. This

croscopy and the weld between the specimen and information is presented in the following graphs.

thermocouple checked by a simple mechanical
test. Figures 5 and 6 show the temperature reached

at different times during the heating cycle (t - 3,

After welding the two or three thermocouples 5, 7, 9, 10 s) as a function of distance from the

to the surface of the specimens, the distances of centre of the fusion zone for specimens 3 and

the thermocouples from the edge of the specimen 4 mm thick.

were carefully measured by a travelling microscope.
Figures 7 and 8 show the temperature reached

at different times during the cooling cycle (t - 11,

5.2.4. PST weld simulation test. 13, 15, 17, 19 s) as a function of distance from the

centre of the fusion zone for specimens 3 and
The specimens with thermocouples attached 4 mm thick.

were mounted in the weld simulator by the method

described in section 7.2.1. and the thermocouple Figures 9 and 10 show the heating rate within

wires soft soldered to terminals in the interior of various temperature intervals as a function of

the chamber. The terminals, led to the exterior distance from the centre of the fusion zone for

of the chamber, were connected by screened specimens 3 and 4 mm thick.
cables to three recorders a Honeywell Brown
Electronik recorder (chart speed 25.4 mm/s), a Figures 11 and 12 show the cooling rate within

Leeds and Northrup Speedomax (chart speed various temperature intervals as a function of
5.8 mm/s) and a Linseis TYP 2041 recorder (chart distance from the centre of the fusion zone for

speeds upto 50 mm/s. specimens 3 and 4 mm thick.

Once the chamber was assembled (section 7.2) In addition to these general representations of
the conditions of the test were selected. These the thermal history of the specimens during the

were, argon flow 20 ft3 h ', distance between weld cycle the following additional graphs can

specimen and welding electrode, 2 mm, welding bedrawn.
intensity 105A, welding voltage 21 V, duration of
the test 10s. The arc Was struck by superimposing Figures 13 and 14 show the maximum tempe-

a high frequency current. rature reached as a function of distance from the
centre of the fusion zone for specimens 3 and
4 mm thick.

Figures 15 and 16 show the time above 725"C

5.3. Results (approximately the eutectoid temperature) and
above 825"C as a function of distance from the

centre of the fusion zone for the 3 and 4 mm thick
5.3.1. Thermal history, specimens.

Figure 4 shows a typical temperature-time curve Figures 17 and 18 show the maximum tempe-

constructed from the curves registered on the rature reached as a function of time above 725"C
recorders. The curves were in general quite smooth for specimens of 3 and 4 mm thickness.
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Figures 19 and 20 show the temperature corres- At the border of the HAZ with the non-affected
ponding to the start, T1, and finish, T2, of the region the ferrite to austenite transformation was
inflection in the cooling curves as a function of observed to start, Figures 26 and 27. The ferrite
distance from the centre of the fusion zone for boundaries become irregular with many indenta-
the 3 and 4 mm thick specimens. tions while the original pearlite grains now etch

irregularly and their microstructure is not resolved
at optical magnifications. Regions of "martensite"

5.3.2. Qualitative Metallographic observations, are observed in the interior of some of these
grains.

5.3.2. (a) Optical microscopy.
The proportion of ferrite is observed to decrease

After the test specimen was taken from the towards the fusion zone. The ferrite outlining the
chamber and observed under a low power optical grain boundaries becomes very irregular and
microscope. In some tests the arc was observed highly indented (Figure 28).
not to have struck in the precise centre of the
specimen and so the fusion zone although circular
was not symmetrical about the geometric centre. 5.3.2. (b) Scanning Electron Microscopy
To determine the centre of the fusion zone and so (SEM)
refer the thermocouple distances to that and not
to the geometric centre of the specimen photoma- A JEOL JSM-35C Scanning Electron Microscope
crographs were taken. The centre of the fusion (SEM) was used to examine the HAZ at higher
zone was then obtained by geometric construction magnifications in specimens subjected to weld
and the th-mocouple distances measured with simulation. Prior to observation in the SEM the
respect to is centre, specimens were deeply etched by employing either

nital or the modified nital etch referred to in section
The thermocouples were then removed and 7.3.2. (a). Some specimens were demagnetised

that face polished, etched with nital to reveal the by placing them in a coil through which an alter-
overall appearance of the specimen and observed nate current was passed. This current was slowly
microscopically. A modified nital etch consisting reduced to zero and the specimens once removed
of nital plus one tenth of its volume of 4% picral from the coil were then immediately inserted into
was found useful in differentiating between auste- the SEM.
nite, martensite and fine pearlite.

Figure 29 shows the structure of ferrite and
Figure 21 shows at low magnification the general pearlite in a region of the non-affected zone very

aspects of the material prior to weld simulation, close to the border with the HAZ. The boundary
As can be seen proeutectoid ferrite is the conti- of the ferrites is observed to be regular and the
nuous phase surrounding pearlite colonies which pearlite colonies contain many lamellar termina-
may include small ferrite particles. Figure 22, at tions and faults.
higher magnifications, shows the typical pearlitic
structure. In regions close to the fusion zone (Figure 30)

martensite was the predominant microstructure.
Figure 23 shows a macrograph of a specimen, However in regions closer to the non-affected

etched after weld simulation. The fusion and HAZ region, nodules of pearlite with a very fine interla-
are seem to be circular and perfectly defined. At mellar spacing ('-0.12 lkm) were observed (Figure
higher magnifications the region close to the 31). These nodules are the black etching areas
fusion zone was observed to have a martensitic not resolved by optical microscopy shown in
structure in which some black etching nodules Figure 24 and 25. In Figure 31 regions with an
(Figure 24) were distributed in grain boundaries apparent bainitic morphology are also observed
and internally. The proportion of these nodules to have nucleated from the opposite side of a
increased in regions closer to the non affected prior austenite grain boundary to which "pearlite"
zone as seen in Figure 25. has nucleated.
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Further towards the non-affected zone the pro- surrounded by a lighter etching region.
portion of these "pearlite" nodules increases (Figure
32) and they are seen to have grown from the Figure 40 shows, again at a low magnification
grain boundaries of the prior austenite grain, the a region of the HAZ in which the ferrite to austenite
centre of which has transformed to martensite. transformation has almost reached completion.

