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S UMMARY

The fracture toughness and microstructure of the weld heat-
affected zone of a high strength stainless steel, FV520B, have been
investigated. Work has concentrated on the conditions prevailing in
single pass, full penetration butt welds. These conditions have been
reproduced by & simulation technique based on experimental techniques
and heat flow theory. This approach has been shown to provide accept-
able microstructure and property correlations in this material.

Strength increases were due to a number of precipitates,
Nb(C,N) and =-copper being significant among them. Unwelded airmelted
plate showed COD fracture toughness values of about 0.050mm; vacuum
remelting increasing this figure to about 0,070mm; fracture toughness
tended to increase with rising ageing temperature,.

Two regions of softness in the weld HAZ were examined. The
first, occurring around 785°C was attributable to austenite; the
second, at around 1250°C was due to structure coarsening and delta
ferrite formation. In neither case was the fracture toughness radic-
ally altered.

. Pre- and post-weld heat treatments had 1little effect compared
to plate type and orientation. Fracture toughness of transverse air-

melted plate was consistently low; vacuum remelting was of great
benefit,

An examination of the various fracture toughness parametera
postulated for high toughness materials has also been made. These
show a reasonable amount of correlation for the specimen geometry
considered. Optical methods of test measurement have not been as
successful as mechanical methods in this respect.
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INTRCDUCTICY

Stainless 5araging steels are a logical development of the iron-
nickel maraging steels deveioped in the 1950's to allow thelr use in
hostile environments. The original stainless precipitation ﬂardeniﬂg steels
contained up to 0.2% carben and as such were lizble to problems such as
weld decay and low toughness. laraging steels, deriving their name from the
metallurgical class 'martensitic age-hardenirg', heralded a new type of
material showing exceptional toughness and strength whilst suffering from
no adverse precipitation effects. This was due to the extremely low carbon

v \
martensite matrix, the. dimensional stability of which during ageing further
increases its attractiveness. Dus to the extremely poor corrosion resistance
of these steels attention was turned to developing a stairless version on
the same basis, i.e. very low carbon martensite. Several such steels have
been developed in the U.S.A., being generally classified as 15/7 PE steels,
but only one equivalent British steel has made its appearance, this being
the FV520 series made by Firth-Vickers itd. Two types of steel are
produced, FV520 B being a martensitic steel suitable for bar and forgings,
while FV520 S is a controlled transformation steel with extra ductility for
forming being supplied in sheet form..Again very high strengths and tough-
ness can be obtained, enabling thimnner sections to be used than hitherto
with consequent weight sﬁvings. This led to many applications in transport
engineering, especially the aerospace irdustry, being originally specified
for the now—-abandoned TSR-2 project.

The welding of FV520 B not surprisingly presents some problems in
fabrication since the processes édopted invariably invelve appreciable
heating of the whole weld zone with inevitable loss in weld properties.
However, as with other heat treatable alloys, acceptable weld properties
have been obtained by appropriate choice of as-welded condition and post-

weld heat treatment. Thus welding is either carried out in the anneale&
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(solution treated) or overaged 550°C condition. A subsequent low temperature
heat treatment then suffices to raise the general level of properties of
the weld and its heat affected zone (HAZ) to those of the parent material.
Stress relief is unnecessary as this is achieved during the ageirg treat—
ment; neither is preheat to avoid weld cracking required unless very heavy
sections are involved. Any tendency to retain austenite is minimised by
composition control and the low carbon content means that no peak hardening
is experienced in the HAZ. The low carben content aiéo means that any
tendency to precipitate coarse chromium carbides is removed and hence 'weld
decay' is not a problem.

The HAZ and weld metal are subject to a wide variety of temperatures
and heating and cooling rates with associated strein due to thermal
expansion aznd contraction. Inevitably this results in material with a very
- wide rangs of structures and properties being concentrated into the narrow
weld zones. It is eésential that this situation does not lead to failure
after weldirg, especially in applications whers human life is at risk,
such as airecraft. In order to ensure that this will not be the case detailed
study of welds and heat affected zones is clearly essential. Cnly when this
information is available can these materials be ﬁsed'in practical situaticns
with complete confidence.

The fact that FV520 has not found wider use in fabrications may be
in some part due to reluctance to use a material with largely unknown
welding properties. Minimal work has been conducted on this aspect to date,
and such as has been carried out has been directed towards resistance to
hydrogen induced cracking and hizh temperature cracking in FV520 B. As one
vhe main att?actions of this steel is its high toughness it is antici-
pated that its major applications will be in fields where this is of
paramount importance. The British Aireraft Corporation, showing an interest

in this material, tried to attach fracturs toughness values to 75zm bars of
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FV520 B heat-treated to different strength levels, but found that even
this thickness of bar was insufficient to obtain a valid result for overaged
conditions. Thick sections are not necessarily representative of the
sections to be used in service and hence a different approach is required
to obtain fracture toughness values in thin sections. The present investi-
gation set out to examine the microstructure and its effect on fracture
toughness in parent material and heat affected zones of FV520 B to eliminate
the complete lack of data in this area. The high toughness v?lues antici~-
pated meant that the researﬁh would be moving into a testing fisld of
expanding interest and variation of cpinion. To obtain reproducible, but
at the same time repressntative, results a simulative approach to heat
affected zones was adopted. This enabled a sufficiéntly large consistent
sample of each type of HAZ microstructure to be tested and the influence
of the structure on the result established.

The wide range of welding processes, and resulting thermal cycles,
emp10yad in welding these and similar steels meant that some narrowing of
the field had to take ﬁlaca to bring testing within practical limits. By
firstly carrying out a YIG weld it was intended to study the thermal
cycles obtained in the real situation, employ these for the simulationm,
and as a check on the validity of the simulation approach, to'check the
correlation between real and simulated ZAZ microstructures. Further
expansion of the simulated thermal cycles by heat flow relationships then
allowed testing representative of other welding processes. In each case
the rrgcture toughness value obtained was compared to that of parent

material tq ascertain whether any detrimental effects were evident.



2. LITYRATURE REVIEYW

In this review an examiration is made of the backgéound topics
which ars relevant to FV520 B and its weldability. Thus an ocutline of the
general area of precipitation hardeﬁing is given together with its
application to stainless steel and in particular to FV520 B. A survey is
made of the effects of welding on this type of alloy, largsly on the basis
of published work on maraging and other steels since little has been
reported on FV520 B itself. Since a major research tool in the in§estigation
involves weld th.rmal simulation this technique is also examined and its
correlation with real weld heat affected zones is explored. Finally the
field of fracture toughness testing is reviewed. Cwing to the knowm high
fracture toughness value of FV520 B most emphasis is placed on the para-

meters most relevant to general yield fracturs mechanics, i.e. COD and

J contour values.

2.1, PRECIPITATICN HARDENIXG

2e1e1e Introduction

’ Precipitation hardening, or age—hardeﬂing as it is alternat-

| ively known, finds great practical use as a relatively simple method of
increasing the strength and kardnass of both férrous and non-ferrous metals.
To find suitability as a precipitation hardening system there shoﬁid be
decreasing solid solubility of one phase within another as the temperature
drops,(FIG.1). As ths alloy of compositicn X is cooled from TOOOC /5 will
precipitate’out of the solid solution of X . If the rate of cooling is

fast enough thajﬁ5 precipitate will not have time to sesparate out, resulting
in an unstable superséturated solid solution. Precipitaticn will lower the
free energy of this solution and so may be expected to occur spontaneously

under suitable conditions of temperaturs. By careful control of heat treate
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ment times and temperatures the naturé of the precipitate derived can be .
finely adjuéted to give a wide range of mechanical properties. Hence the
normal procedure of events for precipitation hardening alloys is to heat

to a high enough temperature to dissolve all the precipitates (solution
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temperature.

Current precipitation hardening theory is based on the principles of
Guinier and Prestons original work [1]. Initial hardening, and indeed a
primary hardening peak, is usually obtained without any evidence of a
change in microstructure when viewed in 2 lizht microscope. Guinier and
Freston used X-ray diffraction techniques to detect sub-microscopic changes,
and in modern times electron microscopes are'used to the same effect. The

hardening is a nucleation and growth process and hence the number of suitable

nucleation sites is important.

2.1.2. Nucleation

Fucleii form most easily at lattice defects e.g. along disloc-
ations, at impurity particles, grain boundaries and on slip planes such as
provided by the austenite-martensite shear transformation [2]. Smallman [3]
states that in very low carbon alloy steels (<<0.05%C) dislocations are
the rpreferred sites. Spontaneous nucleation due to concentration fluctuations
is difficult (due to surface erergy considerations) where no lattice defects
exist. Precipitation and rapid growth at grain boundarie; can deplete the
mﬁf?ix of solute before nucleation has occurred within the grains. This
results in a band of wihardened material either side of the grain boundary,
oT worsa still no precipitation at all within the grains, fine grainsd

metals being more likely to exhibit this. The DPrecipitates may weaksn the

grain boundaries but can bes beneficial in pegging bcundaries together to

prevent hizgh temperatura creep.



2.1+3. Diffusion -

Once nucleation bhas taken place diffusion of atomé to the nucleus
takes place, although further nucleation will ccntirue to cccur. The rate
of atomic diffusion is greatly accelerated when many vacancies are present
as these provide suitable paths for migration. For this reason many
precipitation hardenirg alloys are quenched after the solution treatment
to trap in as many vacancies as possible, and at the same time retain a
fine solute dispersion. The initial precipitate growth is rapid but
gradually slows, this being consistent with the elimination of vacancies;
thus processes which eliminate vacanciss, s.g. ccld working, should te

avoided between soluticn treatment and ageing.

2.1.4. Ageing

Selection éf ageing temperaturs plays an important part in the
final properties of a precipitaticn hardening alloy. At lowltemperatures
diffusion is very slow, resulting in long agei;g times., At a températura
Just below the limit of solid solubility nucleation is slow as the decrease
in free energy occurring is low. Suitable ageing temperatures are those
which lie betwsen these extremes, i.e. ageing takes place within a reason-
able time. Maximum hardening is obtained at the lower end of the temperature
range, the temperatures at which the precipitate iS'fin;. At the higher
end of the temperature range small precipitates ;edissolve and diffuse ‘to
Ilafgar precipitates, resulting in a wider dispersion of particles, which
in turn results in e softer structure. ‘

The ageirg process is generally believed to taks place in two
stages, the first stage being the formation of an intermediate precipitats.
These precipitates, tco fine to be seen by light microscopy,'consist-of
clustars of solute atoms forming zones in the matrix lattice. The hardening
effect derived is due to the doharenFZ of the cluster with ratrix, causing

lattice strains (Fig.2). During the second stage of precipitation a neyw
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precipitate is formed of different composition, frequently chenging its
morphology to flat or elorgated particles on specific crystallographic
planes to reduce energy effects. This naturally leads to a loss of

coherency between precipitate and matrix, bdut further precipitation

c-+-nav|.g+'nr_\n4 v taﬁp
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2¢1.5¢. Machanisms of hardening

The three main types of hardening resulting from precipitation
are; -

(1) internal strain hardening;

(2) chemical hardening;

(3) dispersion hardening.

2+145+1. Internal strain hardening. For deformation to occur N

dislocations must either pass betwegn or through precipifates which 1lie in
their path. There is a minimum radius to which dislocations can bend and
aé;ording to the theory of Orowan [4] paximum hardening occurs when
precipitates. or coherent precipitate strain fields are spaced at approxi-
mately twice this radius. If the precipitate is mors finely dispersed the
dislocation line cannot bow sufficiently to avoid all the associated
strain fields ard the resultant stresses on the line cancel each other,
letting it move fairly éasily. Then the spracing between particles is large
the dislocation line can bow between them quite easily withllittie hindrénce,
thus_appearing soft (over-aged condition). The effect of dislocations
bowing between precipitates can be seen in Fig.3, where successive lines

leave loops around the particles, indreasing their effective size (due to

strzin effects), and causing increasing-obstruction to following dislecat-

ions.

2+1.5.2. Chemical hardsning. If a dislocation actually cuts through

a precipitate work has to be 'done 'in forming a new surface.
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precipitate‘is formed of different composition, frequently changing its
¥

morphology to flat or elongated particles on specific crystallographic

planes to reduce energy effects. This naturally leads to a loss of

coherency between precipitate and matrix, but further precipitation

2.1.5. Mechanisms of hardening

The thres main types of hardening resulting from precipitation
are; -

(1) internal strain hardening;

(2) chemical hardening;

(3) dispersion hardening.

2+.1:5+1. Internal strain hardening. For deformation to occur

dislocations must either pass betwegn or through precipitates which lie in
their path. There is a minimum radius to which dislocations can bend and
ae;ording to the theory of Crowan [4] maximum hardening occurs when
precipitates. or coherent precipitate strain fields are spaced at approxi-
mately twice this radius. If the precipitate is more finely dispersed the
dislocation line cannot bew sufficiently to avoid all the associated
strain fields ard the resultant stresses on the line cancel each other,
letting it move fairly éasily. when the spacing between particles is large
the dislocation line can bow between them quite easily with.littie hindrénce,
¥hus appearing soft (over-aged condition). The effect of dislocations
bowing between precipitates can be seen in Fig.3, where successive lines
leave loops around the particles, increasing their effective size (due to

strain effects), and causing increasing-obstruction to following dislocat-

ions.

2¢1.5.2+ Chemical hardening. If a dislocation actually cuts through

a precipitate work has to be done.in forming a new surface.
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2;1.5;3. ﬁispbrsion hardening. ‘hen the precipitate bGCOmés‘incohcrent
with the matrix the internal strains are rémoved and dislocations can again
nove betweén parficles by the Orowan bowing mechanism. As the effective
si%e is reduced by loss of the strain ficld a greater volume of precipitate
is roduired, the higher this volume the greater the strengthening which

occurse

2.2,  VARTZKSITIC STAINLESS STZELS ) 3

. Exanination of a Schaoffler éiagram [5] shows that a martensitic
structure can be obtained with chromium contents up to 22%, but above 8§
undesirable delta ?err{pe starts to form unless increasing ﬁickel additions
arc made (fig.q). Délta ferrite reduces the hardenability of the steel
and increases the directionalit§ of mechanical properties; in addition
severely reduced ductilities may ﬁe experienced in the heat affected zones

of welded joints. Alloys vhich fall within the mixed austenite - martensite
region can, with selected alloy additicns, be made to transfern to a'wholly
i \

nartensitic structure by a lov temperaturs heat treatment (semi-austenitic
or controlled transformation steels). Tha chremiun content increases
hardenability =with the result trat mediuﬁ carbon a}loys afe air-hardenable
over 5% chrozium. .

From the iron-chromium equilibrium phase diagram in Fig.5, [6], it
can‘be seen that the 3' locop is closed_ﬁhen the chromium content exceed§

125, extending to 1845 as the carbon content increases. At least 127 chrocium

1s roquired for stainlessness in wildly corrosive conditicns, dut such a

:;lqrgq_percentage_ties up much_of,the‘carbon,_reduging,thg_ambunt of hardening.

To overcome this an austenito stabiliser is added, nickel, which has an
exﬁr@ béneficial effect in increasing corrosion resistance and high -

temperqtuxgnstrength.

* " . - )
.‘1
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(utainlcos maraging) are limited to 1?“ chromium, so to increase corrosion
resistance small amounts of copper and molytderum are added, these also
,

conferring some solid solutien kardening effect. A very low carbon content

ensures good weldability and impact resistance.

24341+ Precivitating phases.

The phases regarded as causing the hardening effec£ are varied.
The cffect is well documanted for'non~stainless maraging steels, reamely
R§3Ib, E13Ti end Fe,lo. As the steel under examination in this anesﬁigation
“was niobium stabilised, precipitaﬁes based on titanium cén be ignorcd.
,Oﬁher precipitates identified in maraging steels include ¥o,C, !oC, (Cr,l0)C
. at low temperatures and CrTC3 at highor temperatures.[?]. Lambert et 2l [8]
found O =PFello and FeTLos predominated in low nickel maraging steels. Among
the niobium stabilised steels several workers [9,10] nave found Ii¥b to be
significant. Shlyamﬁeva also indicates 2 superior%ty of nicbiun stebilised
stesls to resist scftening at elevated temperatures irn comparison to
titarium stabilisad gounterpérts. At ténparatures above TOOOC ™ and bC
may precipitate out at phase boundaries [11]. Vowles and iVest [12] found a
(Pc Cr),Hb rrecipitate in a straizht Fe—Cr—Fb'alloy, the speed of precipit-
ation being 1ncreaved by increaszing the complexity of the alloy; this was
.attrlbutqd to a faster diffusion rato of niobium. This Laves pnase is
hsimilar to the (Pe,Cr)zho prase identified by ¥imoshita et al in a mara inr
steal [13] Psaudo—precipitates of ele ental niobium in clustexs up to 1COR
;';ﬂigmgter are claimed to be respo“sible for lowerir* the'yield strength.of
stxen~th steels [14] . ;nesa CIUQthS segrer te'when'codling from
the rr-elt 'but czn be redissolved by heatm to 900 - 1300°C. & mn‘a.r'
preclpltation of copper has heen found by Rac& and Kalish [15] in a 1?Cr-'

4Ni precinitation hardening stainless teel Thia initially forwo as
coherent Clu.;ter.;. but ldter bre:.‘cs away to precipitate as f.c.c.h '€ L Cu~ av
the copper hlso raduces the optimum agoing temperature for mayimuq S£reng£h

. o " "y . N N s
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to around 450°C [10]. In common with many classes of steel it appears that

these types of stainless steels exhibit carbide precipitation of the type
M2306 ‘]6,1{]. Some btalancing of strength effects occurs as the strength-

ening by carbide precipitation is reduced by matrix alloy depletion. This

= A I

than on dislocations within the grain, and this may have a deleterious

effect on mechanical properties,

2.3.2, Austenitse reversion

digh alloy steels wgich ars nominall} martensitic are frequently

susceptible to the effects of a small amount of austenite resulting from
alloy segregation. The austenite can be formedin two ways; firstly due t;
interdendfitic segragation in the molten state giving rise Yo retained
austenite at room temperature; and secondly, due to the diffusion of ceriain
alloying elements during the heating of high alloy martensite, local
enrichment causes 'reverted' austenite to form which is stable on cooling
again to room temperature. Whilst retained austenite is a well-knom
phenomena in a wide range of steels, reverted austenite seems to manifest
itself particularly in stainless and precipitation hardening steels of high
and often complex alloy content. It is possible’to control the amount of
austenite to quite well defined amounts to give bteneficial mechanical
properties in martensitic steels, and for this reason it would appear that
a small amount of austenite is not detrimental [18].

.- . If the reversion process is diffusion controlled the rate of
heatiﬁ? and'cooling will.greatly affect the amount of reversion. Beresnev
ot al'[}9]-found that,with a maraging steel, a slow heating rate increased
heterogeneity.heéween the martensitic and austenitic phases which inhibited

recrystallisation for up to 150°C above the normal récrystallisation

temperatura. To obtain complete austenitization excassivel# High témperatures

were required which gave rise to a coarsa grain size. Sedriks and Craig [2q],
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again working with maraging steel, showed how the amcunt of reverted
austenite reached a maximum at approxizately 600°C (Fig.6) dep;aasing to
zero at approximately 55000. This is somewhat higher than onset of
reversion found in an 18/10 stainless steel [21]. -

Reverted austenites appears to inherit some proparties frnm the
martensite from which it formed, resulting in a higher mechanical strength
than retained austenite [22,23]. The reverted austenite containg: a large
number of stacking faults and a high dislocation density upon which
precipitation can take place. However precipitation only occurred after
very long ageing times, appearing as elongated Hé306 particles. The high
dislocation density is attributed to the difference in modulus between
austenite and MEBCG particles and therwmal contraction differsnces with
surrounding martensite. Refrigerating this austenite transforms the
structure to a lath martensite, in contrast to the 'massive' martensite
which forms after ageing. Ths stability of the austenite is increased by
the presence of delta ferrite 10 , although the latter is undesirable from

its tendency to cause directional propertieé.

2.4. FV520B

2e4.1. Recent trends in the development of 2erospace vehiclaes have
brought to light the need for a stainlsss steel which overcomes some of
the difficulties of the popular austenitic and martensitic tyres. The
éustqnitic (En58) types can be cold-worked to high strengths at the expense
of ductility, but this means that complex parts may have to be resoftened
during. working and any welding on a finished part resulis in softening by
the nelding heat., The mertensitic (Zn56) types are easily formed in the
softened condition but the high austenitizing temperaturn end’ hardening

procedure leads to severe oxidation and distortion, and only the low

carbon varieties are easily welded.



12

Purther development resulted in a class of martensitic precipitation
hardening stainless steels showing the following desirable properties to
some extent;

1) a low carbon martensitic matrix;

2) a wide manga of strengths ohtained by simple low tamperature
treatments; ‘

3) a very low §~-férrite content to stop directional p;operties
and low weld ductilities;

4) good ductility, both hardened and softened;

5) easily welded, with the heat affected zone having the same
response as the parent metalj;

6) good corrosion and stress corrosion resistance.