However ligher etching regions similar in size to
Yet closer to the non-affected zone the micros- the original ferrite particles are still observed in

tructure is more irregular (Figures 33 and 34), but regions where the ferrite has transformed to auste-
the structure is still predominantly pearlitic and nite suggesting that diffusion has not been sufficient
martensitic. However the "pearlite" is observed to to level out carbon concentration gradients asso-
be rather irregular in morphology. ciated with this transformation.

Still closer to the non-affected zone the micros- Figure 41, a region of Figure 39, at a higher
tructure becomes very complex, Figures 35 and magnification shows a ferrite particle in the process
36. Regions of partial dissolution of the pearlite of transforming to austenite. The right hand side
areseen while on the left of Figure 36, correspon- of the particle has not begun to react (this side
ding to a region closer to the fusion zone, small has been to a slighty lower temperature than the
nodules of pearlite with a very fine interlamellar left hand side) whereas the left hand boundary
spacing (easily distinguishable from the original has initiated the transformation. Cementite particles
pearlite structure which has a larger interlamellar are observed to be present at the reacting boundary
spacing, 0.35 um) can be discerned, of the ferite particle, while what is apparently a

fine precipitate is also seen in the proeutectoid
Figure 37 corresponding to a region in the HAZ ferrite. Non-resolved, light etching areas exist at

at the boundary with the non-affected zone shows some ferrite boundaries. The original normalized
initiation of the pearlite/ferrite dissolution processes. structure, on the right of Figure 41 is seen to
The ferrite boundaries have become indented and consist of a very irregular carbide despersion.
very irregular and in some cases are surrounded
by a "halo" with a structure not resolved. The At a higher magnification, Figure 42 the finner
pearlite is observed to have become more irregular details of the pearlite to austenite transformation
and has a similar appearance to pearlite during can be appreciated. Faults and branching of the
the early stages of a coarsening reaction (32, 33). !amellae are apparent as is a localised coarsening
Some pearlite colonies are noted to have reacted of the lamellae. Around the ferrite particle the
to a greater degree. Figure 38 shows, at higher structure is again not well resolved.
magnifications, details of the decomposition of the
pearlite. In regions closer to the end of the ferrite to

austenite transformation the microstructure is more
SEM was also employed to carry out a preliminary complex and it is difficult to give conventional

study on the effect prior specimen microstructure names to the reaction products, Figure 43 shows,
has on the microstructures formed during weld at a higher magnification a region of Figure 40.
simulation. A specimen with a normalized micros- The region around the ferrite particle is again not
tructure was subjected to weld simulation using resolved and the carbide distribution is very irre-
the conditions described in section 7.2.4., but with gular and difficult to interpret. Figure 44 shows
a time of 4s. After this treatment the specimen carbide morphologies at a grain boundary.
was given a final polish, etched in 7% nital for
6 min and observed in the SEM. Deep etching using picral was also tried in an

attempt to resolve some of the structures not well
Figure 39 shows, at low magnification, the defined on etching with nital. The etching conditions

boundary ot the non-affected zone (to the right) were 15 min in a 4% picral solution.
with the HAZ. As can be appreciated this boundary
is abrupt and well defined. The ferrite particles in Figure 45 shows a pearlite colony at the boundary
transformation to austenite are observed to be tetween the non-affected region and the HAZ. The
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ferrite constituent of the pearlite and the proeutectoid every field selected ten measurements were made

ferrite have been completely dissolved by this etch by rotating the measuring line of the graticule

to reveal well the three dimensional appearance through 18". At each position of the graticule the
of this microstructure. fraction of the line occupied by ferrite was deter-

mined. The value for the fraction occuppied by

Figure 46 indicates a ferrite particle in transfor- ferrite at a given distance from the centre of the
mation. Its boundaries have become irregular and fusion zone was calculated by averaging the 40

appear to be again surrounded by a white etching measurements taken (10 measurements on 4
phase which in some points protrubes into the traverses). The standard deviation and 95% confi-
ferrite partidcle. dence limits for these average values were also

determined. Figures 48 and 49 show histograms

Figure 47 shows details of a pearlite colony in constructed from these data and represent the

a region just out of the HAZ. The deep etching percentage of ferrite as a function of distance

conditions used has disolved out the ferrite cons- from the centre of the fusion zone for specimens
tituent of the pearlite microstructure completely 3 and 4 mm thick.
and has caused the cementite lamellae, as they
are now unsupported to fall against each other, Figures 40 and show the percentage of ferrite

thus giving rise to a deformed microstructure. with the 95% confidence limits for these values

Thus some care must be taken when interpretting as a function of distance from the centre of the

microstructures after deep etching. fusion zone for 3 and 4 mm specimens. The
results for the measurements of pearlite (section

From the results obtained it is believed that a 7.3.3. (b) are also given).

systematic work on the development of proper
reagents and etch conditions should be carried 5.3.3. (b) Austenite decomposition product.
out. The SEM requires modified or even new

experimental techniques to reveal the microstruc- As shown in Figures 24 and 25 the principal

tures. A new metallography will develop where decomposition products of the austenite formed
the old named structure will acquire amore appro- from pearlite and ferrite during the weld cycle, are

piate signicance. marfensile and what at optical magnifications
appears to be pearlite of a very tine spacing. Some
bainite and ferrite were also observed. Figures 31

5.3.3. Quantitative optical metallography, and 32 show these nodules as observed by SEM
5.3.3. (a) Ferrite. confirming th " lamellar morphology. The percen-

tage of fine pearlite as a function of distance from
The percentage of ferrite as a function of distance the centre of the fusion zone was determined by

from the centre of the fusion zone was determined using the same technique as that described for

at a magnification of x800 on specimens etched ferrite in section 7.3.3. (a), but the picral modified

with nital by measuring the fraction of a random etch was used. At above approximately 50% trans-

line occupied by ferrite. The exact procedure was formed it was very difficult to masure the fraction

the following: accurately.

The specimen was positioned with the scribed Figures 52 and show the histograms of traction

diameter parallel to one of the axis of movement transformed to pearlite as a function of distance
of the stage of a Nikcn microscope and the posi- from the centre of the fusion zone for specimens

tions of the thermocouples, which served as refe- 3 and 4 mm thick. Figures 50 and 51 show, together

rence points for the measurements were related with the ferrite results, the pearlite fraction with

to the x, y coordinates of the stage. 95% confidence limits as a function of distance
from the centre of the fusion zone for 3 and 4 mm

Measurements were taken every 0.1 mm along specimens.
4 imaginary lines 0.15 mm apart traced parallel
and on either side of the scribed diameter. At
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The grain size of the specimens treated in the
manner described was determined by metallogra-

5.4. Continuous cooling phically measuring the average number of grain

transformation data boundary intercepts per unit length of a random
line.

5.4.1. Introduction.

As one of the aims of this work was to compare 5.4.3. Results.
the results obtained in the PST weld simulator
with those obtained under conventional conditions, The grain size determined by the mean linear
the possession of conventional data refering to intercept method was - 50im. Figure 54 shows
this steels is essential. Owing to the tact that the the start of the reaction at a high cooling rate
presence of impurities and minor elements in obtained by partially transforming a specimen.
steels is known to substantially affect the trans- Nodules are observed to have nucleated at some
formation kinetics it was thought wiser to determine of the austenite grain boundaries.
experimentally these conventional data rather than
obtain them from the literature. Thus any difference Figure 55 gives the heating curve which shows
observed between PST weld simulation and con- an inflection caused by the dissolution of the
ventional results could be attributed to the different pearlite and indicates that under a heating rate
thermal conditions of the tests and effects caused of 18"C s ' this transformation takes place at
by the influence of impurity levels on kinetics 797 ± 2"C. Figure 56 shows the inflection in the
e&iminated. cooling curve produced by the evolution of the

latent heat of the eutectoid reaction. As shown in
Originally it was thought that it would be necessary this figure at relatively low cooling rates and higher

to determine the transformation kinetics under transformation temperatures a very well defined
isothermal (1'T) and continuous cooling conditions minimum and maximum temperature were found
(CCT) but in view of the closer approximation of whereas at higher cooling rates no maximum
the welding conditions to continuous cooling rather temperature was detected. In order to determine
than isothermal conditions, the determination of a characteristic temperature for the reaction by a
of only the CCT data was considered suffice, standard procedure irrespective of cooling rate

the following method was adopted. A tangent was
5.4.2. Experimental. drawn to the cooling curve in the region immediately

below the transformation and a line was drawn

Specimens of approximate dimensions 3 x 3 x 2 parallel to it such that it was also a tangent to
mm were cut from the same specimens as those the cooling curve in the region immediately above
used in PST weld simulation. A 0.5 mm thick the inflection. The point of interception of this
chromel-alumel-thermocouple was spot welded to tangent with the cooling curve was taken as
the specimen and connected to a Linseis TYP characteristic of the reaction temperature, T\, at
2041 recorder. The specimen heating curve was this cooling rate. Figure 56 also shows this cons-
determined by placing it in a furnace at 1000"C truction. As the cooling rate falls off with decreasing
Through which a flow of argon was maintained to temperature this construction will probably give a
prevent decarbunization of the specimen. The slightly lower value for the temperature for the
specimen was permitted to reach 1000"C after start of the reaction than is really the case, but
which the specimen was removed from the furnace the construction has the advantage that it is easily
and allowed to cool in air, the temperature of the reproducible irrespective of cooling rate, whereas
specimen being continuously recorded. Any desired to estimate directly the first deviation from the
cooling rate could be achieved by varying the cooling curve and take this as the temperature
quenching conditions. The average time the spe- for the initiation to the reaction is associated with
cimen was above 725"C was - 45 s. considerable error.
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Figure 57 shows several of the experimentally thought that the coarsening rate in the PST weld

determined cooling curves drawn on the same simulator is somewhat higher than in isothermal
graph, on which the TA Temperatures are marked studies which is in agreement with the fact that

and the time for the initiation of the pearlite reaction coarsening in a temperature gradient (in this case

as a function of temperature is outlined. Figure 58 of 550C mm ') is known to accelerate the coar-
shows the transformation temperature, TA, plotted sening reaction (28, 29, 30).

against t, where t, is the time taken for the specimen

to cool from 725"C to the T, temperature, The dissolution of the pearlite proceeds to give
rise to a region of non-homogeneous austenite in

crom the recorder traces the time taken for the the centre of the original pearlite colony. This

temperaiWrc to fall from 725" C to 625"C, from austenitic region will have a carbon concentration

625"C to 525"C and from 725 to TA were also of approximately 0.8, i.e. higher than the overall

determined and Figure 59 shows the transforma- carbon content of the specimen and on cooling

tion temperature TA plotted as a function of the will, at the cooling rates in question, form pearlite

cooling rates determined from these data. of a very fine spacing and / or martensite.