The normal way of pr;viding a range of strengths in steels is to
changs tkhe carbon content and vary the tempering treatment. High carbon
levels are undesirable from fabrication aspects and so precipitation of
various compounds is employed to increase strength,this avoiding weld bead
cracking and stable austenite formation which is resistant to refrigerant
transformation. The nickel-chromium system shows a slight precipitation
effect during ageing, but this can be greatly increased by additions of
small amounts of Al, Co, Cu, Mo, §b and Ti. Varying the ageing temperature
and time enables different strengths to be obtained due to the éiffering
speed of ageing response of each element and variation in the size of the
Precipitate. The Ni-Ti precipitate utilised in the maraging systems is
unsuccessful in stainless steels as the lower nickel content results in g
smaller shift of the @, and L temperatures. Niobium, together with
titanium ang aluminium, have the disadvantage of promoting S-Earrite
formation toth in their own right and, in the case of the former two, by
tying up carbon which is a &-ferrite suppressor [?4]. Hull [25] has

investigated the relationship between alloy additions and §-ferrite
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formation in stainless steels and expressed it mathematically as
#Fi (for 0}15) = =4.71 + 0.92Cr - 0,088in + O.OOTHnQ + 1.30l'0 + 0,05151
+ 0,170 = 14.6N ~ 16.7C - 0.42Cu.
His equation underlines the enormous effect slight variations of carbon and
nitrogen contenﬁs can have on the occurronce of O-ferrite.

Preoipitating additions have varying effects on ductility, moiybdenum
aod niobium reducing ductility less than aluminium, copper and titaniom at
,similér gtrength levels. As the proportions of chromium and nickel are
limited to avoid S—ferrite forma%ion it 'is usual for a high chromium
content rather than nickel to be used, as nickel is more useful in inereasing
resistance to acidic condioions, situations in vhich these steels are not
used'to any great severlty. Certain additional resistance to acids is
conferred by the copper and moiybdenum'addifions. The martensitic matrix
makes the precipitaoion of chromiuo carbides on grain boundaries quite
easy at temperatures above 400°C ard hence ageing and conditionirz treat-

ments will lead to intercrystalline corrosion when the free carbon level

is above 0.05; .

244424 Develcpaent of #Y5203

This is a subject which has been excellently documented by

Morley [134]. From considerations outlined in a previous section a basic
~composition of 16/Cr, 4.5-6.0;31, with additions of 27Cu and 2.0 appecared
Yo e an alternative proposition. Such a steel, R.ex 550, was developed in

- 1954 as a martensitic steel uith improved “eldability and corrosion
. _rGSisﬁance, and after‘subsequent dovelopmont renamed FV520B, the suffix

1ﬂh%cgting its suitability for bar and forgings. (Continuing growth of the

aircraft industrj..called for a high tensile stainless steel available as
thin sheet, but as tha martensitic stecl was unsuitablo for complex forming

'an uns tabiliued version was devolopcl Jhich retained more austenite.

D031gnatod FVJ?Ou 1t vas the firot controlled ;faooformation steel available

commeroiallv ir this country) Until this time hlgh ten sile stainlo s3 atoels

N . _‘2 -
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had sﬁffered intererystalline corrosion due to precipitation of chromium
carbides in the 450°;600°C range such as would be encountered at some

roints during welding and brazinz. Lowering the carbon content was an
obvious answer but this led to & -ferrite formation and lower hardenability.

- .4 Ad bd aen -
It would have heen possible 2 oversome this with niclkal zdditicns

that time the effects of rafained austenite were unpredictable. The first
experimental cast of R.ex 520 was titanium stabilised, showed no peak
hardening after welding, and after forging to a billgt showed a martensitic
structure with 8§ -ferrite bands. The composition of R.ex 520 and the two
derived steels are shown in Table I.

2y reducing tﬁe chromium. content from ths R.ex 520 level the
pressnce cof § -ferrite was practically elimirated leading to better fatigue
properties and transverse ductility. Stringers of titanium oxides and
nitrides were also found to reduce transverse properties in forgings and
so niobium was used as the stabilising eiemant in FV520B. An increase in
molybdenum and copper contents helped to restore some of the corrosion
resistance lost by the lower chromium content to a level which compares
favourably with most simiiarly alloyed (but lower strength) stainless
steels in all but strong acid envircnments. The lowered chromium content
bad tke additional benefits of minimising the tendency to retained
austenite and of not causing embrittlement after rrolonged heating at
350°C. At slightly higher temperatures maximum precipitation occurs with
corresponding higher strengths and. lower ductilities. Cveraging restores
the ductility at the expense of strength. The coppsr addition helps in both
corrosion resistance and as a slight precipitation hardener to compensate

for.the‘reduced strength otherwise obtained from a low carbon steel.

2:d:3. Heat'treatmént,“; 2.0

A range-of different treatments are available:.

a) Normalised 950/1000°C, =ir cool -
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A recrystallisation treatgant with low solution potential. Little
used dus to low fatigue resistance. Large components and forgings
are solution treated at 105000, air cooled ard then conditioned for
two hours at 850,/750°C with air cooling before hardanin . This
raises the m, by reducing the carbon in solution giving more complete
transformation to marténsita. At the solution temperature tha matrix¢
is austenitic with small amounts of &-ferrits.

b) Precipitation hardensd, (2) + 450°C four hours.
Yaximum hardness is obtained by this ageing temperature, so
componsnts are usually machined after ths soluticn treatment.

c) Overaged, (2) + 550°C two hours.
A slightly softer conditicn can be obtained in any section if the
intermediate cogditioning temperature after the 105000 solution is
reduced to 750°C for two hours and air-cooled. This takes the stsel
between Ac, and Ac3 and so reduces the amount of martensite befors
ageing to 60%, the remairder being a fine aggregate of ferrite and
carbides. In this condition the stee; exhibits excellent ductility,

fatigue strength and resistance to stress corrosion cracking.

d) Cveraged, (a) + 620°C two hours.

Again usually used in conjunction with the duplex 1050°C + 850°C
(or-750°C) treatment to confer meximum ductility and stress corrosion
. Tesistance. Some stable austenite forms at 620°C which slightly
. lowers the proof stress at room temperaturas.
Abovs 850 C the alloy is alwost entirely austenite; however on cooling to
room tempereturs it raverts to martensita. (Cracked armonia atmospherss

for heat treatmeny aust be avoided to prevent nitrogen pick-up).

2.4.4. Mechanical properties. - -.. _ . Table II -

The ductility and notch resistance is good at all strength‘-

levels but the fatigue. strength falls' as tensile strength increases, being
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a maximum in the overaged 620°C conditien. FVS5Z0B forgings show distinct
advantages over other martensitic stainless steels at sub-zeéro temperatures,
its transition being 5alow -100°C wasn méasured by the standard Izod test.
High proof strengths are retained up to 450°C, dropping ove; this
temperature as illustrated by creep and siress relavation tests, This can

‘be adventageous in that welded assemblies can be stress relieved at 55000

with minimum distortion risk.

2.5. WELD HEAT AFFESCTED ZCNES IN PRECIPITATICN HARDENING STZELS

2.5.1. Gensral observations.

This iz an area of investigation in which very little inform—
ation has been published. The only directly relsvant work appears to be that
by Kaae 134], which includes weld HAZ hardness surveys for a range of as
welded conditions and post weld heat treatments. The great majority of work
conducted to date concerns the nickel-based maraging steels, and it is from
these studies that any general observations can be‘drawn, the similarity of
metallurgical features making similar effects in FV520B likely. Non—
uniformity in the HAZ (heat affected zone) of maraging steels has centred
upon two main regions of deterioration, cne of low toughness near the
fusion line,ard one of high toughness some way from the weld bead. Both
Coleran [26] and Razikov [2?] attribute ths low toughness near the fusion
line to constitutional liquation of inclusions. Hewever the high toughness
area isfclaimeé by Coleman to be due to austenite reversion at 650°C, an
explanation favoured by Kenyon [28], whereas Razikov atiributes it to
grain boundary composition effects and stress relazation between 900°c-
1300°C. At high keat inputs the width of the HAZ is increased with con—
sequent broadaning of the abo;e mentioned zones [29].,Hence io prevent any
large-scale non-uniformity it is advisable to keep heat inputs low..In

contrast to,this_St?gngg and Stout [30], working with a low carton bainitic-.



nartensitic steel, advocated wide lAZs as a rofining process in nultii-pass
welds. As the cooling rate is claimed to be substantially increased as
penetraticn increascg, “the final run ig recomaended to be of medium heat

" input, allowing a shallow but broad hA? profile. In addition to the refining
effect of malti—pass wolds Cira [31] has shown that the thermal stresses

arising can affect the stability of austienite and help in its decomposition.

2.5.2. Welding of FV520B

lany of the high.strength steels currently used suffer fpom

their susceptibility to ﬁydrogen induced cracking in the heat affected zone.
This is particularly so in low-2lloy steéls, which gain their strength fren
the low temﬁerature transformztion products of dustenite. This means that . *
special precautioﬁs, such as low hydrogen clectrodes (and ovens to keep .
them in), have to be taken. The advent of precipitation-hardencd steels has
brought a new class of high stfength steels which show remarkably little
hydrogen induced cgacking; This iz an important advantage in all but the
simplest of structures., |

- The excellent weldability of FV520B is duz to minimisation of
the elements likeiy to czuse trouble. This ircludes elimination of aluninium,
very low carbop_and residual nitrogen contents, and coppzsr kept to within
safe limits. Aluminium strongly promotes 6 -ferrite formation; at the temper-
atures atfained during welding the probability of this rthase forming is greafl
exaggerated, The low carbon content avoids retained austenite and eliminates'
_sovere hardening in the HAZ, so reducing tre risk of cracking [’2] If full
) strength is not required in the weld tead an austenitic 19% Cr, 1C% i,
"nlobium etabilised electrode’ may be usod without- pre-heat or rost-weld heat
troatnﬂnt. For full stranvth filler wire of the same composition as the
. parentoplata ‘should be used ﬁith“the'aésemblv in"the 550°C overaged or
intermediate 1050°C + 750°C condition. Either arzon-arc or 116 welding is
suitable. Gencrally steels of this type do not require” prohoat [33], but :
heavy section should bve heated to 50 "150 C to minimise the risk of cracking

- (avoiding carburicing flames). # post-welﬁing treatnment of atlleaat six

A}
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hours at 55000 is recommended for full stress relief. Up to twenty four
tours at this temperature will not cause any marked softening. Better notch
toughness can be obtainsd by soaking for two hours at TSOOC-and then for a
further two hours at 550 ¢ after air cooling to rcom temperaturs, this also
7th and ductility {waxiuue sbrengih
is achieved by altering the second stage of the duplex hsat treatment to
. two hours at 45000). FV520B can be walded to other steels by MIG or TIG
using similar composition filler wire, and in tensile tests failure usually
cccurs in the parent plate of the other materizl.

As is usual in all steéls the welding process used creates a range
of microstructures, the relative amount of each depending mainly on the
specific hsat input of the process, i.e. the higher the heat input the
broader the microstructural bands become. ith a precipitation hardened
steel of the FV520 type it is to be expected that the material nearest to
the fusion line will show a solution-treated type structure, with an over—
‘aged region between that and the parent plate. The condition of the material
btefore welding will be evident in the physical properties exhibited across
the weld zone, the most marked changes showing in the fully hardered
material. The tensile propertiss (excluding proof strsss) of a joint will
reflect the prorerties of ths softest zone, and it is to be expected that
the narrower the zones are kept the less effect any soft zone will have.
~ In work carried out cn this material by Xaae [34] using filler wire of the
Sama’bbmpOsition, it was showm that post-weld heat treatment increased proof
stress;ftensile-strength and ductility of welded specimens. To provide EAZs
of differinz widths several processes were used — multi-run TIG, three pass
subzmerged arc ard an electoslag weld - all on 32em plate. The only time that
tensile failure occurred in the HAZ during testing was in the case of the
elec?roslag welded specimens aged at 450°C and 550°C, but even' so the yield

and proof stresses obtained were only slightly below those ‘found: for the
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correspending TIG welds. Generally the as-welded specimens failed in the
weld metal with little reduction in area. The tensile strangth of the weld
metal increased as the number of passes increased, provably due to ageing

of previously deposited weld metal. Usually increasing the temperature of

£rom 450%C to 550°C did not change

ng m 5 changa the location of fracture
found ‘that cars had to be takesn in specimen selaction as specimens taken
from near the start of welding where the joint depth-to-width ratio was
large tendsd to form a continuous vein of delta-ferrite. In all welds the
softest regions were the overaged aréas,_although the minimum hardness
varied little with increased hesat input. In no welds did agsiné"restore the
value of khardness of the overaged region to that of the parent plats,
whereas the solution treated regicns ware. In all cases ageirng for twenty-
four hours increased the hardness obtained after three hours at 45000. As _
the post aged HAZ had the same minimum hardness whatever the process, the
only advantage of a low hsat input process aprrears to be the confining of
the soft band to a2 narrow region. ihen the welds were carried out ;n over-
aged (550°C) material the differences in hardness wers reduced. The micro-
structure in the solution treated region near the fusion boundary was found

\
in all cases to be a mixture of austenits, martensite and high temperature
ferrite. Cne anomaly which was noted by Kaae was a regicn of softness which
did not respond to the post weld ageing treatment (fig.7). The location of
this-soft area varied according to the welding process, being further from
the weld fusion line for higher heat input proceéses.

' The susceptibility of high strength steels to hydfogen induced
cracking.led to a complete investigation of this aspect of FV5203 by the
sare workars [34]. In low alloy stesls this type of cracking occurs at hard-
nesses abovs approximately 350F, (and in high alloy steels at even lower

hardnesses). The HAZ of FV520B shows a hardness.of 340—380Hv.-The amount of .

martensite present is the critical factor, but generally the lower the
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carbon content of the martensite the lower the susceptibility to hydrogen
induced cracking. Specimens to bas subjected to constant load rupture tests
were heat treated at 105000 or 1250°C in argon or hydrogsn. The room
temperature evolution of hydrogen measured over a week was éxceedingly slow
indicating a slow rate of hydrogen diffusicn, and so the lenzth of test was
increased. The hydrogen charged specimens had only slightly reduced ductility
compared to the hydrogen fres, and the‘results showed that FV520B compared
very favourably with other high strength steels in this respect. The coarser
grained specimens did show increased susceptibility, tke results being
similar tc those found by Bonizewski in 18% nickel maraging steel. In
addition refrigeration to transform any retained austenite also increased
the susceptibility to cracking. Only in the severest case, i.e. 1250°C

treatment in hydrogen followed by sub—-zero treatment is it thought that

hydrogen induced cracking might occur.
High temperature cracking in stainless steel welding can be divided

into thres groups;

1) Super-solidus,in the weld metal whilst still molten;

2) Sub-solidus,below the bulk solidus in weld wetal or HAZ, or

crossing the fusion boundary to be in both;

3) Reheat cracking,. also weld metal of multi-run deposits.
There is some indication that a small amount of §-ferrite helps to prevent
all_tyree, and hence FV520B should show resistance to these typss of
cracking. In fact no cracks were found in the multi-run TIG, subarc or
electroslag:welds of the investigations described atove and so to increase
the severity the Varestraint test was employed, zlthough this does not
increase the rossibility of rehsat cracking. This test revealed some super—
solidus cracks but -considerably less than i;s encountered in stme other
stainless and low alloy steels. However a uniqua type 6f‘cracking'did occur,

consistinrg cf numerous small weld metal cracks at the interdendritic two



21

rhase boundaries between 8-ferr;te and austenite. Furthermore sub-solidus
cracks appeared when non-matching coated filler wire was used, these being
due to the segrégation of manganese sulphide films around § ~ferrite.

Providing electrods coatings are carafully formulated it woﬁid erpear that

high temperaturs cracking is not a preoblem with FV520B.

2.6, ELD HEAT AFFICTED ZCVE SINULATICN

2.6.1., Introcduction

The weld heat affected zone may be defired as that part of the
parent wetal waich is subjected to heat to the extent that its structurs
is altered withouf melting having taken place. The size of the HAZ varies
accerding to several factors, i.c. welding process, heat input, type of
joint, workpiece thickness and tharmallproperties of the parent metal. The
thermal cycles experienced at various points in the HAZ includs peak
temperatures bstween thes amb%ant of the surroundings and the melting recint
of the metal. Eence a continuous gradation of microstructures is formed,
the amount of each depending on the overall HAZ width, being frem 2mm in
electron beam joints up to 25mm in electroslag welds. Zven in the widest
H%Zs the microgstructural gradient is too steep for proper mechanical
testing of any particular structure to be satisfactorily performed. Saper—
‘stein et al [35] noted the difficulty experienced in endeavouring to
Propagate a crack through a single microstructural region of a real weld
HAZ. To overcome these sorts of problems weld thermal simulators have been
designed whichiallow bulk samples of microstructurss to be obtainsd, sub=-

sequently permitting meaningful mechanical testing.

2.6.2. Sirulator develoovment

Ths first weld simulator was that at Rsnsselaer Polytechnic,

USA, developed by Nippes and Savage [36] just after the war to investigate
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notch toughness in the weld HAZ of a ship steel. MNuch of the initial equip-
ment was manufactursd under the name 'Gleeble', and this has been adopted
as a genaric name for this type of appraratus. The basic principle of this
machine — resistance heating a metzl sample by passing a he;Qy current -
has been used almost axeluzively in 211 other designs of &i
satisfactory results have been obtained by induction heating [37]. Problems
associated with the 'skin' effect during induction heating have been over—
come by a short holding time at the peak temperature‘to allow temperature -
equalisation throughout the cross-section of the specimen. 6ontrol oé the
heating cycle has been attempted in a number of ways. Initially the curreni-
time relationship was pre-detsrmined and controlled by a2 cam-operated
potenticmeter [36,38]. This was rather too sensitive to szall differences
in specimen size and resistance and so a closed loop feedback system was
_ davised.lThis involves comparing specipen teumperaturs (measureé by a
thermocouple) with the output of a reference generator.and the d;fferance
used to control the power applied. Methods of generating the reference
voltage have included potantiometars [36], cam-contrelled electrolytic
rheostats [38], plug-in resistor networks [39] and potentiometer arrays
[40]. Specimens have been sqﬁare, rectangular or round cross-section, up
to 25mm diameter. Cbviously the larger the specimen the greatsr the current
raquired to heat it. Hsating rates up to 2000°¢C per second are possible
[41] but some loss of consistency of the cycle results. Frequently the
problem is with cooling rates, fast cooling being possible only by efficient
8rip design and short gauge-lengfhs (42]. Problems in this area ara exacer-
bated by low conductivity materials such as stainless steels.

iost modern weld simulators are equipped with 2 mechanical testing
capability allowing actual testirg during the thermal cycle, or alternat-
ively the application of a small amount of. strain typifying that- experienced

by a real wald subjected to thermal ezpans;on'and contraction stresses,
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Amarican metheds for application of load are typically hydraulic or air/
hydraulic such as Nippes apraratus [43], while experimsntation in Russia
has favoured electromagnetic application [44].lA British simulator equipped

with an electromagnetic clutch can control load applications within 0.2

ability of microstructure céused by thermal strasses.

2.6.3, Simulator problems

Cne of the most consuming topics in weld simulator research
seems to be thermocoupls attachment and associated temperature measurement
[42,46-51] .« Differences between the temperatura at the specimen centre (as
measured by a sheathed thermocouple in a blind hols) and the surface
temperature of up to 100°C have been noted, dependirg on the maximum
temperature simwlatad [50]. The cause of this has been variously attributaﬁ
to thermocouple 'heat-sink' effects [42], crogs—sectional temperature
gradient [46], method of tkhermocouple attachment [48,50] and pickup of the
heating current [51]. As the control thermocouple duringlsimulation is. -
usually surface attached careful examination of the situation is required
to ensure that the specimen bulk receives the required cycle. The most
exhaustive_invsstigatios of this problem to dats is that conducted by
Phillipé [48]. Ee concluded that the most accurets mothed was to resistance
spot weld separate wires onto the surface as closs as possible without
actualiy touching, a solution confirmed by Savage [41], who achieved the
same end result by a different method. Temperaturs reproducibility of up

to = T C 2t 1200 C are quoted, but the dangers of offsetting saparate wires
31°n€ tha specimen axis have been highlighted by Jidgery [52). e points
- out taat a relative displacament of O.1mm aould be subject to a voltage

drop of 9mV at tha p0wer requirsd at 1400 C. A further source of erTors

caused b; dlsplacsment iq tha induced enf produced in tha wires [52], ard

hence caraful attachmen* of *ha vires is essantial Phillips [48] finally
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deduced that despite the surface temperature being 35°C lower than the
centre at 1000°C and 60°C lower at 1400°C, these differences were consistent
if thermocouple attachment was consistent, and hence dus allowance could
be made.

A sacond souras of contention in thermal eimulation appears fo be
the effect of strain. The microstructures derivad are not formed with the -
same degree of restraint as in real weld HAZs, but no wethod exists for
measuring the strain cycle occurring at sach point in the HAZ [53]. Although
var}ous authors have noted the effect of strain on microstructurss [54,55],_
Dolby [56] is of the opinion that in transformable steels, where the dis-
location density is already high, 2 faw extre percent of strain did not
contributa greatly to embrittlement. This view is shared by Smith [49] ard
Yatkins [57], but Erivnak [58] found that in low dislocation density

materials a superimposed strain cycle was essential.

2.6040 Thamal Cycles P

Por simulation to be carried out a thermal cycle must be used
which is representative of a real weld thermal cycle. Two approaches may be
made to the establishment of such a cycls, either by actual measurement

during a real weld.or by computational techniquss.

-

2+644.1. Real weld cycles. This'is the most accurate way to
determine the precise thermal history of any point in the workpisce.
Embéddeq thérmocouplas can be utilised to either measurs the cycle under
critical specified welding conditions [59] or to measure distribution
during simnle bead-on-plate runs which approximate closely to the required
co‘di*iona LSO]. Tke ralding Inbtitute [61] has recontly begun to complle
a data bank of thnrmal cycles measured in a variaty of welding processes,
plate thicknesses, materials, number of runs and walding corditions. The
data sheets give informaticn of cycleu at varying dlstances from the wald

fusion line and are a valuable aid to saving time and money in defining
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suitable programs for simulation.