In regions closer to the fusion zone the pearlite
dissolution reaction proceeds to completion and
the austenite becomes more homogeneous and

5.5. Discussion of weld simulation its carbon concentration approaches that of the

and continuous cooling results. global carbon concentration in the steel (0.6). On
cooling nodules of pearlite with a fine interlamellar

5.5.1. Metallography. spacing are again formed. Other carbide morpho-

logies are also visible which might be described

As seen from both the optical and SEM studies as "bainitic", reflecting the fact that the nature of

the dissolution of the ferrite is observed to initiate the decomposition of the austenite is a function

at the boundaries of the ferrite and the pearlite. of the ease of nucleation and growth of the different

These boundaries rapidly become very irregular carbide/ferrite morphologies which are influenced

and indented and this dissolution of the ferrite by local orientation relationships between the

will locally give rise to an austenite with a very austenite and the ferrite/ carbide nucleus and,
low carbon content which with time will tend to possibly, the superimposed internal stresses.

form a homogeneous solid solution with the aus-
tenite formed from the dissolution of the pearlite. In all of the HAZ very little acicular ferrite which

On cooling this area, which inregions close to the might have been expected to be formed on cooling,

border of the HAZ with the non-affected zone will was observed. However at the cooling rates used

not be homogeneous with respect to carbon con- in this study the transformation temperatures are

centrations (section 7.5.2. (a)) it is postulated low enough so as to make a composition of 0.6 C

the undissolved or partially dissolved cementite fall within the lines of the Hultgren extrapolation

particles will act as nucleations sites for pearlite, of the Fe-C equilibrium diagram thus accounting

thus accounting for the nodules of pearlite found for the non-appearance of ferrite.

surrounding the partially dissolved ferrite seen in

Figures 27 and 28.
5.5.2. Transformation Kinetics.

The changes in the pearlite structure are obser-

vedto start internally in the pearlite colony, pre- 5.5.2. (a) Ferrite to austenite

ferentially at lamellar faults and terminations in transformation.

the original pearlife colony. A similar coarsening

behaviour has been noted in many lamellar struc- By correlating the results shown in Figures

tures, both eutectic and eutectoid (32, 33) and 48-51 which give the regions of the specimens in

attributed to the coarsening reaction proceeding which the ferrite dissolution reaction is taking

through a fault migration mechanism. It is also place, with Figures 5,6,9,10,13-16, which indicate
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the thermal history of the specimens at the same more than 200s at 850"C are necessary to form

distances, the information given in Table I is a homogeneous austenite. However as this process

obtained. As can be seen the low temperature of producing a homogeneous austenite will depend

border of the a - y reaction corresponds quite on the value of the diffusion coefficient which

closely to the eutectoid temperature, while the increases exponentially with temperature, the degree

high temperature border is some 20 to 25" above of homogeneity should also increase rapidly with

the temperature at which the transformation of temperature and the austenite closer to the higher

ferrite to austenite is completed under equilibrium temperature border of this region should be com-

conditions, (Ae, = 755"C). It should be borne in pletely homogeneous. As stated in section 7 3.3.

mind that the tme spent above 725"C includes (b) the measurement of the fraction of pearlite

both the time spent on heating from 725(C to formed at above 50% pearlite was very difficult.

the maximum temperature and also the time spent This is thought to be due to overlapping nodules

in cooling from the maximum temperature to 725"C. but also it is suspected that the absence of homo-
geneity of the austenite in this regions which has

To compare these results with those obtained reached a maximum temperature of 850"C and

under continuous heating conditions requires the 825"C and times of 4.8 and 5.3s above 725"C for

determination of the latter data at heating rates the 3 and 4 mm thick specimen is giving rise to

similar to those used in the weld simulator (50's the presence of non-typical pearlitic structures.
in this temperature interval). As noted in Section

7.4.3. the heating rates experimentally available The continuous heating results indicated that

for determining these data reached only 180C s ' with a heating rate of 18"C s ' the pearlite to

and, thus without designing and constructing a austenite transformation started at - 797"C, 2.4s

more specialised piece of equipment, which was after passing 725"C. The heating rate used in the

outside the scope of this contract, these compa- weld simulator studies was considerably higher,

rative data cannot be obtained. The same argu- between 60 - 120"C s- for the 3 mm thick

ments as those put forward in Section 7.4.1. specimens and between 60-105"C s 'for the 4 mm

prevent this information from being obtained, with specimens which wouls suggest that the tempera-

the desired precision, from the literature. ture of the pearlite to austenite transformation

should be at a higher temperature. Although
attempts were made to detect an inflection in the

5.5.2. (b) The austenite to pear'ite heating curve abtained in the weld simulator at
transformation. temperatures of above 725"C, no conclusive indi-

cation for the transformation could be detected

Table II is the result of correlating the data which, it is felt, was partially due to small oscilla-

given in Figures 50-53 which give the regions of lions in the arc current intensity affecting the

the specimens in which the austenite to pearlite heating rates slightly which, thus perhaps hid any
reaction is taking place with Figures 7, 8, 11-16, inflections in the heating curve caused by the

which indicate the thermal history of the specimens pearlite to austenite transformation.

at the same distances, The region of the speci-
mens where the austenite partially transforms to However both optical and SEM revealed a

pearlite corresponds to a zone which has been change in the morphology of the pearlite adjacent

between 4 and 10s, approximately. above 725"C to the boundary of the HAZ and the non-affected

and has reached a maximum temperature of zone i.e. at temperatures just slightly above 725"C

between 810"C and 1150"C. If is quile probable suggesting that the pearlite to austenite transfor-

therefore that, especia!ly close to the lower tem- mation might occur with more rapid kinetics in the

perature border the austenite from which the weld simulator than under continuous heating

pearlite formed was not completely homogeneous conditions.
both with respect to the total dissolution of the

cementite and also to the presence of carbon On cooling this austenite -formed from the

concentration aradients. In this aspect it is interes pearlite and ferrite- below the eutectoid tempera-

ting to note that under isothermal i(oniiti(ns (341 ture it will transform to pearlite at a certain under-
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cooling. As shown in Figure 4b an inflection was cence effect) which causes the thermal gradient

observed in the cooling curves which started at throughout the specimen to change, and, as the
approximately 600"C and finished at approximately thermal gradient largely determines the cooling

440"C. Figures 19 and 20 show the temperature rate, a change in the cooling rate will be detected.
of the start and finish of this inflection plotted As an inflection in the cooling rate is what is taken

as a function of distance from the centre of the as the T, and T2 temperatures it can be seen from

fusion zone. As can be seen there is very little these considerations that although an inflection
variation of the two temperatures with distance. in the cooling rate at 4.6 mm from the centre of

The higher temperatures, TI, for both the 3 and the fusion zone is detected at 600'C, that does

4 mm specimens are very similar but it appears not necessarily mean that a transformation at

that the lower temperature, T2, are slightly higher that point starts at 600"C.

for the 3 mm thick specimens than forthe 4 mm
ones. Similarly when a point 4.6 mm from the centre

of the fusion zone is postulated to start to trans-
By using the experimentally determined conti- form at 490oC (T. temperature), a point 6.2 mm

nuous cooling curves for this steel, the temperature from the centre of the fusion zone is now at 440"C.

at which the steel "ought to" transform in the weld When this region around 4.6 mm from the centre

simulator if it were just under continuous cooling of the fusion zone, which is the last region to

conditions can be established. Figures 60 and partially transform to pearlite, finishes transforming

61 show several of the cooling curves determined (this region has only 8% pearlite and the tempera-

during weld simulation superimposed on the graph ture it finishes transforming is postulated to be
showing the start of the pearlite reaction under only slightly below that at which it started) the

continuous cooling conditions. The temperature absence of evolution of latent heat will reflect itself

at the point of intersection of the weld simulator not only at that point but also at other points,

cooling curves and the curve corresponding to implying that the inflection detected at 440"C at
the initiation of the pearlite reaction (T,) were read at a point 6.2. mm from the centre of the fusion

off and are shown in Figures 19 and 20 together zone does not necessarily correspond to the end

with the T, and T2 temperatures as a function of of the transformation at that point.
distance from the centre of the fusion zone. As

can be appreciated, in all cases, theT, temperature Thus the inflections detected in the cooling
lies between the upper, TI, and lower T2 , tempera- curves determined from the weld simulation test

tures determined from the weld simulator cooling correspond to the outer limits for the transforma-

curves, and that the T, temperature increases with tion of all the material within the transformation

distance from the centre of the fusion zone. region. However, it might be expected that in the
region which transform first (closer to the non-

Let us now consider in detail the course of the affected region) the inflection in the weld cooling

austenite to pearlite decomposition in the weld curve (Ti) and the predicted transformation tem-

simulator by postulating that the transformation perature (T,) from the continuous cooling results

under simulated welding conditions is identical to should agree. The fact that they do not agree

that under continuous cooling conditions. When exactly but are seen to be approaching coinci-

the region in the 3 mm thick specimens which dence in the region nearest to the non-affected

finally has a structure of 50% pearlite at 6.2 mm zone, suggests that in this region the transformation

from the centre of the fusion zone starts to trans- is actually occurring at a higher temperature than

form at about 520,,X (T temperature) a region that predicted from the continuous cooling curves.

which finally has a structure of - 8% pearlite at

4.6. mm from the centre of the fusion zone will be A similar behaviour is also observed for the
at approximately 600"C (Figure 7). This region at 4 mm thick specimens although the transforma-

6.2 mm from the centre of the fusion zone, on tion temperatures estimated from the continuous

transforming, will evolve latent heat of the trans- cooling data (T,) are seen to lie closer to the T 2

formation and this latent heat is thought to give temperature than for the 3 mm specimens. Perhaps

rise to a local increase in the temperature (recales- the larger volume of material transforming (33%
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more than for the 3 mm thick specimens) gives thick specimen there existed a region between

rise to a greater local recalescence effect, making 4.6 and 5.6 mm from the centre of the fusion zone

T, higher. which had about 13% pearlite, whereas in the 4 mm
specimens (Figures 51 and 53) the proportion of

However from both the 3 mm and 4 mm thick pearlite falls off more rapidly. On a close examina-

specimens, it is suspected that at least in the tion of Figures 11 and 12 which sohow the cooling

region closest to the border of the HAZ with the rate/ distance relationships for both specimen

non-affected material the austenite is decomposing thicknesses, it can be appreciated that there is

at a higher temperature than that predicted from a levelling off of the cooling rate/distance curve

the continuous cooling results, It is thus postulated between 4.6, and 5.6 mm for the 3 mm thick

that the presence of inhomogeneites favours the specimens while for the 4 mm thick specimens

nucleation of pearlite. A similar result was found no such levelling off takes place. Thus the quanti-

by Hull and Mehl (35, 36) in isothermal studies. tative metallography results correlate, in fine
detail, with the cooling conditions in the specimens.