2.6.4.2. Computational techniques. It is not always fsasible to set
up welding trials to obtain experimental wvalues of temparatq;a distribution,
and so by use of heat flow equations it is possibls to calculate thsrmal
cycles for any point in a weld HAZ. A considerable number of theoretical
apprcéches have been made; Rykalin [62] has wade a study of heat flow
equations applicable to walding, ths differential squations obtained being
applicable only to steady state conditions, but Rosenthal [63] cenverts
this apprecach to a quasi-stationary state, obtained when the temperature
distribution relative to the heat source is stationary. This does place )
some limitations on the assumed conditicns, eg. it must be considered és a
point heat source in an infinite plate, but useful results are cbtained [63].
Westby [64] has extended the basic work of Rykalin to allow computer _
calculation based on the finits element analysis concept. This involves
calculation beyond the scope of hand methods, and it is only .recently, .with
the development of computers with large core-stores, that this taechnique has
become feasible. Wastby% program allows computation for fwo or three

dimansioﬁal heat flow with material thermal 'constants! either fixed
(TREDIY) or variable (VARIAB); Paley and Hibbert [65] have furtﬁer extended
the use of this program to allow for weld edge preparétions and further
refinad the calculaticn mesh size to give better results in areas of high
thermal gradient.

Whilst savage [41] is sceptical of the applicability of calculated
thermal cycles in HAZ sizulation Xyers et al [66] have shorm that reason-
abls agreamant is obtained bestween actual and calculated tharmal cycles as
-long as areas very closa to the fusion line are not considered. Both lyers
[66] and uualler et al [67] have shown that good estimates of HAZ width
_can be ohtained, the 1atter aztending the use of calculations to determina

theorstlcal arc efficiﬂncies of other proceasas prior to further thermal
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cycle compdxation.

2.6.5, Validity of HAZ simulation

The object of thermal simulation is to obtain bulk samples of a
certain microstructurs. Clearly if the. simulated structure does not
closely resemble the real weld HAZ any conclusions based on the former
will not necessarily apply to the latter. Much attention has been paid to
this aspect and it is generally agreed that microstructures can be readily
simulated to give acceptable resemblance to real HAZs [49,53,68]. Whilst
agreeing that acceptable microatructuras can be obtained no effort was
made to correlats mechanical properties with real weld HAZs, the difficully
in obtaining the latter obviously prompting the simulation. However Dolby
[69] has attempted to prove the walidity of simuletion from the mechanical
testing aspect with work on HY80 steel. By correlating real and simulated
microstructures (not peak temperatures) he was able to show similar results
of fracture toughness, although the yield strengths of simulated specimens
were somewhat higher. He found the severity of microstructural gradient to
have 1ittle effect on fracture initiation.Nevertheless Dolby recommends
that fracture toughness tests on simulated specimens should be used for
optimising metallurgical variables rather tkan predicting failure risks in
real structures [56]. This may result from the work conducted in conjunction
with Widgery [46] where some uncertainty arocse from grain size differences.
It was found that a real weld HAZ grain size obtained at 1340°C could be
obtained by simulating to 1210°C. Whilst some of the 130°C difference was
ascribed to the temperature measurement difficulties mentioned previocusly,
it was decided that genarally simulafion should be based on equivalent
grain sizes rather than similar peak temperaturas.‘However Coleman [42] has
no hesitation in recoﬁmending the use of simulation in méchanidal-tﬁating

after exhaustive work on the.frﬁctﬁie'toughness of feal and simulateddhaat
éffacté& 26ne§ in 18%:Nickel maraging steels.
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2.7, FRACTURE TOUGHNESS TESTIKG

2.7.1. Introduction .

In the past when designing structures, due to uﬁcértainties
in the behaviour of a material containing nétchea, small defects etic. a
safety factor has had to be applied. The greater the endangerment of human
1ife involved by failure of & component the greater has been the safety
factor applied. As the need for & greater working stress has ariaén there
have been two alternatives. The first is to uae thicker secticns, but this
has drawbacka in such fields as transport engineering (especially aerospace)
due to the undesirability of large deadweights. The aocond alternative is
to use a material which is stronger, usually 1mp1y1ng a greater uniaxial
yield strength. Ho:evér foi most materials #n increase in strengfh entails
& decrease in ductility and aléo.ﬁotdh toughﬁesa as there is insufficient
capacity for plasticity to blunt:a crack growing from the tip of a notch.
As most designs contain éomalsoft ;f notch, whether it be keyway, web or
other structural featurs, it would be advantaéeoua to use some method which
actually measured the material notch toughneas.fstheélthan'rely on empir-
ical éafety factors. The first methods emplojed to this end were the'Charpé
andJizod 1mpacf tests. These are Jseful for ahbwihg a ductile-brittle
transition with iémpefafuréaand'for'empiricailf g}adiﬁg‘ﬁateriala; but the
'hish strain rates and moderate notch severity used do not have general

applicability, measuring a parameter asaociated with ‘combined initiation
‘and propagation of cracks, the “two componenta being inseparable. [70]

.7 2. Plane strain fracture togghness.

Hbdarn tachniqnea of fracture toughness testing are based on

-

the thqora_p:opqaq?vby Griffiths [71] in 1920. He related the fracture

FtrﬁFﬁﬁhfP{pF material, O0p,to the c;uck_lengﬁhﬁ(dgfegt depth) 2¢, in a .
large sheet by the equation I
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where § is the amount of energy required to
form the new crack surface. This Qorked well for brittle materials such
as glass when it was assumed that ¥ was equal to the surface free energy,
but for metals the answers for th were between one and two magnitudes too
small. This led to a modification by Orowan [12] where ?r was split into
tworcomponents, X\S’ the surface free energy, and Xp, the energy consumed

in plastic deformation to the crack dspth. Then ?5‘ - K‘S + Kp $ but as 3‘ P

is approximately cae thousand times greater than XS the latter was ignored

and a simple substitution .of Xp for X made. For crack initiation XS is

still used as the‘plastic zone assoclated with microcracks is very small.
Using Orowan's formula as a basis the Linear Elastic Fracture X¥echanics
approach was evolved for situations where the amount of plastic deformation
before fracture was small compared to the elastic component. This utilises
elastic stress analysis of a.cracked part to define the conditions under
which the flaw will extend. In isotropic materials drittle frﬁctura occurs
mainly due to crack surfaces moving directly apart (as opposed to the shear
mode and the edge-sliding mode); this type of fracture is usually indicated
by the aubsciipt I. As a body is streased the elastic stored energy of the
body increases, but if a crack grows there is a relaxation of some of the
stored energy which helps to provide the surface energy necessary for the
formation of new crack surfaces. Howsver if tke released stored energy is
greater than that required to form the new surfaces the crack extends more
to take up the excess energy (f£ig.8 [73]). The increased crack length
causes a greater gross stress on the section and a situation cf unstadle

(acceleratirg) crack grbwth is set up. For any stress situation there is a ‘

critical crack length, beyond which the strain energy release rate, denoted

by G, exceeds the energy required to form new surfaces. The critical value
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of G where the two types of energy balance is called Gc, and if the fracture
mode is type I, the value is known as GIC' The fracture surface, bdeing a
free boundary, is stress free but there is a rapid build up in the intensity
of the stress field at the crack tip, the stress intensity factor belng
denctsd Wy X [?4]. X is a functicn of the specimen dimensions and loading
geometry, being greatest at the crack tip and falling off inversely with
the square root of the distance from the tip. Crack growth occurs when X
reaches a value of K, the minimum value of Kq being Epoe Kpo can be Te-
garded as a material property and is a convenient measurs of 'fracture
toughness'.

In thick sheets a hydrostatic stress situation will be set up (fig.
'9) at the crack tip causing a mode I opening. At the surface there is no
0z force‘eiertad due to lack of constraint and this causes a shear movement
between the crack surfaces giving a 45° 'shear 1ip' as in fig.12. The depth
to which the fracture is shear depends on the material, but as thickness
increases,the influence of the shearing on the toughness is reduced until a
-steady value is obtained (figs.10 and 11). Materials are said to fracture
in 'plane strain' if they are sufficiently thick for mode'I fracture to
predominate. In thin sheets the full effect of the 0% stress may not be
reali;ad (fig.12) and fracture is then said to be 'plane stress's For
plane strain |

K? . -
152

and fof plane siress

£ - 5

The stress needed to cause fracture is given by

o
N

e I - whexre 'c' is the crack depth..
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The local stress, 01, generated at the tip of a crack of length '

c is

oC (}g)i [75]

where /.) is the root radius of the crack tip. Thus

sharpening the crack (i.e. reducing the root radius) is equivalent to &
substantial increase in crack length. The sharpest cracks are maturally
grown fatigue cracks and the recommended technique for plane strain fracture
toughness ‘testing [76] lays down conditions for such growth. In very
ductile materials some blunting of the crack occurs during initial loading,
however Smith [77] and Terry [78] have found that for most purposes
machined notches exceed the root radius of blunted fatigue cracks and
hence affected results. It would therefore appear that fatigue cracks are .
essential to ensure conservative results. -

With extremely ductile metals the very hlgh stress intensification
at the actual crack tip causes the plastic zone forni;;i to be appreciable,
and the estimate of Kc becomes more conservative, hence there is a built-
in safety factor. Various workers [79,80] have attempted to correct for
the effective change in crack length dus. to the added plastic zone, Irwin's
[79] correction factor being-a fairly simple geometrical deduction for
small plasticity, whereas Dugdale's [80] is a more rigorous mathematical
approach to larger scale ylelding. These correction factors may be employed
to allow the linear elastic fracturs mechanics approach to be used up to
stresses of 8C% of th; yield stress, but a more convenient ﬁpproach is
desirable for cases where fracture occurs after generzl yield, to enable

conveniently small tesi pieces to be used.

2.7.3. General Yield Fracture ¥echanics.

With very ductile materials the limitations on thickness placed

by the standard procedure [76]mean that very large testpieces must be used.
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This may not be representative of the section used in service and may also
mean that very large capacity testing machines are required. A new para-
meter is required which will predict the resistance of ductile material to
fracture and at the same time be compatible with the stress analyses of
linear elastic fracture mechanics. Two different parameters have been
postulated. The first is a measurement of the 'crack openirg displacement'
at fracture; the second is a measure of strain energy release rats under

non-linear elaaticbconditiona and is knoqn ag J.

2eTelele Cfack Opening Displacemant SCOD)

Crack opening displacement relies on the p;incipla tﬁat the
amount a sharp crack opens prior to fracture depends only on ihe locai
fracture ductilily of the material, not whether fracture is before or
after general yield, the only limit being that the comstraint, i.e. ;hydro-
static' component, is the same in both cases. Hence COD is as rundamentall
a property as yield stress. Cottrell [81] and Wells [82] independently
suggested the use of crack opening as a fracture toughness parameter; the

conditions at the crack tip being examined mathematically by Bilby [83] .
who derived the relatiocnship

3
o*-(%"{é

where }A is the shear .
modulus and a is the crack length. 0' 8 is equivalent to the amount of

plastic work done in shearing.a crack opening displacement 5 « This can
be compared directly with the original Griffith equation and is identical,
except that 0'3,5 replaces ' . Purther work by Wells [84] also confirmed

the relationship O'ysc = G4 found by Bilby. Subsequently Wells [85] has
suggested the modification

. nQ}Sc
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with n tending to unity for plane stress and to two for plare strain, a
relationship confirmed by Burdekin and Stone using stress functions [B86].
Several techniques have been used to measure COD experimentally,
but to be uaefullonly reascnably accurate methods can be considered.
Continuous measurement by means of an optical system and graticule [84] is
possible but this involves accurate positioning of extra equipment and
continfious observation. This technique then becomes impracticable when
other observations have to be made (eg. detection of crack advancement)
unless more than one observer is available. Some measure of COD 1s
possible by cénsidering the angle of bend of the specimen, dbut this methed
is rather inaccurate when measurements have to be made to a fraction of a
millimetre. In an attempt to_refina measurement a 'codmeter' was developed
[86], which continuously monitored COD by the rotati;n of a small blade
pushed into the tip of the notch. Due to the blads sticking or not being
exactly at the notch tip considerable scatter of results occurred [87].
Further refinement of the codmeter [88] failed to provide sﬁfficiently

accurate results, although it did show that the COD at the specimen centre

was the same as that at the surface. Knott [89] attempted to measurs COD

by testing double notched bars; when failure occurred at one notch the
strain at the other could be measured. This technique suffered from having
to grow similar sized fatigue cracks from each notch. Robinson [90] tackled
the problem by infiltrating the crack with silicone rubber to obtain\é
three-dimensiocnal replica of the crack tip. This allowed on or off-load
values to be measured but suffered from any stress relazation as the rubber
set. Fearnehough and Watkins [91] decided that the most accurate method was
by photographically recording.the su:face COD for a number of specimens and
from these drawing up a calibration curve. The technique involves photo—
graphing a series of microhardnessindentstions at the crack:fip'dﬁfiné i

testing and correlating the displacement of théaé'maékéitith‘tﬁé"Offaét
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Plastic Displacement' of the specimen at that point (f£ig.13). This gives
consistent results at, or very close to, the elastic<plastic boundary,
where it should be measured. Elliot and May suggested usiné a clip gauge
technique similar to that used for linear elastic fracture testing [92,93].
This enables the same simple basic equipment and test methods to be used as
for KIC testing, and has subsequently been put forward as a draft British
Standard [94]. Certain basic assumptions have to be made about the devel-
opment of a plastic 'hinge' below the notch tip without a crack extension
to obtain a simple geometrical equation (fig.14). fhis invoivea a rotat-
ional constant which only gives an approximate fit due to a linear
equation and a parabolic relationship between SCG (COD measured by the
clip gauge) and St (COD measured at the notch tip) for many materials.‘
Cnly a reasonable estimate of St can be expected due to the asanmptidns
made, but the British Standard gives a modified equation which has been
found to fit many situat&ona. Archer [95], using a photographic technique,
has further inveatigated a number of formulae and his experimental data
shows the modified Wells equation [94] to give the best results at very
small COD measurements.,

It is claimed [96] that much of the discrepancy which arises is
due to movement of the rotational point which the formulae assume to be
fixed. The data of Archer [95] show that while this is indeed true, the
initial movement of the rotatiﬁnal point is rapid and then remains effect-

ively constant for most of the test.

Thormton [97] has shown that the equation linking linear elastic

fracture mechanica and general yield fracture mechanics

o -¢3- S

_ ia accurate providing precautiona to
ensure tha correct maaaurements are taken. This haa been subatantiated for

small values of COD using a finite element apprcach [98], but Levy et al
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[99] found a factor of 2.14Ito be necessary. Finite element theory does
predict
¢ = 20}8

for plane strain but agreed experimental
verification 'is lacking. Despite this several workers {500,101]'have shown
good agreement betwsen the results of predicted COD values from small
scale tests and actual values in field tests. Further, the use of the above
equation to relate ES back to ﬁlane strain critical flaw_aizea has been
very successful [102,103]. Cottrell [104] does point out however that
residual welding stresses due to lack of stress‘reliaf will reduce the
critical defect size. Knott [105] gshows that while COD is a material
‘constant!, if the specimen thickness is increased and fracture remains
entirely fibrous the fracture tcughness increases, due to cvarcoming the
greater triaxial (constraint) stresses developed. Burdekin [106] has

proposed limits of thickness over which the formulae of DD19 [94] should

be considered valid,
2eTe3e2e Tha J Integral

The theory of the J contour integral was first suggested by
Rice [107]. This considers the change in potential energy of a nonwlinéar
elastic body when a crack advances & small amount by defining a path
independent contour. The two main methods of determining J are by com—
pliance testing [108,109] or formulae [110.111]. The compliance technique
involves estimating the change in potential energy caused by extending
crack length from load-displacement curves. The formulae methods rely on
techniques such as finite element analysis to deduce the relatienmships,.
but some variability in predicted results occurs when defining the amount-
of restraint [111]. Eowever, Knott [112] has shown that for two geometries
thé;critical J value, JIég‘is constant, the crack blunting occurring

reducing plastic constraint effects. Further practical suggestions for



35

measuring J involve using the clip gauge technique, hence allowing 5
and J to be calculated from the aame‘loadJHiaplacement curve [113]. .
Little practical prcof of the validity of the J app;oach exists.
Begley and landes [114] showed it to be independent of thickness, but lack
of co#sideration-of slow crack growih invalidated the results. Egan [115]
shows J to be temperaturs dependent for several geometries. Harrison [116]
showed K,S and J to give compatible results but more attention should be
given to their application. Little correlation exists so far to relate
small scale J tests to large structures. It seems likely that J is prop-
ortional to COD for a given geometry. Much more work needs to te done to

clarify the influence of temperature, stress rate etc., on the viability
of J.

2.7+4« Critical Event. M

Plane strain fracture toughn;ss testing applies a gaombtrio
condition to the experimental curve, 5% offset beiﬁg equivalent to 2%crack
.growth 7 to define the critical fracture toughness [76} Due to the
diversity of behaviour of ductile materials such an approach is not
possible when testing for J or COD, and hence some definition of a eritical
event is required, Both Harrison [117] and Knott [118] have shown the large
scatter of results which are obtained if this event is taken as occurring
at maximum load. The event is now accepted as_being the first advance of
the crack front during testing and the méthod of defining this point has
beén the subject of much work.

Both ultrasonic [119] and acoustic emission [120] techniques kave
beer attempted but are regarded as t00 imsemsitive. Knott [77] conduoted
tests on a pumber of specimens loaded to different values. The specimens
vere subsequently frozen in liquid nitrogen, the amount of fibrous 'thumb~
nail' measured, and the results extrapp}qteﬁ back to zero crack growth.

| However the most recent technique [321]13 to measure the change in
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-

electrical potential which occurs across the crack durirg growth (£ig.15).
This gives extremely accurate and consistent resulis and is now widely

- accepted for measuring crack initiation.

2.7.5. Microstructure in fracture

Crack extension an be conveniently discussed as twc separate

processes, .stretch zons formation and cicrovcid coalescence.

24T 5.1. Stretch zone formation

Elliot at BISRA [122] hes indicated that a region exists
between.the fatigue starter crack and main fracture area which is rolatively
smooth and at approximately 45o to the direction of crack pcopcgation. Tho
size of this 'stratcﬁ zone' increases with;the test temperature cnd tough-
ness as indicaied‘by COD testing, and hence-che possibility of weasuring
toughness by cocrelaﬁion with stretch zcnc‘width has 5ecn investigated.
Green [123] has shown by simple geometry (fig.16) that stretch zone width
(SZW) is related to COD by | |

£ J2. s20

stuming the plastic deformation to ta at
45°, He then goes on to ahc&.gcod agreement a?pljina this equation to the
results of other workers. Elliot himself subaequantly forwarded the

relaticnship '

o e

S'.. .5. SZW + 0.4 mm :

" based on work with mild’ ateel [124]

. The differcnce in results of these workers emphasisea the 1mportance of

iatandardising the technique of measurement, and this is'an‘area wh;ch has

"“been receiving some attention;'It'appéars that atrctch'zonc measurenent

‘could f£ind use in diagnosing service failuras [123] s BRITLD fIIuL e

]

L s, 7 5 2. Hicrcvoid coalescence o
R Little definite work appeara to have been conducted on - |

r . . .o .. .- -', )J
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fracture initiation by microvoid coalescence. Generally voids form around
second phase particles and by linking with othaf voids crack extension
occurs. The ease with which the veid forms depend; on the amount of bonding
between the particle and matrix. Manganese sulphide inclusions in steel
have little bonding and hence voids nucleate easily at low plastic strains.
Th; situation is exacerbated additionally in steels where the low final
rolling temperature elongates the plastic sulphide inclusions [126]_so that
the void takes the form of an inbuilt crack. Scme inclusions, wﬁile not .
chemically bonded, are tighfly bound to the matrix due to ghprmal contract-
ion [127]. Carbides and nitrides are strongly bonded in steel and void
formation occurs due to dislocation pile-ups causing vacancies during
plastic flow, although large strains are required [128]. Coherent particles
do not produce the same effect as the dislocations can cut the particle.
Similarly dislocations can cross-slip around very small incohersnt part-
icles. If the particles are widely spaced they must be drawn together
during plastic deformation in order that the material beiween voids may
neck down and rupture, the inter-inclusion spacing affecting ductility
[129]. Several workers [130,131] have shown that the volume fraction of
particles is of prime importance, rather than actual particle sizes
increased volume fractions dramatically reduce ductility and toughness.
Turkalo et al [132] found & similar result and further classified the.
effect of the shape of inclusion, elcngated particles predictably lowering
ductility. If inclusions are closely spaced almost all the strain observed
is due to necking between particles, but in very clean materials suéh as
vacuum-melied steels, the amount of strain needed to bring inclusions
together may be so great that fine microvoids form around matrix carbides .

and nitrides and a fine-scale microvoid surface forms between the large

voids [133]. The- ductility will only be limited by the extgn% of this fine

microstructure.