The regions in the specimen at which pearlite

occurs are obviously related to the cooling rates However it has been suggested (26) that the

in the specimen. By conelating Figures 50-53 transformation product in welding can be related

which indicate the fraction of pearlite formed as to the time the specimen spends in cooling from

a function of distance from the centre of the fusion the A; temperature (or - 800"C) to 500"C. This

zone with Figures 11 and 12 which give the cooling time is claimed to be independent of the relative

rates within various temperature intervals as a position of the region of interest with respect to

function of distance. Figure 62 is obtained which the fusion zone and independent of the maximum

expresses the fraction of pearlite found as a temperature reached, depending only on the

function of cooling rate within various temperature physico-chemical properties of the materials, the
intervals for specimens 3 and 4 mm thick. It is thermal in-put and the thickness of the material
noted that only the relationship between the welded. Figure 63 shows the time spent in cooling

cooling rate between 525 and 425"C, ad to a from 825"C to 525"C for the 3 and 4 mm thick
lesser extent that between 625 and 525"C and the specimens as a function of distance from the

fraction of pearlite transformed are the same for centre of the fusion zone, which shows that the
both thicknesses of specimen which suggests time on cooling from 825"C to 525"C is not strictly
that these are the most critical temperature intervals independent of distance but increases with distance

for the nucleation of pearlite. This interval contains, from the centre of the fusion zone. This increase

according to the continuous cooling data, the in cooling time with distance may not be very
pearlite start temperature under the cooling rates important industrially but obviously for a scientific
present in the weld simulation test. From Figure interpretation of the microstructural results It must

62, it can be seen that pearlite is not formed at be taken into account.
cooling rates of above approximately 53"C s
(measured in the 625 to 525"C temperature interval) Figure 64 shows the fraction of pearlite as a
in the weld simulation test. The continuous cooling function of the maximum temperature reached.

data presented in Figure 59 indicate a cooling As can be seen no relationship independent of
rate of 55"C s 1 in the 625 5o 525"C interval as the thickness of the specimen exists. However, it

the maximum for the formation of pearlite, which is thought that for some industrial uses the rela-
is thus in good agreement with the weld simulator tionship may be considered to give an estimate

from an austenite which has reached 11501C of the microstructure at a given point. This rela-

and so is expected to be homogeneous. Thus it tionship has the disadvantage that it cannot be

is suspected that when the austenite is homoge- used in conjunction with continuous cooling data,
neous, the transformations in the weld simulator and overall it is far better to employ the fraction

can essentially be described by continuous cooling transformed/cooling rate curves given in Figure 62.

data.

Figures 50 and 52 showed that in the 3 mm
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II

each point in the specimen is influenced by
5.6. Conclusions. the recalescence effect of the pearlite trans-

formation, not only at the point of transformation
1. By a combination of quantitative metallography but also in regions adjacent to it. Thus, the

and a measurement of the thermal history of temperatures found reflect the overall limits of
the specimens as a function of distance from temperature in the specimen during which, in
the centre of the fusion zone, the PST weld some part of the specimen, the pearlite trans-
simulator is capable of giving semi -quantita- formation is taking place.
five in- formation on the transformations taking
place in the weld HAZ in a Fe-O.6C alloy. 8. By comparingthe CCT data determined for

this steel with the cooling curves measured

2. The transformation of the ferrite present in the in the PST weld simulator, the temperature at
original microstructure is observed to initiate which each point in the specimen "ought to"
at its boundary with the pearlite and to finish transform if it were only under continuous
under a heating rate of 50"C s ' at 780"C. cooling conditions was determined and found

to be within the temperature intervals of the

3. The pearlite is observed to transform rapidly inflection points registered in the cooling cur-
in the eutecloid temperature region, this reac- yes determined from the PST weld simulator.
tion initiating at "faults" in the microstructure.

9. From a detailed analysis of the results, it is
4. The pearlite to austenite reaction is observed postulated that in regions close to the fusion

to start at these "faults" and proceed to form zone where the austenite is homogeneous, its
an enclave of non-homogeneous austenite in behaviour in the PST weld simulator is similar
the pearlite colony. Dissolution of the cementite to that under continuous cooling conditions
lamellae from both the tips and sides has been whereas in regions nearer to the non-affected
detected. zone, where the austenite is not complety

homogeneous, it transforms to pearlite at a
5. This non-homogeneous austenitic region slightly higher temperature than that predicted

decomposes on cooling into "martensite" and from continuous cooling data. Inhomogeneities
nodules of pearlite with a fine interlamellar in the austenite thus promote the nucleation
spacing. of pearlite.

6 In regions near to the fusion zone the original 10. The cooling rate from 625"C to 525"C and in
pearlite structure is completly transformed to particular from 525"C to 425"C is found to
an austenite which is. to a greater or lesser determine the fraction of pearlite formed inde-
extent, homogeneous. This region, on cooling, pendent of specimen size, and are the most
transforms to form martensite and nodules of critical temperature regions for the development
pearlite of a fine interlamellar spacing, the of a pearlite nucleus. At cooling rates of above
proportion of pearlite decreasing in regions 53"C s I in the 625 - 525"C temperature
closer to the fusion zone. interval pearlite is not found.

7. Inflection points in the cooling curves obtained 11. The time spent in cooling from 825"C to 525'C
in the PST weld simulator were detected. and the maximum temperature reached are
These inflections were found not to represent found not to be as accurate a variable to
necessarily the temperature of a transformation define the fraction of pearlite formed as is the
taking place at that point in the specimen but cooling rate between the limits previously
were due to the fact that the cooling rate at stated.

25



5.7. Recomendations.

In view of the success of the PST weld simulator At the same time the results obtained in the
in providing a semiquantitative description of the metallographic study by SEM, recommend that
transformations occurring during simulated welding this work should be continued systematically. New
of a Fe-O.6 C steel, it is thought that this technique ruigents and etch conditions would help to establish
should be extended to study more complicated a more precise interpretation of the solidstate
alloys, for example superalloys. A study of a reactions taking place and products formed as
superalloy was envisaged in this contract, but a consequence of the non-conventional heat
specimens were not provided by the European treatment in a HAZ. As transformations in progress
Office of Aerospace Research and Development can be frozen-in, mechanisms for these transfor-
as offered in Section F-i, A of the contract and mations might be established.
requested in the Semi - Annual Progress Report.
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TABLE I

Ferrite to Austenite transformation.

Specimen a y limits a -* y Heating rate Time above 725"C Thermal
thickness Distances from Temperature from 725 to 825"C corresponding to gradient

centre of fusion limits at distances of the high temperature at distances of
zone, Figs. 48-51 Figs. 13-14 a - y border of the a - y

transformation a - y transformation
Figs. 9-10 region Figs. 15-16 Figs. 5-6

mm mm "C "Cs s C mm

3 6.8 to 7.4 775 to 710-710 50 2.5 120

4 5.25 to 6.05 780 to 715-710 50 2.5 120

TABLE II

The Austenite to "pearlite" transformation.

Specimen y pearlite 50% pearlite Time of y Time of y Max temps. Max temp. Thermal gradient
thickness limits. Dist. Dist. from above 725"C for above 725"C reached in y corresponding to at distances of

from centre of centre of fusion y , pearlite for 50% pearlite at distances 50% pearlite y - pearlite
fusion zone zone limits position of y -pearlite position reaction
Figs. 50-53 Figs. 50-53 Figs. 15-16 Figs. 15-16 reaction Figs. 13-14 Figs. 7-8

Figs. 13-14

mm mm mm a a 'C "C mm'

3 4.25 to 6.5 6.2 9.5 to 4 4.8 1150 to 810 850 55

4 3.15to5.0 4.45 7.5 to 3.8 5.3 11501o810 885 55

TABLE II (Continued)

Specimen Cooling rates Coohng ralos Cooling rates Cooling rates
thickness 725 - 625'C 625 - 525"( 725" 525"C" 725"C - 425"C

at distances of at d,'s,1nce al dstanck' of at distances

y - pearhte of v - Peiarlht y . pearhte of y - pearble
war'tlOn ea ri n reation reaction

Fg- I I2 Frvq !1 1,' Fiqq 1 12 Figs. 11-12

mm s . ,s 'C s

3 BR"to h;" i. .i t i7 5 61 31o 496

4 1/u'. 10 1 u ktA 08 t 4io i506
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FIgura 1. Welding Chamber.

IAI
Figure 2. PST weld simulator
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Figure 3. Overal, view of the PST weid simulator.

800

7001

600

500

C. 400
E

300

200

00

0
4 8 12 16 20 2A 28

Time,~

Figure 4. Temperature as a function of time during the
welding 'ycle. This curve corresponds to a
thermocouple Epot welded at 5.20 mm from
the centre of the fusion zone in a 4 mm thick
spec'imen
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Figure 4b. Part of Figure 4 on a larger scale shwing the
inflection points T, and T2 detected in the
cooling curve.
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Figure 5. The temperature reached at different times
during the heating cycle (t - 3, 5, 7, 9. 10 s)
as a function of distance from the centre ot
the fusion zone for specimens 3 mm thick.
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Figure 6 The temperature reached at different times
during the heating cycle (t = 3. 5, 7, 9 10 s) 900

as a function of distance from the centre of 9

the fusion zone for specimens 4 mm thick.
t=13s
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Figure 7. The temperature reached at different times
during the cooling cycle (t - 11, 13, 15, 17,

19 s) as a function of distance from the centre
of the fusion zone for specimens 3 mm thick.
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Figure 8. The temperature reached at different times
during the cooling cycle (t - 11, 13, 15, 17, 19 s) as a

function of distance from the centre of the

fusion zone for specimens 4 mm thick. 300
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Figure 9. The heating rate within various temperature

intervals as a function of distance from the
centre of the fusion zone for specimens 3 mm
thick.
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Figure 10. The heating rate within various temperature
intervals as a function of distance from the
centre of the fusion zone for specimens 4 0 I. I I I
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Figure 12. The cooling rate within various temperature
Sintervals as a function of distance from the

centre of the fusion zone for specimens 4
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Figure Iih The cooling rate within various temperature Figure 13. Maximum temperature reached as a function
intervals as a function of distance from the of distance from the centre of the fusion zone
centre of the fusion zone for specimens 3 for specimens 3 mm thick.
mm thick.
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Figure 14. The maximum temperature reachert a tunc Figure 16 The time above 725"C and above 825"C as
tion of distance from the centre of the tum a funcion of distance from the centre of the
zone for specimens 4 mm thick. fUsion zone for specimens 4 mm thick.
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Figure 15. The time above 725"C and above 825"C as Figure 17. The maximum temperature reached as a
function of distance from the centre of the function of time above 725C for specimens

fusion zone for specimens 3 mm thick. 3 mm thick.
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Figure 18. The maximum temperature reached as a
function of time above 725"C for specimens
4 mm thick.
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Figure 19. The temperature corresponding to the inflec- Figure 20. The temperature corresponding to the inflec-
tions detected in the weld simulation cooling tions detected in the weld simulation cooling
curves (TI and T2) as a function of distance curves (TI and T2) as a function of distance
from the centre of the fusion zone for a 3 mm from the centre of the fusion zone for a 4 mm
thick specimen. The temperature at which thick specimen. The temperature at which
the regions of the specimen "ought to" trans- the regions of the specimen "ought to" trans-
form (T,) if they conform to continuous cooling form (T,) if they conform to continuous cooling
data are also marked. data are also marked.