_ ~ The extent of microvoid coalescence is strongly influenced by the
amount of strain. This in turn depends on both the yield strength of the
material and its capacity to work harden., As the yield stress increases a

smaller plastic zome is required below the notch to develop the tensile

stresses which léad to cleavage fracture; a low yield stress allows the-

high strains nécessary to bring inclusions together and ﬁroduce fibrons
necking, If in addition the work hardening rate is high the stresses can

| be red;stributod more evenly increasing the'size of the plastic zone ard .

a high uniform strain results, ggain favouring fibrous fracture. lModerate

increases in work hardening rate can result in dramatic increases in

fracture strain under the conditions of high triaxiality experienced in

front of a notch,

2. 7.?5. 3. Cleavage fracture
. Whereas fibrous fracture is dependen£ on the extent of
plaﬁtic.atrain, cleavage fracture is promoted by the_development of tensile
stresses, The theories of nucleation of cleavage cracks proyoée that slip
bands or twins are blocked by obstructlons such as grain boundarieg, or
seco;d_phase particlesf Krafft {125] assumed that a plane strain crack

pecams u;stable when the crack tip stress field caused a criticéi

* -t
o

amognt of strain a small-distance in advange of the crack tip,'tﬂé'process‘

lzone'. Ee derived a relatlon hip showing resistance to cleavage improved

-

) vith 1ncri§sed process zon?e aize and work bardening rate. It the process '
wzone 18 large enouvh to encompaos several graina dlfficulty is ezperienced

.I:in developinﬂ the tenaile stresses ahead of the crack.dua to the obstruction 2

of grain boundaries. Hence fine gralned materials show inproved resistance |

Ito cleavage; if cleavage does occur ‘'river patterna'-are often visible on

the fracture surface due to twisting of the creck, Grain boundary carbides -

q'can play a significant part in the’ initiation of cleavage cracks, The
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tensile stresses developed are often enough to crack a brittle carbide,
especially if it is coarse; it is then possible that the crack may propa-
gate much more easily., Redistribution of carbides in these cases will

usually improve fracture resistance.

2.8,  SUMMARY

It is clear that beirg 2 relatively new oclass of materials low-
carbon precipitation hardening.martenaitic staihlesa steels have not been
the subject of wideapread ;ﬁveatigation. Little investigation into the
precise hardening mechanisms of FV520B has been conducted to date and ncne
at all into the effect of welding thermal cycle on mechanical properties
of the weld HAZ. Thermal simulation is becoming better establiched as an
aid fo metallurgical investigation of welding now that causes of early
discrepéncies have been established and would appear a satisfactory experi-
mental technique providing correlation is made with real HAZ results where
- these can be easily obtained. The fracture toughness testirg bf 'tough' or
ductile materizls ig an area into which much effort has recently b;;h put.'
The technique of testing, interpretation of results and subsequent applic— |
ation of the results are all fields in which there is much disagreecent.

’ ~ With such wide interest it is probable that outside developments occurrirg
~ during the pericd cf this investigation will alter the course‘of work. At
‘;ltge prqsent stage it seems advisable in basic studies of the type envisaged
' 1; the present york to include all the likely parameters in toughness

'-_assessment, i.e. COD, J, stretch zone.width etc,
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3. EXPERIMENTAL PROCEDURE AND RESULTS

Introduction

In order that a comprehensive study of the effects of weld heat
on the mechanical properties of FV520B can be carried out it is necessary
to examine in depth the characteristics, both metallurgical and mechanical,
of this material. Accordingly initial samples of FV520B were examined
micros;opically and tested in the manufacturers recommended heat treatment
conditions in order to relate the behaviour to the twin variables of time
and tempevrature. With this ?nformation it was then feasible to ascertain
any unexpected effects of welding heat by conducting a number of trial
welds and subjecting them tc microscopical and hardness surveys. Subsequ—
ently it was possible to attempt to reproduce a microstructure of interest
in sufficient quantity to test mechanically by thermal simulation techniques.
This could only be achieved by establishing the accuracy and reproducibility
of the thermal simulation equipment to ensure confidence in the results
obtained. At %he same time it was necessary to standardise a fracture
toughness testing technique which gave reproducible results, some diffic-—-

'ul;y being anticipated with the high toughness levels exhibited by FV520B.
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3.1. ASSESSMENT OF PARENT PLATE

3.1+.1. Structure

Three separate batches of material were used for the
experimental investigation. The initial material consisted of 15pm diameter
bar of FV520B, cast 37060 which was employed for metallographic invesii-
gation. Welding trials and airmelted stock for simulation utilised 6mm
crogs-rolled and 1%mm rolled FV520B plate. For comparison of mechanical
properties & quantity of vacuum-remelted 8mm FV520B plate was obtained from
which specimens for thermal simulation could be machined. The chemical |
compositicn of all three types is shown in Table I.

The first work carried out endeavoured to identify particular
morphologies revealed by et&hing and then to ;dentify the variéua constit-
uents by refined analytical techniques (eg. microprobe an%lyaia, selected
area diffraction electron metallography). Cut samples were polished down
to 0.25}; diamond by conventional methods, the extreme hafdneaa of this

material making polishing a lengthy process. Samples were examined in a
number of heat treated conditions; soluticn treated, conditioned, fuiiy
hardened and overaged. Many of the etchants tried had no arréct Qu the
structure at all, a tribute to the 'stainlessness' of the material. Etching
in acidified ferric chloride revealed the prior austenitic grain size (fig.
17d. The grain size was extremely fine, being much finer than ASTM number
8, the smallest grain size obtainable by photographic charts. This etch
alsoc revealed a large number of exiremely fire particles, having an average
diameter of about 1 micron, Most of these particles occurred within the
grains, although there &re a small number of places where several particle;
run together along a grain boundary. Etching in alcoholic ferric chloride
(£ig.17b/e) revealed a very. fine light brown dendritic type structure with

a small number of white shiny pa.z.:ficlea which may be S-ferrite.?ickering.a
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reagent revealed a massive martensite block structure (fig.t7f)but had no
effect on any p&rticles present. Boiling in Murakami's reagent for thirty
minutes is recommended for revealing carbides, especially chromium h
carbides. Two types of particle were revealed, the larger ones being black
and the very fine ones green. The small green particles were also rsvealed
by etching electrolytically in oxalic acid (fig.17¢).

Electron microprobe analysis was attempted to identify some of the
particles revealed by optical.metallography, however the particle size was
too small for 1dentificatlon even after artifiq@plly grqwing the particles
by overaging. As an altermative thin film electron metallography was
employed to try to identify the particles. Thin slices 0.3mm thick were
spark planed in paraffin and from these slices 3mm di;ca were spark
machined out using a brass tube. These discs wers then mechanically
polished on emery paper down to.0.1mm thickness. The thinned discs were
then electropolished in a mixture of perchloric acid and butoxyethylene
until a small hole appeared at which point polishing was stopped. As
polishing takes place from both sides & large area of the disc was thinned
sufficiently to be transparent to the electron beam at 80KV. The trans—
mission electron micrographs (figs.18 a-d ) show the martensitic lath
morphology ending at grain boundaries, in some cases twinned. Precipitation
has occuxred on some of the martensite making it difficult to ascertain
whether the structure in fig.fad is a different morphology (massive'
martensite) or due to tke precipitation. A number of selécted area diffr-
action patterms were obtained, tut in no case were there sufficient to
identify any particles. The spots enabled the lattice parameter of the
matrix to be calculated at 2.878% compared to the published value of

2.864% for o{-ferrite. This indicates that the low carbon content causes

‘very little distortion of the lattice,
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A final approach to identify the precipitating phase was the use of
extraction-replicas in the electron microscope. The replicas were obtained
by standard procedures; after normal specimen preparation dgyn to 0'25f*
diamond compound the specimens were deeply etched in Marbles Reagent and
placed in a coating unit, 4 thin film of carbon was then evaporaved onto
the specimen surface under vacuum; the films were subsequently floated off
the specimen by irmersing in 10% hydrochloric acid in alcohol and applying
a potential of 30v for 5-10 seconds. Tﬁe resultiné Sections of film were
held in grids and placed in the specimen stage of a Jeol electron microscope
operating at 10Ckv.

Various optical micrographs were taken, examples of which are shown
in figs. 19a and 19b. These show the extremely fine grain size (1.5—2.9Fm)
even in the fukly overaged condition. Precipitates show as black particles
and are quite fine and evenly dispersed. The particles are spherical and
the majority are less than Outpm in diameter (fig.19a). Identification of
these particles was achieved by taking diffraction patterns from selected
particles as shown in figures 19b-d. Dark field imaging was used to ensure
that the imaged particle was actually producing the diffraction pattern.

Standard methods were used to identify the planes giving rise to the
diffraction pattern spots (i.e. measuring the distance between the trans-
mitted beam and diffracted spot), and knowing the camera constant the 'a!
(interplanar) spacing for each plane was calculated. A large number of '4!
spacings were obtained and the ASTM Powder File Index employed to identify
the material. This was eventually shown to be Nb (C,N) but difficulty was
experienced initially due to the absence in all cases of the strong (200)
reflecticn; as the Powder File Index lists the four strongest spots in

decreasing intensity the absence of the strongest spot leads %o a search in

the wrong area.
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Appendix II shows that the precipitating particles are Niobium based.
Many of the 'd' spacings for NbC and NbN are similar due to the close
relationship of their atcmic sizes; however certain values are characteristic
of just one of these. The high degree of agreement (with the'exception of
the (200) reflection) over a large number of different characteristic reflec-
tions would appear to prove conclusively that both NbC and NbN are present,
probably in conjunction as Nb (C,N), thus bearing a similarity to the Ti (C,

N) precipitate in nickel maraging steels.
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3:1.2. Ageing Responss

As an alternative approach to identifying any precipitation
phenomena the effect of ageing temwperature on'FV520B was studied (£ig.20).
The curves aro all of tﬁe same goneral shape, but the simple solution
treated matorisl attains a higher peak hardness. This is probably due to
the fact that the conditionirg troatment at 75000 for two hours tempers
the martensite matrix at the same time that any retained auséenita is con-
" verted into new martensite. This means that the difference in hardness
between the two curves is entirely due to the different state of the
martensite matrix. Up ?6 an ageing temperature of approximately 350-400°C
the solution treated material shows a slightly lower hardness, the fine _°
interspersion of retained austenite obviously being responsible, The precip-

itation hardening effect is much greater in the solution treated material;

it would appear that the lattice strains associated with the untenpered
martensite provide preferential sites for precipitation., .Although a small
emount of carbon is removed from solution when precipitation occurs it is
unlikely that this causes compositional shifts large enough to effect
transformation of the retained austenite, Precipitation of € -copper, which
occurs in éhe 400-600°c range, could have some influence, but why the
effcg? is exaggerated in soiution treated material is not known. :An. -
ordered precipitate seems unlikely due to the complete absence of super—
lattice spots on all of the diffraction patterns obtained. A third altermn—
ative is a Laves phase precipitate of the type F32Nb or FQZMO ﬁhich have
" & woak hardening offect but provide the site for the growth of. stronger
pracipitates at'highgf temperatures. The main precipitating phases vhich
- occur from 370°C to 450°C way be bésed on a number of compounds. Precip~
_ fitataa with a lattice parameter similar to the martensite matrix will
"prefarentially appear. and hanco there are a large number of chromium-based

: 1ntermetallic compounda which may occur with very little mismatch.
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“ Similarly intermetallic phases basea on molyb&enum occur, these toing

‘éapecially finelin the presence of cobalt. A further possibility.are
nickel-niobium precipitates similar to the ﬁirTi gseries found in nickel
m;faging steels.: | | _

- . The ageing response curvés at the recommended ageing temperatures
show features typical of tﬁis'clasé of material (fig.21). At 450°C the

. cuxve 1s sigmoiﬁal, being thé shape usually :ound'at peak haidaning tcop-

: érat;res; the hardﬂesa continues to ircrease marginally up to 1000 minutes,
but never starts to overage. At 550°C ageing occurs rapidly, rcaching a
peak aftc; fifteen minutes and then aiowiy ovérageing, mginly due to part-

| iéié groﬁth. At 620°C overageiné is almest instantaneous, the cowbined’
effect of particle'growth and formation of steble austenite resulting in a.
softer final structure then is obtained at 55odc. The pesk obteined by tke
overageing treatments is indicative of the amount of particle com:-sen.‘.'mg

‘ vhich occursy rapid conglomaration-of the precipitate meoans that it is
never finé enough to achieve the hardness obtained by ageing at 45000.

-It nay be conclu@od that the general structure of aged FV520B is ve£y fine
martensite interspersed with ferrite carbides resulting from tempering of
martensite during heat treatment; strengthening precipitates are sub-

microscopic, Cenerally the structure is clean, the only major inclusions

) being'manganesé sulphide. Thq;e is a tendency for the rolled airmelted

stock to segregate at its mid-section as discussed later.
" 34143, Tensilé testing

- Specimens for tensile teating were manufactu;od from sections

of plate. Standard Hounsfield no.10 testpieces were turned and surface

ground and subsequently tested on a Hounsfield Tensomoter equipped with a

motor drive. Elongation and reduction in area were also measured and the

yesults shown in Table. III.

-
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3.2 Thermal History, Metallography and Properties of the Weld Heat
Affected Zone of FV520B.

Introduction.

In an investigation of the weld HAZ it is necessary to define

Fo b le e
e e — i

ersst and the associated temperature conditions.
This was achieved by parallel studies of the thermal history, hardness
and microstructure of the weld HAZ in 6mm plate. After preliminary trials
with mild steel plate of a similar thickness an initial weldment was made
in FV520B to ensure satisfactory soundness. When this proved to be the

case a series of welds were made with the following plate heat treatments

and welding conditions;
a) 6mm plate, primary haidened; 29v, 295A, 4.8mm/sec
b) 6um plate, solution heat treated; " " " mm/sec
¢) 18mm plate, primary hardened; 1st run 26v, 4104, Sum/sec
2nd run 28v, 330A, 5mm/sec

3rd run 28v, 3304, Smm/sec.
Solution heat treatment consisted of thirty minutes at 1050°C;

primary hardening involved heating to 85000 for two hours subsequent to

solution treatment.
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3+.2.1. Temperature conditions in the weld HAZ

| In order to carry out an invegtigatibn on the metallographic
and mechanical properties of the heat affected zone in FV520B welds, and
to further delineate any areas of particular interest it was necessary to
make a sound weldment. After preliminary trials a number of MIG welds were
made, both parallel and perpendicular to the rolling direction, in 6mm
FV520B plate using eighteen percent nickel marsging stesl wire filler. The
plate preparation and welding conditions are shown in fig.22, the shielding
gas being commercial purity argon. A thick backing plate gave conditions
approximating to three dimensional heat extraction. By inserting sheathed
chromel-alumel thermocouples into 0.5mm holes drilled to the plate mid=
section and connecting to ‘a Honmeywell multi-channel U.Y. recorder it was
possible to monitor the temperature distribution during welding. Four
points were chosen which would give a reasonable picture of the thermal
distribution, being 6, 11, 19 and 26mm from the fusicn line after welding.
The peak temperatures attained and the heating and cooling rates associated
with each of the four points is shown in f£ig.23. By interpolation it is
possible to obtain a reasonable estimate of the thermal cycle beiween Tum
and 30mm from the fusion line. The thermocouple at 6mm failed at some
temperature above 1100°C, the recommended maximum temperature for use
" being 850°C; but before doing so & useful indication of the heating rate
" experienced was obtained. The slow cooling rate below 650°G is most prob-
ably due to the high heat content -of the backing plate after prolonged
veld arcing. Assumirg 2 melting point of 1566°Cfit was possible to draw
£ig.24, showing the maximum temperature ‘experienced at varying distances
from the weld. Generally it is fqdnd'that the peak temperature experienced
at any point is one of the most important factors determining the structure

after welding. Several plates were weldod,”all'showing,perfect;prafile,

SR
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and then sectioned perpendicular to the line of welding to enable metall-
ograrhic examination and microhardness surveys in both as-welded and post—
weld heat treated conditions.

Plates were welded in both primary hardened and re—soloticn treated
conditions, and sections were examined in the follewing states;
* a) as-welded;

b) as-welded + solution treated

c) as-welded + direct ageing

d) as-welded + solution treated + aged.

3+2.2, Hardness surveys of the weld HAZ (Appendix III)

The ageing treatments employed to study the behaviour of the weldments.
were either four hours at 450°C (fully hard) or two hours at 620°C (fully
overaged). Figs. 25-28b show that the g;neral level of hardness of each of
the sections is that which would be expected from the final ageing heat
treatment received, i.e. 390—420H for fully hardened and 310—330H for the
overaged 620°C treatment. If material is to be used in the overaged condit-
ion there appears to be little difference caused by the initial plate
condition (figs.28 and 28b). In addition there is sufficient evidence that
a resolution treatment does not confer any extra btenefit of uniformity
above that obtained by either a duplex or a direct ageing heat treatment
(fig.26) Hence to avoid undue stress in fabrications a re-solution treat—-
ment is not recommended for overaged conditions. If plate 1is welded in
, either solution treated or primary hardened conditions little difference in
hardness is obtained exoept for an increasing softness in the former matarial
subjected to 1ess than 1000 °c (figs.?& and 28b). As thn main initial diffe“-
ence is grain size it would acpear that the grain growth which occurs above
1000°¢ renders both structures similar.‘

The major part of the work was then conductedlon priman} hardengd

plate, as it is in this condition that material is usually supplied.

* ( solution treated + two hours 850°¢) .,




49

Although the final overall hardness is characteristic of the final ageing '
treatment, the material within 4mm of the wéld shows great variability
(figs.25-28). In the O.5mm of\material closest to the weld fusion line the
. there is considerable coérsening éf the microstructure., A further area of
uncharacteristic softness occurs consistently throughout all surveys of the
first 4mm; this reaches a minimum at 2.5xm and éorresponds to the 125000
- isothernm écbordiné to fig., 24, As the maximum measured peak was 750°C some
extrapolation was necessary up to the melting point, the possible envelope
being shown by dotted lines, This envelope encompasses peak temperatures of
1180°C to 1310°C at 4mn, Th; exact peak temperature for thermal simulation
was established by trial and error within this range.
' .As—welded the hardness only exceeds the solution treated ievel where
the weld heat has exceeded 1C00°C. From this it may be assuﬁed that there ,
is insufficient heat and time to mainfain precipitation temperatiures signif-
icantly, the precipitation phenomena being influenced by anlinvérae relat-
ionship between time and temperature. Once the temperature to initiate pre;
cipitation has been reached the hardness of soluticn treated plate rapidly
rises - to-the precipitation hardened value.
. Welds heat treated at 620°C without an intermediate heat treatcent
show a slight increase in hardness where the welding temperature had exceeded
100039;(?@85928 and 28b), changes in particle distribution affecting the
subgeQuen@,ageing;rgsponse. |
o :Mﬁhgfqggpnd‘qaig area of varying hardness is that which occurs between
._{mmuﬁﬁd_{Qmm,”coprgspoaﬁing_}o:tpa_1QQQ°C and 55600 isotkerms resp;ctively..
+ Resolution gives a fairly uniform structure and- hence a similerly homogeneous
gﬁatqrgfyg:rfu?thar ageing (f}§3g§2{:099_gxqugian gg_@;teriil éycled'to Aust

o
bg}qg_jOOO C, welded P??Fi%?;&ﬁ?@ﬁ??? plpje having the sare hardness as the

gglgﬁ#onﬁt:eatqd, Thigﬂmay_be“;ndiggqivq of particle coarsening during weld-
ing to such an extent that complete resolution is not. possible in.the short

time permissible for this:treatment without grain growth; The major disfinct

- L e e ”
L vote g _"“"'] -
+

I
e .



" fall occurred in material 8.5mm to 11mm from the fusion line, corresponding
tolthe 82000 and 73000 isotherms; t}.m soi'tne ss in this area was resistant
o Seéeéal heat trcatments attempted to remove its effect. (figs.26-28).

' " Beyond approximately 14mm from the fusion line ths structure is uni-

~ ferm at a hardness level in accord with the plate heat trﬁatmenﬁ. The 14mm
line is equivalent.to the 650°C isotherm, all material further from the weld
having cxperienced a lowef peak temperature. Hence the time spent at temper—
.ature is insufficient‘to iﬁit%ate precipitation below 65000. érecipitaticn
is iime-temperature dependent, legs:time being needed at higher temperatures
for the same particle growth, and earlier work hqs_éhown that at 620°C

approximately half a minute incubation time is required to produce any
offect,

-3,2.3.‘IMetallogrg9hy of the weld HAZ -~

- The only obvious dofect which occurred‘dﬁring the walding was
that found in primary hardened platc directly aged dt 45000. This tock the
form of a series of extremely coarse carbides = up to 0.02mm diameter -
along the fusion lin; (fig.29a), wvhich would be a very ocaey path for crack
propagation. Houeve;, as a non~matching filler wire was used it is possidle

.that this has some influence and no firm conclusions can be drawm.

e " Exanination of various sections showed that in &ll cases thin
'Veins' of a light etching phase parallel to the plate rolling directiocn.
existed (£ig.29b). These 'veins! hecome coarser until ihey merge into the

~coarse structure adjacent to the weld (fig.30). The somi—continuous ROT-
phology of this phase may be the reason for:some variability of hardnous,
'pithor as a softer or harder phase or due:to matrix depletion of ‘alloying

elements aysorbed into.the veins. No segregation could-bO'aacortained'

lf}thin the limits.of_resolution of ‘electron microrp;obe’analysig; it'isw
likely that these veins are (delta) ferritic‘in nature, .. a0

L T

. &he two areas which consiatently ahowod marked differonces in
hardneas throughout the rango of hent treatments are at 2.5—3.5mm and 9-12

mm, corresponding to the iaotherma 1215 -1225 c and 820 —730 c rcspectiVely.
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The regicn around 3mm cannot be corrsctly homogenised even by a re-solution
treatment., Mbtﬁllographically the areca is difficult to)distinguish, the
proximity to the weld bead making the entire structure very diffuse. The
confined but persistent nature of this material made it desiradble to .
investigate larger samples in order to ascertain the mechanisms operating,
and for this reason it was decided to make this one of the areas for study
by simulation.

The material between nine and tyalva millimetres exists in the
weldment in larger bulk and some indication of the cause of the softness
coqld be obtained by direct metallographic examination and further heat
treatment, The temperature range experienced, 730—820°C, is tkat where
transformation to esustenite occurs, and so steps were téﬁan to transform
any of thig non-ageing constituent which may have been present. This was
achleved by refrigeration in solid carbon dioxide at -78°C for twenty
hours before ageing and the results almost conclusively proved that the
softness was caused by austenite, the hardness dip being removed by this :
treatwent (£fig.28a). No excess austenite appears to be retained in material
subjected to temperatures in excess of 840°C. There is evidence that small
amounts of austenite occur right back to the 675°C isotherm as refrigera-
tion increases hardness in all material heated above this temperature.

. Befrigeration also increased the general hardness of material sged at 62000,
;ﬂ%n‘?hi§ cage.tha'long ageing time enables austenite to occur at a lower
_temperature. A_mggh greater vgriability of microstructure is fourd in
mgte;;al directly aged 8t|45000 cpmpgred to material which ig.re-solutioned
before ageing,_tyis being particula;ly exaggerated in material near to the
weld. From thia area the hardness gradﬁally dropa to a minimum at 9.5mm.

At 1mm there is a lack of visible carbides, few very. fine particlea beinrg
intermingled with even fewer largar onea (rig.31), whereaa at . Smm a large

nunber of coarse carbidea are visible. This indicates a matrix depletion
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of alloying elements available to form the correct sub-microscopic precip~
itate necessary for optimum strength and.toughness. This structure ;s
consistent with high temperature particle growth at a temperature insuff- ‘

icient to dissolve the particle, i.e. below 1000°C.

3.3. Weld HAZ Simulation

Introduction.

Successful weld heat affected zone simul;tion demands a facil;ty
which accurately reproduces weld thermal cycles over the temperature ranges
under investigation, in this case 730—82000 and 1225-127500. The size of
specimen simlulated must be of sufficient size to allow a substantial r.egi_on
of uniformity which in turn permits determination of wmechanical properties
such as fracture toughness and tensile values, Accordingly it is necessary
to thoroughly investigate the characteristics of any simulation afparatus
to ensure that. the foregoing réquirements are met satisfactorilj. This
involves standardisation, calibration and ccrrelaticn cof attached thermﬁ*
couples, determination of-tempefature distribution and cooling rates for
gpecimens of varying sizes.and-finally'cptiﬁisation of méchine setﬁingé to

ensure that the thermal cycle‘obtained is completely satisfactory.
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This part of the practical work was carried cut cn a 'Mand!
Servohydraulic closed loop testirg machine of 50kN capacity (fig.32). The
feedback elem;ﬁt in the control locps may be the output from the load cell,
position or strain transducer. The reference signals can te fed to control
temperature and either load,.position or strain by use of two R.I. 'Data-
trak! prégrammers; FCE 5110 (fig.33). T-is is an electrostatic curve-
_folloﬁing system which is both accurate and easily prepared. The program
is drawn on a metallic coated plasticé sheet with & hard stylus_which
.conductively breaks the sheet into two. The sheet is loaded onto a drum
vhich rotetes at a speed selected by alteration of gears. A prq'be is driven
by a servo-system to seek the zero—potential éxisting along program curve.
Direct contact with the drum is not made as the probe follows the electro-
static field. Yovement of the probe aleong a horizontal axis generates the
reference e.m.f. which programs the required temperaturs. Power is supplied
to the specimen by a 5CkVA transformer at 10V. A control thermocouple is
attached to the specimen and the output during heating compared to the
reference voltage. The rate of supply of power to the specimen avoiding
‘lagging or overshoot is achieved by a 'Eurotherm' controller, which will
be descrited in full later, |

o Initial problems with the simulator involved overheating of the
hydraulic fluid in hot weather and electrical 'pick-up' causing the
actuator ram to jump These problems were eveniually eliminated by modi-
fication,and commissioning ard calibration commenced. The original specimen

Jaws were circular in cross-section and allowed ‘the facility of testinmg in
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a controlled atmosphere (fig.34). These jaws gave a poor specimen cooling
rate which necessitated a very short gauge length. Further problems were
caused by the nOn;uniformity of temperature distributicn (£ig.35). This
was attributed to the relative masses of copper in each jaw, the lower
jaw increasirg ccoling due to its greater length as the moving jaw. A
radical redesign of the jaws enabled more massive grips of equal size to
be employed. The ircreased size of jaw coupled with silver plating also
enabled ﬁuch better cooling rates to be obtained, although this was at the
expense of the controlled atmosphere box (fig.36). The present investigation
anticipated that simulation in air would be satisfactory and hence the
loss of use of the atmosphere box was not considered to be important.
Subsequent calibration for simulation was carried out irn six
stages:
1) Correlation of bulk specimen temperature with surface (signal)
temperature. —Measurement of the bulk speciﬁeﬁ temperature was achieved
by inserting a 0.5mm sheathed chromel-alumel thermocouple intc a blind
hole drilled to the mid-section of the gauge length. The surface temper-
ature was established by commecting a digital voltmeter across the platinum
—platinum/13% rhodium wires attached to the surface; these wires transmit
the specimen temperature to the control cabinet to enable the correct
amount - of power to be delivered. Using the technique of control tharmo;
couple attachment recommended by Phillips [48] very close agreement between
bulk and surface temperatures was obtained, thexre bging very little thermo-
couple heat ‘sink effect evident (fig.37). For temperatures above 950°C a

O.5um sheathed platinum - platinum/rhodium thermocouple replaced the
.chromel-alumel equivalent, . - -

2) Longitudiral temperature distribution; — In theory the grips
should be at the same temperature as the cooling water fed to them and -

consequently the specimen will be at this temperature where it enters the
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grip. When the specimen is heated a temperature gradient exists ﬁlong its
length, from the programmed maximum at the centre to the cold gripa; The
rapidity with which the temperature falls along the specimen determines

how much material can be considered to have been subject to the correct:
thermal‘cycle. This temperaturs g;adient was found by setting the contr-
oller to hold the specimen mid point at first TBSOC and then 1250°C whilgt
measuring the temperature at various points along the specimen using a
0.5mm sheathed thermoccuple in a blind drilled hole, the results being as
shown in fig.38. At 785°C using a 20mm gauge length, nearly 2mm of material
reached 780° ¥ 5°C and slightly over fmm reached 783° % 2°C. With a 25mm
gauge length almost Smm reached 780° x 5°C and over 3mm reached 783° t 2%,
At 1250°c & balance had to be achieved between obtaining a temperaturse
‘plataau of reasonable length and a cooling rate fast enough to allow the
thermal cycle to be followed (see later section). A gauge length of 17mm
enabled the required cooling rate to be achieved with a small amount in -
reserve and at the same time gave 3Imm of material at 1250° : 6°C, this
amount of error being well within the accuracy quoted for the thermocouples
( % 1%). Some difficulty was experienced at the higher temperature with
thermocouple attachment. Satisfactory temperature reproducibility had been
obtained at 785°C using'the method of thermocouple wire attachment indic-
ated by Phillips, i.e. the platinum and platinum-rhodium wire on the same
line, bisecting. the grips, but the tips separated by about O.5um. At 1250°C
erQuqntﬂsgpgration of the platinum wire from the specimen occq:reﬁ,
ei;her:dug_tp_{;aciure of wire adjacent to the specimen or detachment of
the wire and bead complete. I¥ was found that the first type of failure

was caused by excess welding current gq@_the_sppond,tygg_by insufficient
current. The band of current which gave satiafgctpry_gttachﬁant vas found
to. be fairly narrow, and different to that‘which gave optimum durability

for the platinum—rhodium wire. Hence the process of attachment “had to ba

rigidly systemiaed, including & standard praparation of the specimen |
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surface immediately prior to welding.

3) Transverse temperature distribution — By inserting a sheathed
thermocouple to various depths through the centre of the specimen in the
12mm directicn it was possible to check the temperature distribution through
the thickness. Accordirgly a number of specimens had a 1.0mm blird hole
drilled to varying depths to accomodate a sheathed platinum-platinum/
rhodium thermocouple, and the output read whilst controlling the specimen
at 785°C and 1250°C. The results, shown in fig.39, indicate no skin effects
at the specimen surfac.e, the slight temperature drop at the extremities
belng due to insufficient material surrounding the thermocouple tip.

4) Determination of specimen surface thermal efficiency. The re—
designing of the simulator jaws meant that quite long specimens were
required (100mm + gauge lergth) which in turn led to difficulties in
specimen manufacture. It was decided that only the gauge length would be
machined to the required thickness, (all tests being conducted in this
region), the as-rolled finish and thickness being comsidered satisfactory
for the remainiﬁé length (0.15-0.25xm oversize). The efficiency of this
finish was then compared with othér methods of obtaining a close contact
with the heat extractirg jaws and the results shown in Table‘IY. As
expected a ground:surface gave the best heat transfer but machining
difficulties due to the naturalof the material precluded such a finish on
large quantities of specimens. The as-rolled surface is quite rough
resulting in poor heat transfer. Two methods weie ﬁsad to overcome this
Problem, firstly aluminium foil was wrapped around the end of the specimen |
before loading-in the grips. .Fhen the holding locad is applied the foil is
compressed into the surface imperfections to give a smoother effective
surface, resulting in & 25% increase in'the rate of heat transfer. To
ensure that the foil was adequately £illing the imperfectioné an extra

layer of foil was added, but as the cooling rate fell it was decided that
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practical problems in applying a double wrapping‘ﬁore than outweighed any
improvement there may have been in refining this technique. The second
method of improving the surface finish was to briefly linish the surface
(i.e. with a rough polishing medium), and this reduced surface asperities
to a level of uniformity which enabled fairly efficient heat extraction.
FNo significant improvement was achieved surrounding the linished finish
with aluminium foll and hence it was decided to standardise on linishing
the specimens and loading straight into the grips. All cooling rates
required for the investigation could be achieved with thias surface Pirdish.

5) Measurement of maximum cooling rate, = Depending on the plate'
thickness and weldirg process used cooling rates of up to 100°¢C per second
can be experienced initially by heat affected zone material which reaches
more than 1000°C. Although cooling rates of this magnitude can be easily
programmed on the simulator, the actual rate of heat extraction from the
specimen is limited by the capacity of the copper grips to remove heat.
The cooling rate which may be achieved is governed by three factorss

a) specimen gaugs length;
b) peak temperature;
and c) specimen cross-section.

As this last factor is governed by the grips available only the
first two were considered as variables. It is known that gauge length
influences cooling rates to a much greater extent than cross-section [42],
the.fixed grip.size was not therefore considered to be a great disadvantage.
Previous metallographic studies had indicated peak temperatures of 785°C
and 1250°C to be of interesi, and hence it remained to vary the gauge
length when cooling -from these peak‘temperaturéa to‘determina the cooling
rate versus gauge length curve. These were obtained: by heating the specimen
to the required peak and then switching off the. -heating current, The:

resulting natursl specimen cooling rate due to the water-cooled - jaws was
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monitored by a O,5mm sheathed thermocouple in a blind hole at the specimen
centre and displayed on a pen recorder. Tha-reaults are shown in £ig.40,
and indicate that gauge lengths of 17.5mm and 25.0mm are suitable for the
respective peak temperatures of 1250°C and 785°C with a sufficient safety
margin to allow controlled rathér then natural cooling.

6) Eurotherm optimisation. — After ensuring confidence in the
temperature readings being accurate and consistent it remained to ensure
that the desired programs could be accurately followed. The accuracy with
which the program on a Data=trak chart is followed depends on ;he settings
on the 'Burotherm' three~term control system. There are five control
settings which briefly perform the following functions; .

(1) Proportional control (Xp) - this controls the size of the
" bandwidth around the control temperature. If the temperature
stays within the band the power is always on, the amount of
power depending on how close to the lower end of the band
the temperature is, i.e. at the lower end 100% power, at the
mid-point 50% power etc. If. the bandwidth is too narrow the
power switches completely off and on frequently.

(11) Derivative (D) = this considers the speed at which the temp~
erature is changing and tries to anticipate in advance the
power required if the temperature continues at that rate of
change. - |

"(;_Li'i) Integral (1) - this is capable of moving the entire band-

- width around the set point so that the power delivered

”according to the proportional aetting will 3ust compenaata
for any losses. Each point on the setting refers t0 an

'integral time' - if this is too short tha band moves too
rapidly and an on/off situation results, but 12 4% is too

long the band movement is sluggish and overshoot occura.
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(iv) Alarm control (L) = this controls the amount of deviation
(as a percentage of the total span) of the true temperature
from that desired before compensation occurs;
(v) Power control — this controls what percentage of the power
available can be used on maximum demand.
By trial and error it was found tbat the most suitadle settings for each

peak temperature were:

I D L X P
185°C 3 6 20 100%
1250°¢C 3 3 4 5 100%

Examples of the simulated structures obtained are shown in figs.
41-49. The 785°C area could be distinguished in the real weld by dark
etching bands. This enabled highly accurate definition of the peak temp—-
erature set, as when the pqak is slightly too high the specimen etches
with two dark bands which have just separated (f£ig.50). The thermal cycle
of each specimen was monitored during simulation by means of a Rikadenki
chart recorder. This enabled the accuracy of heating and cooling rates to
be checked and the actual peak temperature measured; in general this was
within * 450 at 785°C and £ 7°C at 1250°C, these beirg within the quoted
accuracy for Pt-Pt/Rh thermocouples. A further guide that the correct
microstructure was being simulated was achleved by conducting microhardness
checks on the specimens. By comparing the hardness ofsimulated specimens
with the hardness of the area of interest in the real weld it was ‘possible
Yo ensure both the required microstructure and consistency between speci=
mens. Specimens were gimulated, commencing in either primary-hardenea or
overaged 550°C conditions as is normal welding practice, in sufficient
quantities to allow three fracture toughness tests and two temsile tests
to be carried out for each selected condition.:A number of specimens were

also simulated to allow metallographic examination, .-+ -7 3 . 0i
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It is known that the major parameters in thermal simulation are
the peak temperature attained and the heat;ng and cooling rates experienced
in cycling to that temperature. Accordingly a further number of specimens
were simulated to the same peak temperature but at different heating and
cooling rates; these thermal cycles were determined by use of a computer

program specially desigred to predict temperature distribution.

3e342, quputad Thermal Cycles.

Due to burn—ﬁff of the embedded thermocouples during welding
no actual record of tﬁe thermal cycle to the 125000 peak was obtained. To
overcome this it was elther necessary to obtain an approximaticn by use of
" the Welding Institute data [61], or use one of the many computer programs
devised for this purpose. A copy of such a program by Westby [54] was
obtained and work commenced to adapt it for use on the university ICL 1500
series computer. Due to the re—iterative nmature of the program very long
run-times result. A full description of the modified program and typical
print-out are shown in the appendix. Comparison of the computed peak temp—
erature with actual tempersture at any cross-section during the MIG weld
shows increasing variance as the distance from the fusion line increases
(£ig.24). This may be influenced by the backing plafe acting as a heat-sink
during weldigg, this consequently reducing the subsequent cooling rate. By
comparing peak temperatures rather than cross-section it was possible with
adjustment of the material thermal constants and welding process efficiency
to obtain reasonable agreement with the 785°C cycle. The same print-out
was then used to establish the thermal.cycle which Just reached 1?5000
and th%a used for the secoq@'get of simulated specimens (fig.SS).

Subsequent work to establish the effect of heating and cooling
rates involved further use of this program.

B N

Th;s was simply achieved hy‘
altering the welding speed whilst keeping the remaining conditions con-

stant, increasing the speed reduoing'the heat input per unit léngth
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" resulting in faster haating and cooling rates at a cross-section much
closer to the weld centre—liﬁe. It was not possible to simulate a cycle

- o
with increased heating ard cooling rates to 1250°C, the or;ginal cycle

being already very close to the limit of capabilities of the simulator.

3.4, Fracture Toughness and Tensile Prorerties of Weld Heat Affected Zones

Intfoduétion

Earlier work on the hardness of the weld HAZ's indicated that the
fegion where mechanical property variations coculd be expected ;ére those |
.corresponding to approximately 78500 and 125000..It was therefore decided
that these areas would be rigorously investigated to measure the effect on
properties (especially fracture toughness) by employing both real and
simulated HAZ's. By reference to the microharéness surveys conducted it was
possible to locate notches fairly accurately in areas of interest‘to enable
fracture toughness tests to be carried out on the real MIG welds.,

By combining actual measurements and computed cycles the thermal
history of these areas could be determined, hence allowing simulation of an
identical YIG cycle (£ig.56). Due to material limitations actual welds were
conducted on air-melted plate alone, but éimulated specimens included
vacuun remelted stock. The pre-weld treatments employed were those recomm-
ended for plate to be welded, i.e. primary hardened (1050°C + 850°C) and
ovéraged 550°¢ conditioﬁs. Specimens were simulated %o 78500 and i2$d°0
peaks and then half of the former vere sub-zero transformed at —76 C to

qpantify the effect of austenite in the microstructure. Specimens were

4
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finally divided to allow testing of as-cycled conditions ard the standard
post-weld ageing treatments (at 450°C, 550°C and 620°¢C) .
Conventional methods were used to determine tensile properties
but the high toughnesses encowntered meant that a great deal of time had to
be devoted to the techniques of the three test methods tried, namely clip

gauge testing, photographic calibration and stretch zone measurement.

3.4.13 Specimen configuraticn.

The size of specimen which could be employed for fracture
toughness testing was to a great extent dictated by the physical capabil-
jties of the thermal simulator. As the thickness of the specimen increases
the heat flow during cooling becomes nor~uniform and-slow, especially in
materials with poor tharmal conductivity (such as stainless steels). This
either resulis in non—uniform microstructures or non-programmed atructures.
Based on the experience of previous investigators the simulator jaws were
designed for a speciﬁen thickness .of 6mm, which automatically determines
a width of 12mm if the specimens are to conform to the dimensionai ratiocs
recommended for single edge notch bend (SENB) specimens in the British

. Standard for Fracture Toughness Testing (DD3). Specimens were cut from 6um
(nominal) FV520B plate in both lcng;tu&inal and transverse orientations
(£1g.57). The simulated specimens were notched on the line of peak temp—
erature, this being visible by the remmants of the control thermoooupie
wires used during simulation. The noich was milled to a depth of 3mm, being
1.5mm wide, anﬁ of 606 included angle. To obtain approximate crack/ﬁidth
(1.0, 2/w) ratios of 0.5 a further 3um of crack depih wes obtained by
-fatigue cracking., Using an Aﬁsler Vibrophore fitted with a two ton dyn#-
mometer and a three point bend beam of 48mm span (fig 58) the specimens
were cracked in four stages of reducing load (5, 4, 3 and 2N amplituda)
This was necessary due to the considerable time needed to re-initiate
prack gfpwfh af?e: 1ower1ng the load, For each specimen it was anauréd

that the last 1.2mm pf crack growth occurred in at least 50,000 cycles,
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The fracture toughness testing was carried out on an Instron Universal
testing machine utilising a similar three point bend fixture and constant
crosshead movement of 0.2mm per minute. A number of tests were conducted
on a specially manufactured rig attached to the Mand simulator (£ig.59).
‘Whilst being satisfactory in #11 other respects this machine was only
capable of crosshead movement in discrete steps and hence to avoid any
.inconsistencies testing was confined in later stages to the Instron.
Support knife edges designed to roll\apart in loading should be used to
minimigse friction effects but such a set-up would not allow mounting of a
clip gauge and knife edges, essential for many'of the tests. Frictional
effects are difficult to quantify in three point bending, but as the
specimens were small these effects would also be small and conétant, hence
the use of the Amsler beam was decided upon.

Fracture toughness could then be measured in a number of different
ways, three separate techniques of COD measurement and calculation being
employed (photographic calibration, clip gauge and stretch zone) and a

further parameter, the J contour integral being measured.

3¢4.2, Photographic calibration.

Specimens with nomirnal 8/w ratiocs of 0.480, 0.500 and 0.530
were prepared in each orientation., These specimens were marked with a
parallel series of microhardness indentations 0.05mm each side of the
fatigued‘orack"tip as shown in fig.60. Where the tip of the crack was not
imﬁed;afély-dbvioua a short electrolytic etch in mixed acetic and per-
chloric écidé was used to polish the areas While testing was in progress
a record was made of load 'against time on the Instron chart recorder. A
photograrhic record of each calibration specimen:was made using a 35mm
single lens reflex camera fitted with a microscope attachment instead of
the nornal lems (£ig.61). The microscope was fitted with a x5 objective

and ‘a x10 eyepiece to give a total magnification of x50, This was found to

]
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be the most satisfactory combination as higher magnifications resulted in
a very shallow depth of field with the result that the slight specimen
movement during the test was emough to require continual adjustiments %o
the focus, a process made more difficult by the weight of the camera. In
addition the smaller field of view at higher magnifications meant that the
crack tip qgicklj moved out of view as the test amrm descendeds There would
have been very little increase in accuracy at the greater magnifications
as it was still possible to measure the crack opening displacement to
0.0025mm with the set-up used. Photographs were taken at approximately
thirty second intervels during the test, using a cable release to avoid
cawera vibration, and marking the chart at each photbgraph. A dual source
of illuminaticn was used to provide light, consistirg of an opthalmic spot-
light to enable focussing to take place and a rapid racycling electrenic
flashgun for the actual photographic exposure. Trials were carried out with
the flashgun at varying distances and angles to the specimen to determine
the clearest image. The most suitable arrangement was found to be at 45°
to the camera and specimen in the horizental plane, and elevated by 300.'
Using film with a speed of 125 ASA a flashgun with a guide number of 30
(at 25ASA) needed to be positioned 100mm from the specimen. After devel-
OPiFg, the negatives were enlarged to give a totﬁl magnification of two
huqd;gdltimee.normal, the projected image being measured directly on a
white easéi..With some apecimens gross deformation occurred by means of

'plastic hinga' which tended to obliterate the indentations at the
actual tip (fig.é?) In theae cases extrapolation of tha visible indent-
ations was required to find the disPIacemant at the extrema cradk tip. As
the specimen was invariably well beyond general yield when this occurred
ro inaccuracies were introdgcp¢?.but the_figufeélﬁﬁtaingd Ai& hélp fo. |
establish the geneml shape of the calibration curves. Ea.ch. measurement |

gave the valus of tha crack opening displacement during the test and had
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to be correlated to its offset plastic displacement by reference to the
chart record. The offset plastic displacement was found by drawing a
straight line along the initial portion of the chart record and then

. measuring the distance to each calibration point parallel to the time axis
(£ig.13). A calidbration curve was then drawn for each of the two types of
specimen (figs.63 & 64). Several curves were obtained for each specimen
type each being for a different a'/var ratio. The closeness of the curves
indicates that crack length does not have a large effect within the normal
range of experiment (approximately 0.48-0.52 2/w ratios). After calibration
testing was conducted by simply breaking the specimens in three point
bending without any form of 1netrumen£aticn. A load-time trace was obtained
from the built-in Instron chart recorder and the offset plastic dieplece—
ment at crack initiation and maximum load measured. After determining the
crack length before testing with a travelling microscope a COD value was

obtained by reference to the calibration curves. (Table E).