39



Fire 2 1. M2,rostrii. ttir,* of n ipr lu 'l

I-qure 22. MicrOSPLICture of spOcimocrl priot tci welid

,; irratloll X800.
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Fgquft 23. Macreeraph of specimecn after weld simulation

Figure 24. MicrostructUrn. of a region close to the fusion
zone xBOO.
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Figure 25. Microstructure of a region furtlior away from
the fusion zone than FIgUre 24 x800.

Figure 26. Microstructure of the HAZ near the bordei
with the non-affected zone x325.
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Figure 27. Microstructure of the HAZ near the border
with the non-affected zone x800.

Figure 28 MicrstOIruertture of the HAZ further towards
hW fUsinn /ence than Figures 26 and 27 x800.
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Figure 29. SEM ot the microstructure of the non-Hiffuc (ted
zono x2200.

440



/ , I Ni )I I microsiri 1w., to1 tfw

m.) IqI " 1, Ihon I ir t)f '200.

45



4 ~ .. r W* m--l

Fiur 33.ur 33F Mt ofaHIIaI

46



If ru , ' AIr It ,th o

F :1T 31 (2200C

liqro 16) MF o1 lho ri rr,!;Frrr F1r1 r, F Pu r

Iftt l F I / thFr i F l " 33I' F 1"00i

47



Fig ure 37. SEM of the microstructure at the boundiary
ot the HAZ with the non-affected zonie A220&

Figure 38. SEM of the microstructure at the boundary of
the HAZ with the non-affected zone x9400.
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rtgure 39. S[M ot the microstructure at the boundary of
the HAZ with the non-affected zone x440.

Figure 40. SEM of the microstructure in ai region vher
the ferrite to austenite transformation is
nearing completion x600.
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Figure 41. SEM of th mJr lUtju alteuji,&
the HAZ with nonafce zoe300

fm e42 SM ofthe microstructureinth HAZ near the
houda wit he non-atfected zom xQ 000,
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Figiure 43. ISEM ot the mnicrostruettire, in a region of
Four, 40 x6000.

Figure. 44, 5EVM of thi, microstru turn in a rt'lii rlt
nearer to the faa inn /0111 than F iouir" 0 11'600
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Figure 45. SEM ot the mmrustruc tr a jt t- b

of the HAZ with the non-atlected zoi,,n [ 1 hU (I

with pral x4400.

I "

f" I i 1 4 h S "I M o l th e m tc fto s r ~L~Jc l r e if a r eg o n in h e:

HA/ close to the houndary with the non-

4 fftN(I d zone. Etched with pcral 6600.
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2 5K U.-X Tie"0 6
Fic4 7 SFM of the microstructure in a recion in the

HAZ close to the boundary' with the non-
affected zone. Etched with picral x7800.
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Figure 48. Histogram showing the percentage of ferrite
in the mnicrostructure as a function ofcdistance
from the centre of the fulsion zone for speci-
mens 3 mm thick.
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Figure 49. Histograms showing the percentage of ferrite
In the microstructure as a function of distance
from the centre of the fusion zone for speci-
men, 4 mm thick.
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Figure 50. The percentage of ferrite and "pearlite" in
the microstructure as a function of distance
from the centre of the fusion zone for speci-
mens 3 mm thick.
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Figure 52. Histogram showing the percentage ot pearlite'
in the microstructure as a tunction ot distance
from the cente ot the fusion zone for speci-
mens 3 mm thick.
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Figure 53. Histrgram showing the percentage of pearlite'
in the microstructure as a function of distance
from the centre of the fusion zone for speci-
mens 4 mm thick.
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Figure 54. Fe-0.6C altoy partially transformed by conti-
nuous cooting at 530 s in the 625" to
525"C intervat x230.
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'700 - rqutre, 59 The temporature for the start of the p ,,,rlife

reaction. T, .uinder rontlntUOLIS Cooling Londi-
lions as a function of cooling rate in various
temperature intervals
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Figorf! 60. Cooling curves observed in the PST weld
simulator for 3 mm specimens superimposed
on the 9 tmrrve for the s tart of the parrlite
reacrnonen under continuous cooling condons
(Ftlmtr(r 57).

59

,.erit tr



700,
S~mm from centre of fusion zone

Speartite start

600

U

x -+

400

3.B8mm from centre of__
fusion zonle 100 ____________________

0 3 6 9 12 15 B,

Time below 725'C s4 ii

Figure 61. Cooling curves observed in the PST weld
simulator tor 4 mm specimens superimposed - ~
on the curve for the start of the peartite reac- a. LO
tion under continuous cooling conditions -

(Figure 57). 2
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Figure 62. The percentage of pearlte formed in the PST
weld simulator as a function of cooling rate
within various temperature intervals for 3 and
4 mim thick specimens.
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