3.4.3. COD measurement.

The technique used was that recommended by the draft British

Standard for COD testing (DD19) [94]. The clip gauge was manufactured to .
the specification within that standard, employing 'Welwyn' sirain gaugs
type BA-05-125C~350. Detachable 'saddle-type' knife edges were made to the
drawinge contaired in DD3 [76], these being employed to mount the clip
geuge cntc the ‘bend specimens (fig.65). The specimens were loaded in three
_pcint bending cn the Instren teeting machine ueing the Amsler beam as
deac“ibed previously. The cuzput frcm the clip gauge wag fed through a
Bryane 092 transduce: amplifie“ unit tc a Bryans X-Y plotter. The seneit-
ivity ccntrcls of tha plotter werse adjueted tc give a epecimen trace with
inltiel elcpe cr 60 (the actual elcpe depends on the specimen compliance,
which 1n turn ie highly influenced by crack length) When the initial
ccnditions were establiehed calihraticn cf the clip gauge could teke piaca
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to determine the :ﬁnge over which the output was reasonably linear (fig.66).
Any very slight non-linear behaviour was due to instrument amplification
effects, these being eliminated by consistently starting the trace from
the same point on the plotter X axis., Calibration was achieved by compres—
sing the arms of the clip gauge at the tip with a micrometer and then
hnoting the chart deflection for o given increase in clip gauge opening.
For actual specimen testing the detachable knife edges were mounted eqpi; \
distant each side of the notch with a total separation approximately equai
: to the value at the lower end of the linear portion of the calibration
curve. The calibration was checked at the beginning of each testing session

and every tentﬁ specimen thereafter. From the curves obtained the output

at crack initiation and maximum load (ignoring stable crack growth)
was converted to clip gauge opening. Thia value was substituted into

the DD19 equation to calculate COD and the results shown in Table vI.

3e4.4. Stretch Zone Width.

Although it is possible to estimate stretch zones microucop-‘
ically on mounted and polished specimens measurement 1s far more accurate
if a reasonable portion of the zone can be examined in plan. This is due
to the intermittent nature of some stretch zones, where either an average
value is taken or short missing sections are ignored (figs.GB-?O).ﬁTq
facilitate measurement and at the same time allow tractographib examination
pfﬁﬁye_f:gcture_aurface, broken apqcimens were viéwed using a Cambridge
Stereoscan scanning’ electron microscope (figs.71-80)« To ensure .that the
- full stretch zone width is measurﬁd it must be examined whilst normal to
the electron.beam.'Thia:naa achieved by eye judgement when loading the
specimeon and final fine-adjustment of- the specimen_stagalwhilat viewing
the electron. image. At.thedsgmp;tigg_deviatgqgahf#qm.thq.gentreline
of the crack could b?-OPSF?VPQ;QQGitbePB‘QKO??@eé,f?Om ﬁhe_expérimenf&l

determination. Any_errors_resulting.from miaalignment of . .the, . 8pecimen

- are :9lated to the coaine of the angla of error nn& hencs .are extremely

By

‘small; a 10° error in alignment causes an error of only 1. 5% in stretch
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zone measuremanf. The amount of error is small in relation to the ap;eaﬂ

of results obtained (Table VII).

3.4.5, J Contour Integral
J values are an estimate of the work done in initiating fract-

ure and hence can be measured from the area beneath the load-displacement

curve obtained during testing. Convenience of testing is greatly improved
if values can be obtained from the load-clip gauge opening traces obtained
in plane strain fracture-toughness testing and COD testing, thus facilit-
ating comparisons on the same specimens between testing techniques. Sumpter
[111] has shown that the relationship btetween clip gauge opening and load-
point displacement is essentially linear and suggests a J estimation pro—
cedure for load-clip gauge curves. Dawes [113] has simplified this pro-
cedure and this analysis was used to estimate J values in this investig-
ation. Basically the curve is reduced to a straight sided trapezium by
careful substitution .of linear sections. The area of a trapezium is
relatively easy to estimate. Of the various values necessary in Appendix 3
of refersnce [113] further simplification was empiqyed where possible.
Hence by substituting a/w values of 0.45, 0.475, 0.5, 0.525, and 0.55 a
curve was drawn of values of g, and intermediats values of 2/w interpol-
ated, Ta eliminate the effect of varying yield point values introducing
error into %aluas of q,, this valua'waa obtained from the equaticn
G = B=H)

. © o adz
where 'V :ard § are clip gauge and crack tig openings respectively, these
values being obtained in the simultaneous COD test: Providing that the
linear relationship o"f ‘load point displacement and clip gauge opening
holds, actual values of displacement~ére:n6t-reqﬁired.‘?alueé were calcul-
ated for the high temperature structure specimens and vacuum remelted - -

arent plate, the results being shown in Tables VIIT and IX. " -
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3e4.6. Crack detection

Early attempts at detection of crack advancement, the critical
value of COD, concentrated on the use of ultrasonics. A 60°‘transmitter—
receiver probe was clamped to & specimen and the output read from the
scresn of a Solus-Ochall wWitrasonic detectlion unit. The probe was found to,
be highly'sensiti?e to its position in relation to the specimen notch, even.
small misalignments resulting in the probe missing the reflected beam. To
overcome this a simple cardboard jig was constructed which located in the
specimen notch and accurately positioned the probe. Afnumbar of épecimens
were tested and when an indication of crack growth was obtained the load
was immediately relaxed. The specimers were then etched while immersed in
an ultrasonic cleaning bath, thus ensuring that the etchant reached the
tip of the craék. After subsequent immersion in liquid nitrogen the speci-
mens were quickly broken open. It was then possible to measure the extent
of fibrous fracture propag;tion during testing by use of a travelling
microscope, the relevant area being the etched portion beéween the fatigue
crack and the unetched fibrous fracture. Results showed that it was not
possible to detect crack advanpement Qf less than 0.25mm, & disappointing
figure when compared to values of less than O.1mm obtained with electrical
potential set~ups. [121].

In the light of this equipment was purchased which wculd allow
crack detection by monitoring the change in potential which occurs across
the crack when advancement oceurs. The equipment 13 shown situated on a
mobile trollear in £ig.59 and illustrated schemstically in fig.14. Current,
supplied by a Farnell power pack was fed to the specimen by copper clamps
as shown in fig.81. Fine platinum wires were micro—reaistance spot welded
1o the tOP (notched) surface of the speciman, diagonally oppoaed each side
of the notch. The output through these wires was backad off to a vary low

value usirg a Time Electronica D C- hillivolt Calibrator and tha remaining
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output fed to a Tekman millivolt recorder-amplifier set to its most
sensitive scale (50 microvolt). During testing there was an initial rise
in the curve as the crack faces separate, followed by a reasonably linear
portion. The change in slope which occurs when crack propagation occurs
airle svideont in most caces (£ig.82); hewever in cxccpiicnmally tough
specimens it was very difficult to estimate this point, a gradual curve
being obtained. The definitive nature of the curves obtained decreased as
toughness increased, being of least value when needed most, i.e. when it

was impossible to estimate a critical event from the load-clip gauge trace.

3.4.7 Summary of results

The large number of results obtained during this investigation (shown
in Tables V-XII) are a consequence of having five variables to account for,

i.e. pre-weld heat treatment, plate type, peak temperature attained, posi-

weld heat treatment, and testing method.

a) pre-weld heat treatment; parent plate and simulator specimens were

heat treated to one of the two conditions recommended by the manufacte

L]
urer, i.e. primary hardened (solution treated + two hours at 85000)
or overaged 55000. This variable is shown in the results tables as

the main vertical subdivisions.
b) plate type; parent plate was obtained as either air-melted or vacuum

melted stock. The former was supplied in sheets large enough to

obtain test'specimens both parallel and longitﬁdinal to the rolling
direction. This effectively gave rise to three plate types, longitud-
inal airmelted, transverse airmelted and vacuum remelted; this variable
1s shown in the results tables as the main horizontal divisions.

¢) peak temperature attained; as previously discussed two regions were
deemed to be of interesi, fhosé experiencing peak temperatures of

either 785°C or 1250°C. Both simulated specimens and the relevant

areas of weld Tuns were tested and separate results tables used for
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each peak.

d) post weld heat treatment; the presence of austenite was important
in specimens cycled to ?8500 and hence half of these were sub-zero
transformed at ~78°C immediately aftér the welding t£ermal cycle.
This variable is shown as the vertical subdivicicns in the roslis
tables. Specimens could then be tested without further heat treatment
or after heating to one of the three standard ageing temperatures
(45000, 550°C and 620°C). These appear as the four horizontal sub-
divisioﬁs in the results tables.

e) fracture toughness testing method; five différenﬁ methods of determ
ining the fracture toughness of simulated srecimens were employed,
being COD by photographic measurement (Table V),COD by clip gauge
(Table VI), K (Table VI), COD by stretch zone measurement (Table
VII) and J (Table VIII). The results of  similar determinations cn

. parent plate and welds are listed in Tables IX and X respectively.
For comparison purposes selected values of these results are com-

pounded in Tables XI and XII using clip gauge COD as a basis, this

being the most commonly used test.

A similar layout scheme was used for the tensile testing results shown in

Table III.
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‘4o ' ° DISCUSSION
The findings of this inreatigation will now de discussed in more

and the implications of these reviewed. Initially the findings in

relatiom to FV520B parent plate are ahalyaed in terms of microstructure

" and body of new data obtained relating to mechenical properties. The

effect of weiding heat on the metallurgy of FV520B is analysed in terms

of the resulting microstructures and some areas of unexpected response

" delineated, with regard to their further investigation. The validity of

the simulation techrique is discussed from the ;spect of microstructural
sicilarity together with the assistance provided by this technique in
aabertaiﬁing the micro-processes taking place during welding.

" A further check on the validity is then provided by comparing

_ "the fracture toughnoss values obtained from real and simwlated micro-

structures together with any éhangos'in teneilo propertias-wgich hava
occurred. The general levels of HAZ fracture toughness are subséquently

discussed in relation to the values obtained from plate exreriencing

standard heat treatments. and the practical significance end implications

. . of these results examined. Finally‘the success of the various fracture

'-"toughnaas parameters in denoting 'toughness! 15 considered tcgather with

-

R practical difficultiaa which arise'both in their maasurement and 1n the

h

Gl S - ST A
.-correlaticn of parematers. - . -2

LI
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4.1 MICROSTRUCTURE, FRACTURZ TOUGHNESS AND MECHANICAL

PROPERTIES OF FV520B PARENT PLATE

Whilst it is possible that the strength of FV520B is
derived from a number of contributory precipitating phases, including
possible Laves phaseé, two have been identified positively, Nb(C,N)
and € - copper. The very fine particle size precluded visual identification
but fig. 17 shows that a carbide precipitation is present, Extraction
replicas (fig. 19) show very fine carbide precipitation within grains with
widely spaced coarser pfecipitates. Heavier precipitation occurs along
the grain boundaries, and there is evidence of what may be fine columnar
carbides growing for a short distance perpendicularly away from the gfain
boundary. The average grain size is approximately 0.002mm with the largest
spherical precipitates being an 6rder of magnitude smaller for the over-
aged 620° condition; in addition there are indications of a cell sub-
structure forminz, The diffraction pattern shown in fig, 19 is only one
of a large number which provide correlation beyond coincidence with the
'd" spacings of NbC and NbN (Appendix II). |
Fig. 42 shows two other types of precipitate which were found,

being either block-like or acicular in morphology. - The latter showed
needles with aspect ratios of between 5:1 and 12:1, The diffraction
patterns obtained from tﬁeae-tlu'ea.a were less dibtinct than those:from- the |
Nb(C,N) but there does seem reasonable proof that there is € - copper
(Appendix IIa). The angular block precipitates remain unidentified; it -
seems unlikely that they are another carbide as the ratio of Nb:C in
L FVSEQB is almost exactly stoichiometric, leaving little free carbon. This
.;'also leaves ﬁnanswered_thgfquestion of what reduces the stacking fault

'eﬁefgy to the extent that ﬁppreciable twinning occurs (fig, 18); both
: I carbonIand.co§pe; pou}d.be;responsible but it apbears that most of the;e

]

ffglamentg_are.prgc;pitgtéd. ‘The twins are distinct from the lath structure
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which may be seen in fig. 18d; here the laths are beginning té:break up
into a sub;grain structure, Large indistinct areas appear in these trans-
nission electren micrpgraphs due to the very h%gh density dislocation
tangles; These tangles and the very fine grain size endow FV520B with

both high strength and toughness by resisting dislocation movement and

crack advance.

Parent plate fracture 'toullghness va..lues (cop, Si) range from
0.040 = 0,076nn for air relted plate and 0,069 - 0,081 for vacuum remelted
plate. The improvemént obtained by using vacuum remelted material is only
marginai as tested but it is anticipatedlthat test specimens in the trans-
verse orientation would be very similar {o-longitudinal specimens and.in
this respect would be aignificantlf superidr to air melted stock., With

fewer inclusions more strain must occur before ductile necking can occur

between them; in transverse air melted material they are already bought

into reasonable proxzimity by the rolling process., As was expected the
gereral trend was for the fracture toughness to increase as the ageing
temperature was raised; the higher ageing temperatures allow more recovery

of the structure and the coarser precipitates allow easier dislocatidn

movenent. The lowered yield stress results in a larger plastic zone to

spread the load and hence a-larger COD. - Comparison of these results with

othar workers is difficult, - The'bnly values of S'quoted are thése by
Baker ([137) and .these ‘are considerably larger (0.2om); the results are’

not comparable however ‘due - to differences -in test temperature and spec-

izen geometry, . ez inil oo ?‘;:w R ~d

+ The: fracture toughness valuas obtained ‘from parent plate arﬁ

shomm - in Table 'IX. “:Comparison of air-melted and vacuum remelted- apec-':

iuens of the same'orientation ahcwa that“the latter diaplays COD‘valuna at

least 50% greater. uhen considering new crack growth: ‘the values obtained .

for COD at maximum load show- that an improvement in excesa of 1005 is

‘obtainod. This would appear to emphasisa the. boneficial effect*of zemoving

) . D - . .- - - . v .
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inclusions from the materisl to incne;se teughneee. Comparison of scamning
eloctron micrographs of fraccure surfaces obtained for air melted material
(£igs.78,79) with those obtained for vacuum remelted plate (fig.Eb) 11lus-
irate clearly the difference in cleanliness. Elongated etningers of mangan- |
ese sulphide arc visible in large quantities in figs.78a, 79a, 79b end T9¢c.
These give rise to enlarged areas of essentielly flat‘frecture with little

energy being absorbed. Equally large numbers of spherical inclusions of
the seme constituent can be seen in the‘seme figures, these spheroids grow-

irg to quite large dimensions in places (fig.78b).

The way in which the manganese sulphide is extfuded and broken up
during folling can be seen in figeqTéa, 78b, 79b and 79¢; hence a ‘laddor’
type of fracture surface ie produced as a etriné of inclusions causes an
enlarged vold around ecch particle. The lack of ductility of thes inclue-

ions pOlnts to a cempound eulphide, pceeibly'nns with high Cr content., A
third type of inclusion is also visible in fig.78c; theee have the arpear—
ence of rcd—like enguler perticlee and are aesocieted vith a lerge aroa
of flat fracture. Immediately edjacent to thie flat area the crack ghows
- a eubetentiel change of directicn; 1t is peesible that the angular part-
icles are associated with a grain bounda:y end the change in crack

direction repreecnte deviation elong the boundany. Figs 7Bb and 793 also

- \ . - £

?ehow areae ef ﬁhat is poesibly a eofter phase' the fractu:e eurface ie much

_‘emoother and Qf eignificantly different orientation.

[ P . _“ NN

Vacuum remelted epecimene exhibit frecture eurfeces which are

radlcelly different ‘ Feterial aged et 450 c (fig. 80&) is unique in thie

inveetigation in dieplaying cleavege.

»»»»

ﬁ The yield etrength hae been raised to .

e ais

such a high 1eve1 that cnly lccalieed yielding occure juec belew the notch

before tensile etreesee have built up to euch a level thet cleavage can | 'I

ooeuz The 1‘”"" “’“’1‘1 ""“e"gth atter aeeing at 550 c (fig.BOb) leede te a

e

surface consiete cf fine dimpling with ccceeionel 1nc1ueione leading tc
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larger cusps. The general void diameter for vacuum remelied specizens is
nuch smaller than the averege for air melted specimens; the greater emount
of work dcna.in the ductile necking which takes place during microvoid cosl-
escence results in the superior toughness of the vacuum remelted matarial.l

| The fracture toughness values (Teble IX) for the vacuum remelted
plate chow a difference of approximately 10% between specimen orientation
when considering initial craék extensior; an improvement of 50% is obtained
when cons;dering COD at maximum load cémparing longitudinal to t:anaver;; ‘
specimens, The familiar relationship of decreasing toughneas‘with increasirg
tensiie strongth is displayed, the toughness increasing with ageing temp~
erasures. Voiy little difference existed between the specimens aged at 55000
and 620°C in the lonsiéudiﬁal direction; all specimens in this orientation
woere particularly notable for the extremely high values of CCD at maximun
load, this fracture toughness criterion giving gcod.consistency of results
for the parent plate. Using the J contour integral, interestingly the 550°c
spacimens éhéwed the best toughness; obviously on a work done to fracture
tasis the combination of high toughness with moderate strength gave the
highest productive figure. The J values obtained also demonstrated a similar
difference of approximataly'10% between specimen orientations.

- A wide range of heat treatment combirations were carried out on the :
air walted plate prior to'COD testing (Table,IX). From these results geveral
conclusions may be drawn. With respect.to the conditioning heat treatment
at 850°C or 750°C better-téughneéses=(on-an:initiation basic) are obtained
by employing the latter:temperature; this is due to the my temperaturd
being raised less at-the lower temperature and“éc:a'1easicc§plete,trans—
forzaticn to maftenﬁite results:’ The improvement:obtained: decreases as the
‘ageing temperature increaces although the actual value of tougﬁness rises.
hgeirg at 620°c‘eradicates any offect of differing col'ndition‘ing temperature.

" From Table IXa it may be’ observed that the. conditicninu treatmnnt

‘at’ 750/850°C makes an important contribution to inproved touﬁhnesa. Direct '
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ageing of a martensitic matrix (treatmenta-4,5,11 an& 12) results in 1owe£
values of 5; in coﬁparison.to conditioned specimené. The effect is more
exagzerated in the sub-zero treated testpieces. Sudden crack advance occurs
with 1little ductility being exhibited; this is ﬁarticularly marked after

' ageing at 45000 where initiation and maximum load COD value; cdincidé, al-
tﬁough ageing at 620° does restore the latter to a more accepteble value,
Although refrigeration raises initiation COD it exhibits the properties
more usually associated with brittleness; on this basis the results are
the apposite of thbse which may be intuitively deduced, The fine ferrite
carbides which result from the conditioning treatment obviously play a
significant part in increasing the toughness. This is probably the result
of the initiation of very fine ductile dimpling allowing graduzl crack

edvance whilst absorbing much of the work dome.

'The éeneral toughness of the air welted material rises as the

ageing temperature is increased; the increase obtained by raising fronm

" 450°C to 620°C is proportionzlly greater than in vacuum remelted material.
This is more likely due to a lowered value after ageing at 450°C due to the
high inciusion bontent; after ageing at 620°C the matrix is sufficiéhtly
ductile to minimise the effect of inclusions. The COD valﬁes of transverse
. specimens of aif melted material are-consid?rably,lowar than those obtained
from vacuum.remalteg,_Initihtipn COD's are approximately 65% of the vacuum
- remelted value while maximum load COD's average only 45%; the large diff-

"orenca in the latter case is no doubt due to the high uniform ductility

e

w e . -}

-

exhibited by vacuum remelted material. 'j‘ i ‘. “

. The Values of tensile properties of eir—melted parent plate
are ShO“n in Table III. These demonstrate the inverae relationship

,,,,,,
." .

_ between tensile propertiea and duotilitv. Littlc differanca exists o

F 3

between the l+50 c ‘and 550°C a:;eing troatoents rith reapect to tensile
atrength, but a useful increase in ductllitv is’ obtnined with tbe

higher ageing temperature. Even so the ductilitv anibited after
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ageing at LEOOC is quite remarkable in view of the high strength
level, Strength shows a marked drop after ageing at 620°C but the
best ductilities are obtaincd._

It may be concluded that the fracture toughness (COD 6 ) of FV520B
plate varied from 0.040 - 0,076mm for air melted.plate and 0. 069-0,081mn for
vecuun remelted plate depending on heét treitment condition and orient-
ation to the rolling direction. In general fracture toughneés inereased

progressively as the ageing temperature increased from 450° to 620°C.

Aston University

lustration removed for copyright restrictions
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4.2 *" MICROSTRUCTURE AND HARDNESS OF THE WELD HEAT

" "AFFECTED ZONE
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_ During the coursa of hardnesa surveys of the HAZ of

37

trial weld Tuns it became apparept that two areas showed persiatent

P -

aoftness throughout e variety of heat treatmenta. Thesa regiﬁns .

. ,.s.-_..'

correaponded to peak temperatures of approximately 785 c and 1250 c

and fuxther efforta were directed towarda establishing the cause s.

- e

of these effecta. ‘ -”f
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4,1,1., Low Temverature Microstructures

Inspection of the weld hardness

plots (figs.25-28) show that the as~welded plate has reasonable gradaticn
of structures, the only notable deviation being found at 7=-8mm from the
fusion line (measured along the plate centre-line). This coincides with

a band of carbide precipitaticn — (fig.3l)-and hence may be assumed to be
related. The temperatures experienced in this region are those where rapid
carbide precipitation wou%d be expected but btelow that at which the part-
icles start to re-dissolve. The effect of subsequent ageing shows a much
greater variability appearing, this being concentrated into two main
regions, a high temperature region approximately 3mm from the fusion line,
and a broader region experiencing a lowsr temperature between 9 and 12mm
from the fusion line. This low temperature area is remarkably persistent,
the 750° or 85000 conditioning treatments and ageing failing to remove

the effect. Even resolution only has limited success, Due to similarity

of this effect with that experienced in the nickel maraging steels a
similar approach was tried, that of éndeavouring to establish the presence
of austenite. If local microalloy enrichment occurs the m, temperature may
be sufficiently depressed to be below room temperature. Kaae [34] has
measured the 'normal! m, temperature at 65°C, hence very little further
alloying is required to depress this transformation a further 50°C locally.
Sub-zero treatment at -7800 for twenty hours appeared to substantiate the
- belief that extra austenite was being formed. Kaae also measured the ma
temperature at =50°C, meanirg that substantial amounts of austenite are
dispersed throughout the microstructure. This would also be transformed by
treatment at ~78°C resulting in a substantially completely martensitic
structure. The structures subsequently obtained would hence show a greater
hardness and strength throughout all the Teglons where substantial amounts
of austenite would be present. This is borme out by the microhardness

surveys where the entire hardness beyond approximately émm from the fusion
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line is increased (fiés.25,28). This incréﬁso is maintained after sub-
sequent egeing, the sub-zero and aged 620°C plot being a steady value
above that found by direct 620°¢C ageing. _

The effects of the heat treatments are visible macroscopically as
shown in figures 51=-54. The as-welded structure shows two broad dark etch-
ing bands separated by a light etching band. With subsequent egeing the
band further f£rom the weld bead contracts in size until at 620° only one
band remains. This corresponds with the coﬁtraction of the austenite
' bearing band until it merges with the similar band formed at higher temp-
eratures. Treatment at —TBOC conpletely remove; this second bgnd (£ig.53b),
‘which would point to this etching effect being due to the austenite. The
conditioning 750°C trcatment shows that the worst effects of welding are
removed but some evidence of their limited presence still remains (fig.54).
A_trial three-run weld conducted on 15zm plate is cghown in fig.55. Here -
the dark etching bands formed in the first two runs are ahﬁwn to be removed
at the inner edge of the same zons of the third run. This roughly corres-
ponds to the resolution temperature of 1050°-1100°C and shows that any
effects of aegfegation are minimised by the refining effect Ef subsequent
;uns. Figs.51-54 also show the great amount of aegr;gation wvhich o;;ura on
the centre line of the plate; this is also visible on a microscopic scale
as & ferritic veining tending to follow prior austenite grain boundaries.

The microstructure of this region is very diffuse making features

difficwlt to identify (fig.43). Thé general structure is of tempered mart-
) ensite intimately diffused by a lighter etching phase. Efforts td identify
this as discrete amounts of austenite by X-ray diffraction were unsuccess-
ful in the limited time available due to the highly directional nature of
the rolled plate. Nearly all of the small spherical particles visible are
‘less than one micron in diameter making determination of the constituent

elements impossible except by electron metallography,
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Very little of note can be further distinguished in specimens
simulated to 785°C (figs.41 a - & ). Patches of a light etching phase
appear in substantial amounts (fig.41a) Which become reduced in size after
sub-zero treatment (fig.41b). This again leads to the conclusion that this
phase is austenitic in nature. Further ageing at 620°C for two hours leads
to an increase in this phase, consistent with the formation of fresh aust-
enite which is known to form at this temperature, together with a diffusing
of the general acicular martensitic structure. Little differentiation can
be made between air-melted and vacuum remelted materials except that warg-
inally more of the light etching phase occurs in the formsr and on a

coarser scale (fig.41).

"4.1.2 _High Témperature Microstructures

Izmediately adjacent to the weld bead the microstructure shows
the features usually associated with temperatures close to the melting
point. The 'veins' evident throughout the plate before welding appear to
have liquated during the welding process (fig.BO). These veins stretch a

Iconsiderable distance into the parent plate on one plane, with very little
branching between veins evident except very close to the weld bead. This
feature does respond to the ageing process, the veins being considerably
coarsened and more diffuse after ageing at 620°C coumpared to the same
microstructure after ageing at 450°C, probably being due to diffusion away
of segregated elements. This coarsening of the structure together with
more normal grain coarsening slightly beyond this area mean that a very
var}abla hardness curve is obtained, with a tendency to softening at &
distance of approximately 3um from the fusion lins where the effects of
grain coarsening are worst. A slight improvement in hardness is obtained
by the sub-zero treatment (fig,.28) iﬁdicatiné the presence of austenite in
sufficient quantity to affect the general microstructure, rather than as

isolated pools of reverted austenite. Figs.48b and 49b show the grain
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coéraening which has occurrod during welding. Precipitation has occurred

on preferred planes withiﬂ the grains, being very coarse in some areas. At
.a number of points thero are what appear to be liquated inclusions, @he
morphology baiﬁg akin: to the similar effect found in the nickel maraging
steols [42]. Those tend to be associated with grain boundaries, having had

& pinning offcct during the period of grain growth (fig.49b). '
I. The behaviour of tho austenitic region when subjected to subsequent
lieat treatment can be seen in figs.51-53. As-welded (fig.51a) ;hore is the
hppoarance of a dark etching band close to the weld fusion line. On ageing
at 45000 and 550°C (£igs.51b and 52a) the width of this band decreases,

preaﬁmably due to depleticn of matrix alloying olements by precipitation,
this in tum affecting tho stability of any austenite present. Further

raising of tho ageing temperature to 620°C (£ig.52b) is responsible for

the re-appearance of fresh austenite throughout the structure, resultirg

in a generally darker-etching microstructure. Resolutioning at 1050°C
(fig.53a) effoctively re-establishga & uniform microstructure, this dbeing
'rﬁflacted in a smoother hardness plot (fig.26); the fact that it is not
.completely smooth is indicative of the fact that austenite formaticn is
only partly giving the structure variability, as previously indicated grain
éoarﬁening also plays a part. Treatment at -78°C for twenty hours (fig.53b)
has the effect of concentrating the dark etching line and also moving it
closer to the fusion line. A similar effect on hardneés is obtained as by
the yesolution 1050°C treatment, i.e. a smoothing of the hardness-plot

vith a small amount of softening remaining (£ig.28), this egain being due
tp grain growth and non-ageing constituents, o

. In air-melted material thﬁre is much évidénée of a lighﬁ.etching
phase at grain boundaries and triple points. This phase exhibits an angular
‘morphology and exists in far greater profusion in sir melted material com-

pared to vacuum remelted stock. Whilst it is possible that liquation of

..
P e - . e, o~
. - - .
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inaluéions may have occuffed in a8 real feld it is improbablé that a suffic-
iently high temperature was reached in the simulated specimens. In these
circumstances it is most likely that this phase is delta ferrite, This
demonstrates a double benefit of vacuum remelting; not only is the inclusion
ééunt-reduced, but the compositiona; control redugeslthe ingidence of the
undesirable delta ferrite phase.i Evidence of & twinned structurc is visible
in the as-welded condition (fig.44b) followed by heavy precipitation during
Ageing (fig.44a), the light etching areas not responding to ageing. The
grain boundaries become more oasily definred during ageing (figs.44a and 45a)
but precip}tation is sufficiently fine to be unresolvadle. Again ageing at
620°C leads to a more diffuse precipitated acicular structure and the form
ation of fresh austenite; the areas associated with the liquated inclusions
femain unaffected at thio ageing temperature (fig.45b). The prior grain
boundary network is much more disce?nible in tﬁe vacuun remelted material,
‘the general structure being 'cleaner' and easler to rosolve (figs.46,47,
and 49a). Grain boundary precipitation is much more intermittent in the es-
wvelded condition, giving the appearance of recolvable particles of carbide
(rig.49a). frccipitation vithin the grains is concentrated within the dark
etching zones where the shear transformetion to martensite has taken place,

‘precipitation occurring on preferred planes within the grain (£ig.49a).

Ageing at 450°C coarsens the grain boundariea.(fig.46b) and precipitates
vithin the grain on selected planes (figs.46a and 46b). Again a small
amount of 1ight etching ferrite can be scen at triple points. Ageins at
620°¢C gives rise to easily resolvable precipitates up to 0.7 microns in
dinmoter (£ige47). These predominate within the grains on the rartensite

habit planes and are part of a general coarsening of the entire precipite

-'gte structure, ,
Further investigation of the miéfostructurg after cycling to 1250%

involved more use of the transmission electron microscope. A number of
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thin foils were produced but the results obtained proved inconclusive.
Extraction replicas were made bj the process described in éection 3elels
and examples of typical microstructures obtained are shown in fiz. 42.
These show the features which may have been anticipated from the influeace
of high temperatures, i.e. grain growth and coarse precipitation. The
grain size is larger than the field of view, even for the lower magnifi-
cation photograph , being measured at an average value of 20-30 poa.

Fig. 42a shows that the avérage spherical precipitate has grown to about

0.25 pm and become more numerous compared to correctly aged material.

The polygonal particles visible are unidentified. It is unlikely that
they are chromium carbides as thermodynamically niocbium carbide is
favoured. However the addition of niobium does encourage the form-
ation of a chromium-rich carbide of the type M2X, where X can be

carbon or nitrogen; in addition niobium will form Laves phases with

iron or manganese,
These findings would appear to confirm the preliminary analysis

-of Kase [34] with regard to the general microstructural effects and to

further extend the knowledge of mechanisms operating. The main precipi-
tate has been identified and the reactions of the precipitates to welding
and subsequent heat treatrent has been identified., In addition the

veld surveys conducted have delineated areas worthy of further investigation,

Hence in conclusion it can be assumed that the iwo reglons
of reduced hardness in the weld HAZ of FV520B, correéponding to .
peak temperatures of approximately 1225-1275°C and 730-81000, are
due in the former case to structure coarsening and S-ferrita

formation and in the latter to austenite formation,
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4.3 VALIDITY OF TRSRUAL SIMULATION

Bsfore any conclusions can be drawn regarding microstructural
and. mechanical features of simulated specimens the validity of such an
Approach must be established. A certain amount of difficulty is maturally
encountercd as real weld heat affected zones have microstructures compressed
into narrow bands making resolution difficult. However notwifhstanding
these limitations very good correlation appcars to have been achieved. As
discussed previously the 2one which has oxperienced a peak temperature of
185°C 48 very fine and diffuse (figs. 43a/b). Vithin this the general
martengitic grain size is unresolvable in either case, but the bandirg of
the structure 1s more emphasised in the real weld microstructures. The
general appearance of both structures is, however, similar and comparable

mechanical properties should resultbfrom the features discernible.
| The micrﬁstruoturq of the zone simulated to 1250°C is much easier.

to distinguish (figs.48 and 49). Doldy [46] advocates that the most

accurate guide for comparison of simulated microstructures with rcal welds

is the prior austenite grain sizeo. Figure 49 shows good agreement in this

.respect, the simulated microstructure showing marginally greéter grain

size. Grain boundary precipitation is also slightly greater emphasised in

the simulation case, whereas within the grains the relative amount of
precipitation is similar. The martensitic microstructure shows a similar
degree of coarseness in both cases (fig.48), and both structures show the
prosence of delta ferrige area up to 4)miin diameter. Again the banded
structure is slightly more visitle in the real weld although this depends
on the specimen orientation. Again the gencral appearance is such that
comparative mechanical results could be cxpected from both simulated and .

real microstructures based on discernidle features.
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Comparison of the results of mechanical testing of botﬁ the real
and simulated ;eld_HAZ's can be seen by reference to Tables V and X. It
was decided that the most accurate way of ensuring that eaqh specimen was
of the required microstructure was to employ hardness testing. Once the
simulation cycles had been determined specimens were produced and the
microstructure compared optically with the real weld HAZ. Hardness tests
were then conducted to ensure that they too were comparable, being approx-
imately 350-370H_ after cycling to 785°C, and 370-390H  after cycling to
1250°C (Appendix III). Such was the reproducibility of the simulator that
all specimens did fall within these ranges unlesé an obvious fault
occurred in the cycling programme.

Due to the extremely thin bands of any specific microstructure
which ocqur in a real weld HAZ tensile tests are of a very limited value,
showing oply the weakest area of the HAZ. For this reason comparison of
.the tensile properties of real and simulated weld HAZ's is not possibdle.

Once again with fracture toughness testing, problems exist in
confining ‘the crack to the zones of interest, Even if a notch is accurately
located thefe is always a tendency for the crack to run into adjacent
areas, of different microstructure, particularly where isotherms are not
plane and perpendicular, i.e. close to the weld bead, The broad soft band
to material cycled between 730°C and 810°C allowed reasonably easy noéch
. location and the COD results obtained (Table X) compare reasonably well
with those of simulated specimens (Tables VIa and VIb). It is notable
that where large differences do exist a wide variability in fracture
toughness values was obtaired, this being particularly so for as-welded
specimens. Generally the results were wifhin approximately 15% of each
‘other . Whilst 15% nay appear to be a substantial difference it should
be viewed in perspective; absolute values of COD being measured were |

of the order of 0.04-0.10mm resulting in differences generally of less
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th&n&ﬂlﬁm although greater variability exists when considering maximum
load COD..An equally large difference can result from the equation chosen
to measure COD; if both equations are considered to give acceptable
results then the correlation between real and simulated HAZ fracture
toughness is equally acceptable.

Correlation of real and simulated HAZ fracture toughness is not so
good at a peak temperature of 125000 (Tables.VId and X). Typical values
for specimens aged at 620°C are - 51, real HAZ 0.04l5mm1aimulated HAZ
0.073mm, This is not entirely unexpected as the microstructure to be exam—

ined exists over a very small band, and it is for this reason that

simulation was carried out.

Hence it can be said that thermal simulation is a valid
method for studying the weld HAZ properties in this alloy;
acceptable correlations of microstructure and properties have

been obtained for the two peak temperatures of 1250°0 and 78500.
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4.4, MECHANICAL PROPERTIES AND FRACTURE TOUGHNESS OF THE WELD HAZ

Comparison of parent plate tensile strengths (Table II) with
those of simulated structures (Table III) reveals that in the case of air-

melted material the response of HAZ microstructures to simple heat treat-
ment is satisfactory. In all cases the post-weld heat treated structures
show a greater strength than parent plate receiving a similar treatment.
This effect is particularly emphasised for specimens oriented along the
rolling direction. The general improtement dus to this mechanical fibring
is 5=10% when compared to specimens oriented at right angles to the rolling
direction and slightly more compared to manufacturers values for parent
plate. |

The as-welded structures achieve a strength level interwediate
between that achieved by 550°C and 620°C ageing treatments. This is partice-
ularly trus of low temperature microstructures (785°C) where the proof
strength to ultimate tensile sirength ratios are similar to those obtained
from standard heat treatments on homogensous paren‘;; plate. The 1250°C
microstructures reveal radically different behaviour. Longitudinal specimens
show lowered proof strengths and raised ultimate tensile strengths (UTS)

" resulting in a very low proof/UTS ratios. Transverse specimens on the other
hand show greatly increased proof strengths with slightly increased UTS
giving an overall proof/UTS ratio close to unity,

This latter case is more remarkable in view of the ductility
figures obtained. Both the longitudin2l and transverse specimens show
broadly similar results for elongation and reducticn in area, being inter—
mediate in value between the results for 450°C and 550°C post-weld heat
treatments. The difference in proof strengths wmay be explained by the mor—
phology of any austenite present tending to be present along bands of seg-
.regation and giving ;dae to an early deviation from elastic behaviour in

longitudinal specimens. However the transverse specimens showed just as
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great a degrse of elongation, which was not expected from consideration of

the yield/UTS ratio. Part of this elongation figure.resulted from the

greator reduction in area whiéh occurred in transverse spocimens, this
boing the situation that would arise if austenite was present in thin
transverse bands. _

A1l air-meﬁted specimens showed a feirly sudden yield to some
extent. After yield a fairly long reg;on.of elongation at constant load
took placn. Despite this the ductility figures obtained for as-welded and
aged 450°C conditions vas much lower than expected. This is particularly

" so for the as—welded-condition, rormel elongation figures not being attained
until egeing temperatures of approximatelj 550°C and above are cmployed .
Specimens aged at 450°C showed ductilities reduced by up to 60% compared

“to comparative figures for homogeneous parent plate. Spoecimens cycled to
'1250°C in both orientations had satisfactory ductility figuréa after egeing
at 550°c whoreas the effect of specimen orientaticn could not be removed
from speciﬁena éycled to 78560. This vould point to the fact tkat a certain
amount of homogenisation takes place at this temperature, although it
would not be expected that the dominating influence of inclusions
would be significantly reduced.

The effect of sub-zero treatment cannot be confirmed as bene=
ficial on the basis of the results obtained. Certainly nﬁ detrimental
effects were apparent but no consistent virtues could be substantiated.

- The trendé which were discernible were those that would be expected
from austenite removal, i.e. increased strength and reauced ductility.
The effect on strength and ductility was small for all except as-waided
and aged 450°c conditions, and even in these cases the overlap of res-
ults reduced the significance. Hence, from a tensile property aspect,

the expense of sub-zero treatment cannot be recommended.

Vacuum remelted plate showed HAZ results that were very little
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different to those obtained from air melted plate. While the larger
'process zone' associated with widely spaced inclusions substantially
improves fracture toughness, the plastic flow properties are not
markedly altered. Thus the yield and tensile strengths remainm similar
to air-melted plate. Actual values obtained during testing gave elong-

ations of up to 33% and reductions in area up to 74%. The area where

vacuun remelted material was better was in the manner of elongation, beingl
much more uniform. Air melted material tended to neck and fail suddenly.
Differences in tensile behaviour may show using a 'harder' testing machine,
The work hardening capacity and general cleanliness of vacuum remelted
plate should give rise to good toughness.and resistance to catastrophic
failure. Stress-strain curves for this material showed a gradual deviation
from elastic behaviour with no well-defined yield point; this leads to

relatively low values of proof stress with consequent low proof/UTS ratios,

Fracture Toushness (Tables V-VIII,XI and XII)

4.4.1, Low Tempé&ature Microstructures.

. .Significant differcncos were noted between the orientation of
apacimens, longitudinal specimens beinrg on average twice as tough as trans—
verse specimens. The longitudinal specimens also exhibited an 1ntoresti¥g
form of behaviour, as is shown in figs,67 and 72. This took the form of |
complete separatiFn of the specimen over part of its midsection (figs.67
and 72a). On other occasions this behaviour manifested iteelf as small
ipdividual sites of separation spread over most oflthe central ('plere
strain') area (figs.72a and 72b). This may be explained by conmsidering the
affact of the cent;al band of segregation visible in wany specicens.
During loading a large hydrostatic force is formed at the centre of the
specimen; the segregatod band, being mainly manganese sulphide and other
loy strength constituents is relatively weak in comparison to the matfix.

The forces set up tend to pull outwards towards the surface of specizen
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and when they reach a Qurficienxly high value the segregated band separates,
ﬁllowing what is effectively two new surfaces.to form. The specimen now
behaves as two smaller specimens of half the original width placed side by
side. Hence a region of plane stress can form and miniature shear lips
form aiong the rew surface areas. These new shear lips are smeller than
those at the outside surface as they begin to form later. During testing
these specimens gave an audible *click' accompanied by a sudden drop in
ioad as the new surfaces formed. It is a matter for conjecture as to whether
the crack front immediately grew to reach the tip of the new surfaces or
vhether surface formation was precipitated by stress build-up .ahead of the
advanccd crack. The alternative behaviour of figs.72b and 72c¢c may be
explained by the morphology of the segregate; the deep holes parallel with
the spocimen length (and rolling direction) are consistent with manganese
sulphide inclusions strung out during rolling. The large amount of pitting
in fig.72b indicates that a large amount of this constituent is present;
whether it is diapar;ed or segregated as a band depends on how it is dis-
tributed within the melt.

Ezamiﬂation of figure T1 shows that the genexrzl fracture surface
is of flattish areas separated by regions of fine microvoid coalscence.

This latter feature is a résult of void formation around the fine ferrite
carbides formed during the heat treatment (fig. 71d). This compares well
with fractography of the weld HAZ experiencirg the same peak temperature
(fig.76). Figures T1a and 76a bdoth show elengated flat areas, caused by
stringers, in a parallel direction. Spherical inclusions still attached to
cusps are visidle in both photographs. Figurcs 71b, Tic, 76b and Téc all
show the granulated surface found on the surface of the cusps. Figure 76c
also shows a broken rod-like inclusion associated with the flat fracture
area, In comparison the fractﬁgrapha of vacuum remelted material simulated
to the same temperature show a surface which is almost éompletely nicro-

void coalescence (fig.73)s A slight tendency to intergranular fracture is

o
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conveyed by fig. 73a; this actually is testimony to the extent which-
the crack has to twist to enable itself to advance, absorbing more
energy with each twist. It is possible that the smooth areas in fig.

- 73b are associated with austenite, while the small number of cusps
(e.g. fig. 73¢) is a tribute to the cleanliness and low inclusion

count of the vacuum remelted material.

Actual values of COD are showr in Tables VIa, VIb, XI and

XII. Several conclusions may be drawn from an initial analysis. There
would mot appear to be any consistent effecg due to sub-zero treatment,
e similar state of affairs which exists in regard to tensile properties.
Although only a small number of specimens of each treatment were tested
all specimens, taken as one populatiom, do not show a significant
effect due to sub-zer; treatment. ?or instance, transverse airmelted
Bpecimeﬁa aged 450°C show an increase (from 0.030 to 0.039mm,) while
equivalent longituéinal specimens decreased (from 0.058 to 0.049mm.).
This applied equally whether primary hardened or overaged, i.e. pre-
weld heat treatment had no effect. Evidently austenite is not present
in amounts significant enough to affect the fracture toughness greatly.

The general level of toughness was slightly higher for plate simul=
ated in the overaged'550°0 condition, although again the effect of this
diminished when a 620°C ageing treatment was employed. Generally the as-
welded fracture toughness approximated to the value obtained by ageing at
' 550°C, irrespective of the condition of the plate initially. This investig-
‘ation shows that there is no significant difference between the fracture
toughness of welded plate joined in either the frimary hardened or overaged
" 550%C conditions. While the initial plate condition does not affect the
results the final ageing treatment does; predictably in all cases the tough-
ness increases with ageing temperature. This means that there is a drop in
toughness from the as-welded condition to the fully hardened aged 450°C

condition, This 1s due to fine precipitation onto the martensite making
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dislocation movement difficult; the resulting low ductility leads to a drop
in toughness which does not regain the. as-welded value until the ageing
temperature reaches 55000. Generally the highest values of toughness
were obtained at this ageing temperature, & drop being experienced
on ageing at 620°C. Again the results were not entirely conclusive
but there does seem to be a definite trend. This may be explained by
the growth of precipitates to such a size that dislocations can climb
past them very easily with little resistance or absorbtion of work.
Additionally the void size will increase and the liklihood of suffic-
ient strain to link voids leads to a drop in-touéhnesa.

To examine the effect of the austenite band on fracture toughness
a further series of specimens were simulated to a temperature slightly
beyond those experienced in the soft region (84000), and the results shown
in Table VIc. These show broadly the same trend of results with respect to

initial plate conditions and effect of ageing temperature. However, the

scatter of results in triplicate tests, similar to those shown in
Tables VIa and VId, preclude any firm conclusions. The small diff-
erences, together with small numbers of each specimen trea£ment meant
that this was a problem throughout the investigation.

The effect of varying the heat input was briefly examined and the
- results shown in_Table X. These would indicate that the amount of stable
austenite formation is related to heat input. A fastor welding speed, and .
hence less heat per unit length, rasuited in slight'reduction in fracture
toughness, l.e. less austenite formation. Conversely a slower welding cpeed
(more heat per unit length) radically increased the toughness, presumably
dus to a much greater proportion of austenite. The actual relationship
betfeen heat input and fracture toughness is worthy of further investigation.,

The crack paths shown in figs.41-43 illustrate the effect of the
1ight etching constituent. This phase is present as large discrete units

in the as-welded condition (figs.41e end 4 b), Sub-zero treatzent reduces
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the size of these particles (fig.41b) but subsequent ageing (figs.41c and
4 a) causes them to grow Egain. The effect of these areas on crack propag-
ation is most readily shown in fig.4 b, whers the crack can be seen to tum
at right angles in several places to follow the edges of the light etching
phase. This may either be a hard constituent deflecting the crack or a
softer phase tearing around the edge. The effoct of inclusions acting as
strecs raisers is exhibited in fig.43a where the crack has turned so that

a lafga ﬁanganeae sulphide lies in its direct path. Smaller inclusions may
be seen along the length of the already existing crack.

Comparison of simulated HAZ values with those of parent
plate (Table XII)iahow that general levels are similar with a slight
tendency to be less in the HAZ. This is most marked in transverse
airmelted specimens: COD values for these specimens remain fairly
comstant throughout the treatments. This is due to the dominating
influence of the proximity of inclusions, the matrix condition
having little chance to affect overall performance.

Generally it may be concluded that the region in the HAZ
corresponding to a peak temperature of 785°C shows a fracture tough-

ness which is equal to or slightly less than that of the plate in

the same post-weld aged condition.

4.4.2. High temperature microstructures

Mény of the observations drawn from the low temper-
ature region are equally'valid in relation to those found in the

higher zone. The fracture toughness values obtained by simulation to
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1250°C are shown in Table VId. These again show that thers is little sig:
nificant effect éf the initial condition of the plate beforc agoing; the
differcnces that do exist mainly relate to longitudinal air melted specimens.
The increased strergth and reduced ductility indicate that there may be a
reduction in toughkness and this is indeed the case. All types of specimens
exhibit reducing toughness at the highest ageing temperaturcs, an optimun
being reached at 450° - 55000. In 21l cases the lowest fracture toughness
value was obtained after ageing at' 620°C.

Examination of the fracture surface of the welds (fig.77) reveels a struct-
ure of vory brecad parallel bands soparated by extrcmely fine microvoid
coalescence. Whilst spherical inclusions and atringers are visible in all
three fractographs there also exist other features, such as the extremely
flat area in fig.77b which does not show cusps at the edge, found when this
feature is caused by inclusions.

‘Examination of fracture surfaces of simulated specimens (figs.74
and 75) reveals that in the case of the air melted material almost the
entire'uurface_ia covered by large voids, originated around inclusions.
The complete absence of fine microvold coalescence indicates that the
presence of this featuro on the roal weld HAZ fractograrhs is due to crack
deviation from the required microstructure; if this is so it would
also explain the variaﬁce of fracture toughness values. The simulated HAZ
'_fracturé surfaces also show the 'river bed' feature of parallel 'valleys'

- Que to the effects of rolled-out inclusions. The inclusion couﬁt is
obviously very.high.but it is significant that the number of, large cusps
ia reduced; evidently the structure éonaists_of an even dispersion of

moderately sized inclusions, as is borne out by fig.49a., Smooth sided

outcrops of what appear to be a different phase can'be seen in figs, 74b/c.
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" The fracture surfaces of vacdum remelted spocimens indicetes a much
lower inclusion count (fig.75). The areas between inclusion sites cemprises
of very fine microvoid coalescence. All visible cusps indicate that only
spherical inclusions are present; these cause much léss stress concentration
than angular particles and so reduce the toughness by a smallexr amount.

A consequence of the raducéd ductility found in these specimens is
the greatly lowered values of maximum load COD, especially at the higher
ageing temperature. The values follﬁw the same trend as initiation CCD'sg,
i.e. reaching a maximum at ageing tempera?ures‘between 450°C and 55000.
Several factors contribute to the toughness value, these being the metall-
urgical features visible in figs.44-48. These take the form of grain
boundary precipitation (figs. 46a, 47a and 49a), coarse precipitation within
grains (figs. 47 and 49a), delta ferrite (figs. 44a, 45a, 48a and 49a) and
grain growth (figs. 46 and 47), this latter factor influencing resistance
to cleavage., It can be seen from £igs.45b and 47 that very coarse precip-
itation takes place at selected sites after ageirg at 620°C, althoﬁéh there
is no special tendency for theae.aites to be at grain boundaries. This is
& consequence of the precipitation which takes place during weldirg, ihe
fine carbides acting as nucleation sites during subsequent ageing. This
would explain why, with air melted material, the fracture toughness drops
with increasing ageing temperature, the coarse rrecipitates rapidly
depleting the matrix of its strengthening alloying elements.,

High heat input values (Table X) gave very pooi Qaluea.
Considerable grain coarsening had occurred with a heavy precipitati;m
along the boundaries confirmed by microscopical examinafion.

Once again Table XII shows that pre- and post-weld heat treat-
ments had maréinal effects on COD. The transverse airmelted values

were again dominated by the inclusionsj; the other two types of speci-
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men did show some téndency to Increase COD values over parent plate.
"Hence, in general the region in the HAZ corresponding to a
peak temperature of 1250°c shows some increase of fracture toughness
over the parent plate in the same post-weld aged condition.
Also, the fracture toughness of the HAZ corresponding to peak
temperatures of 785°C end 1250°C in all conditions is virtually ident-

ical with plate in primary hardened and 550°C overaged conditions.

4.5 PRACTICAL SIGNIFICANCE OF WELD HAZ STUDIES

The purpose of fracture toughress testing is to relate the
resﬁlts of small scele tests to the prediction of failure in full sized
structures. One of the main criticisms of COD testing is the difficulty of
applying the results reliably to real life situations; the situation in
linear elastic fracture mechanics is much better with established methods
of calculating maximum permissible flaw sizes from small scale tests. For
this reason the J contour integral was received with enthusiasm; it is the
natural extension of K, the plane strain fracture toughness, into the

realms of general yieldirg fracture mechanics.

J is simply related'to X by

K

Jw 5 (1 -‘J)z) for plane strain
L K2
- " and {J -5 for plane stress

where ) is Poissons Ratio. The relationship

of wmaximum permissible flaw size, 8,r44? 0 Plane strain fracture toughness

is given by

2
a ) .g-. E—I-c. .
erit "7 \ O
whore O~ is the appliod stress and Q is & non-dimensional factor expressing

the shape of the flaw in terms of its length to width ratio (thig being a

N



measure of the notch sharpness). For an embedded flaw a factor of approxi-
mately 1.5 is applicable, and substituting the lowest value of J found in
this investigation (19.5 KN.m/h?) a maximum flaw size of 4mm is indicatod
at working stresses of 80% of the yield stress. This is baaed.upon the
yield stross of the HAZ metal; if the working stress is limited to 80% of
the yield stress quoted for the parent material (which would be the case in
practice), then the critical flaw size is increased to 1imm. This is woll
within the capabilities of modern methods of non-destructive testing, such
as radiography and ultrasonic testing. Hence it is feasible to use such a
technique in a quality control mode, passing or failing fabrications
according to the defect s#ze.

This situation represents -the worst possible case. Thile it is
possible for a subcritical crack to grow to a size where it becomes crit-
ical, it is also possidle that the crack grows into a tougher region. As
this low toughness was obtained after simulating to 1250°C it is unlively
that a crack of 51mm could lie entirely within such a microstructure as it
exists in a very thin band'in the real weld. Hence it will be, at least in
part,'in & tougher regicn and the actual critical flaw size is much greatef.

Using clip gauge COD as a criterion it would appear that this mater—
ial is best welded in the overaged 550°C condition, the obvious exception
being when full tensile strength is essential - velding in the primary
hardened condition is then necessary. In no cases did the former pre-weld
heat treatment give significantly worse resu}ts than the latter, frequently
giving much better figures (Table VI). |

It is also recommended that for most situations a 550°C post-weld
ageing treatment is preferable to 450°¢c ageing as the reduction in tensile

strength is so small (Table III). The average fracture toughness value
- considering all treatments is also favouratle towards 55000 ageing (Table

XII). Only in cases of fatigue stressing is it anticipated the 620°C

ageing will be superior.
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4.6. FRACTURE TOUGHNESS PARAMETERS

In the section which follows. some attempt will be made to evalu-
ate the effectiveness of various fracture toughness testing techniques and

their ability to quantify toughness.

4.,6.1. COD testirg bty clip gauze

This is the aspect of general yield fracture toughness testing
which has received most attenticn in this country up until the present

time., A large mass of data is being accumulzted which at least allows

comparisons to be drawn between various classes of material. Instrumentation
is basically very sinmple, being the same as that required for plane strain
fracture tcughness testing, i.e. clip gauge, bridge amplifier and chart
rocordqr. An extra testing step required is periodical calibration of the
clip gauge. However the greatest difficulty practically is defining at what
point crack growth has taken place (8 i) and tho equipment required to per—
form this task. In the case of FV520B it was frequently as simple to define
: Si.from the load-clip gauge trace as from the electrical potential crack
detection trace, the difficulty increasing with toughness, Utilising the
results ob?ained from crack monitoring Table XIII was drawn, expressing
the load at initiation (Pi) as a percentage of maximum load (Pm). This
indicates that, notwithstanding differences in material and heat trecatment,
& remarkably constant ratio of Pi/Pm is obtained., Even greater consistency

of results is obtained for specimens of any one material types This would
indicate that, for FV520B at lcast, little error would result from defining

81 at that point where the load reacked 93-94% of the maximum load.

During testing the centre of rotation of the plastic 'hinge'
moves; while the Wells formula does not agree concisely with experi-
ment it gives results which are compatible with other fracture tough-
ness parametera.HSwever, as indicated earlier, Archer has sho%n photo-
graphically that for most of the test the centre of rotation is fixed at
the point concluded from Wells' analysis, Removing this objection two
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altefnétive equations can be‘used to calculate COD, one deduced from anal-
ysis of experimental data, the other being Wells' equation. The latter is
much more laborious to use unless computational facilities are available,
and hence for large numbers of specimens the former, being simpler, has
its attractions. Tho results of Tables VIa, VIb and IX are shown plotted
graphically in fig.83. These indicate that a linear relationship exists
between the two equations but the line does not pass through the origin.
Using the initiation criterion the equations are equal at COD values of
0.050mm, a similar situation existing using the maximum load criteriom.
The divergence consequently becomes greater the further the COD values
depart from 0.050mm.

Whilst extremely minute values of COD are generally experienced
the consistency is good. Furthermore the order of results is similar to
that which could be intuitively deduced from what is generally regarded as
'tough's On this basis COD by clip gauge is a good assessment of toughness,
but does suffer from difficulty in applying the results of small scale

tests, as discussed earlier.

4.6.2, Photogravhic calitration

This technique of testing vas applied at a very early stage of .
the investigation before other methods of testing had been establisheds The
technique is very involved, required many specimens and a large amount of
measuring to draw up the calibration curves. Subsequent testing is extremely

slmple, requiring only crack detection equipment. However an objection
does arise in that to be strictly apwlicable the calibration curves chould

' be drawn up for material experiencing the same thermal history as the test-
piece. This is clearly not feasible for aﬁ investigation such as this,
involving widelf differont thermal qyclés and heat treatments. Hence the
results of Tables Va and Vb ignore this aspect. The results are shown com-
‘pared graphically with COD values in figure 84, These indicate = high

consistency but poor correlation for values of 81. The situation is slightly
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improved for the Sulvalues in that  the correlation is better; only a limited
number of results weré obtained for the higher values and more confirmation
of the trend is required. This is intercsting in view of the inconsisiency
generally obserfed in measuring Sn‘due to varying W-a dirensions.

_ The results of direct photographic records are shown graphically
in figure éS. Here the opposite situation arises in that the consistency
is poor while the correlation is quite good, over a large range. It is a
matter for conjecture as t6 whether this method or clip gauge‘measurement
is the most accurate., Photographically the surface COD 1s measured, and as
this is the most likely area for deformation errors may arise. On the other ‘
hand clip gauge measurement can suffer from mechanical diacfapancies (bad

seating etc) and the calculation is based on theoretical relationships.

4.6.3. Stretch zone width. (figs.68-70).

By this technique all measurements are made after mechanicel
testing, hence no instrumentation is required which increases its attraction.
The tiﬁe taken to perform the measurement iallimited by the Stereocscan
facility and some errors may arise from specimen alignment, The results of
Tables VIIa and VIIb are plotted against COD in figure 86. The fairly large
wass of data utilised indicates that a parabolic relationship holds, albeit‘
with a very wide bandspread. This relationship forscasts relative insensit-
ivity at small values of COD but rapidly increasing sensitivity at higher
values., This may relate to the relative prOportioﬁa of the elastic and
plaatip components of COD. Stretch zone widths are a measure of plastié
deformation occurring at the crack tip. At small COD values the elustic
component is proportionally larger and plestic deformation cmall, hence the
insensi}ivity of stretch zone width. At higher ﬁOD values the plastic comp-
onent is large and stretch zone width becomes more sensitive.

If we take the criterion of toughness to be the ability of the
material ghead of a crack to blunt it, stroetch zone width is worthy of

closer examination. In measuring the plastic deformation it ig this very

]



ability which is being measured,

‘Po examine the hypothesis that stretch zone width is directly
related to COD a number of specimens were unloaded from maximum load and
the pefmanent opening displacement measured photographically. This
allowed determination of the elastic component within the limitations of
the accuracy of the photographic method. The plastic component of COD
was the; replotted against stretch zone width and a substantially straight
line plot obtained (fig. 91). Hence it appears to be possible to calculate
COD with no test instrumentation othér than load monitorinz. For this
material the relationship

El = 25 (pi)1*>

a(v-a)
was found to hold, where E1 is

the elastic component, Pi is the load at crack initiation (in EN) and a
and ¥ are measured in millimetres, By addinz together the elastic
component and the stretch zone component (42 SZW) +the total COD can be
found, An underestimate may arise due to the coalescence of voids Just

in front of the crack tip and being lost from the measurenent,

4.6.4, The J Contour Integral

The J values obtained in this investigation iera derived from
load-clip gaugaltraces; Calculation was based on Dawes [113] modification
of Sumpter's analysis [111]; this is an extremely involved arithmetical
method which also requires some estimaiion procedures which may introduce
- error. This lengthy technique needs validation before it can be considered

seriously. The results of Tables VIIIa and IXb are pldtted within the frame-
work of Sumpter's finite element analysis in figure 87. Most of the results

fall within the boundaries 6f plane strain and plane stress but are mainly
grouped near to the latter. This is exactly what would be expected;

using the plane strain criterion for minimum thickness of

X, e
B>2,5(-S
Oy
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the results would be expected to lie nearer to the plane stress
1imits, particularly at the high displacementa encountered. The
Sumpter model assumed a work hardening exponent which is not necess-
arily applicable to this steelj; this may alter the distribution of
experiméntal points. Nevertheless all the results lay within the pre-
dicted 1imits except for a small number at low clip gauge openings.
These may be affected by experimental error at low displacements.

The J values obtained are plotted against COD in figs. 88 and
89. Direct plotting (fig.88) shows a straight line relationship with
reasonable correlation. A non-dimensional plot (fig.89) again revealed
essentially a straight line plot at approximately 450, i.e. direct
relationship. However in the latter case most of the results lie below
the computed plane stress limits. This may be due to the value of
yield stress employed in computatiom of J; 0.5% proof stress was used,
use of 0.1% or 0.2% proof values would almost certainly bring the res-
ults within the limits. It is interesting that the two results which
did fall within limits were transverse specimens aged 450°C showing
low ductility; these gave values of m=1.7 from the Rice relationship
J = mo}s. i.e. close to the plane strain limit., Many of the results
for J do fall very close to the limits proposed by Begley and Landes
P14] and hence are of questionable validity.

Correlation of stress intensity factor with COD is also quite
good, more so for K (fig.90); again a 131l relationship holds.
Attempted corrections for plastic zone size were preclﬁded by the
proposed validity limit,

In conclusion it appears that a direct relationship does hold -

between the proposed elasto-plastic fracture toughness parameters.
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5. CONCLUSIONS

f , [T
— R ———

The following conclusions may be drawn from the

work conducted;

1. The fracture toughmess of FV520B plate (COD,SL) varied from
0.040-0,076mm for air melted plate and 0,069-0,081nn for
| vacuun remelted plate depending on heat treatment condition
and orientation to the rolling direction, 1In general frac-

ture toughness increased progressively as the ageing tenp-
erature increased from 450° to 620°¢C.

2. There are two regions of reduced hérdness in the weld HAZ of
FV520B corresponding to feak temperatures of approximately 1225%
127500 and 7300—81000, these being present over a wide range
of preweld and post-weld heat treatments. The higher temperature
softening is attributable to coarse precipitation and possible-

8

-ferrite formation, while the lower temperature softening is

attributable to the presence of austenite.

]

-

J¢ Thermal simulation is a valid method for studying the weld
HAZ properties in this alloy; acceptable correlations of

nicrostructure and properties have been obtained for the two

peak temperatures of 1250°C and 785°C

4. In general the region in the weld HAZ corresponding to a peak
temperature of 1250°C shows a fracture toughness which is
equal to or slightly greater than the parent plate in the
same post-weld aged condition, |
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5. In general the region in the weld HAZ corresponding to a peak
temperature of 78500 shows a fracture toughness which is
equal to or less than that of parent plate in the same

post-weld aged condition

6. The fracture toughness of the HAZ corresponding to peak
temperatures of 1250°C and 785°C in all conditions is
virtually identical with plate in primary Hardened

and 550°C overaged conditions.

T+ For the specimen geometry considered there is reasonable
linear agreement between the elasto-plastic fracture
mechanics parameters COD, J and K; photographic
measurements of surface displacements and stretch

Zone gizes were less conclusive and require refinement,
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e FURTHER WORK

‘n—

It is considered that the following areas are worthy of further

investigation;

1) a more detailed study of the mechanisms of hardening which
operate; with modern advances in electron metallograrhy this

has become more feasible,

2) the relationship which exists between heat input and fracture

toughness should be ascertained, in particular quantifying

the effects of microstructural changes.

3) the field of fracture toughness testing is still in a state of
flux; a convenient and accurate method of measuring a parameter

which may be related to failure prediction in full size

structures is required.
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APPENDIX T

The computed thermal cycles employed in this investigation were
generated from a modified program originally corpiled by Westby [64]. A
Pull description of the original program appears in this reference, but
a brief description of the prirciples employed will follow. |

Analytical temperature calculations make several assumpticns, such
as constant thermal properties and point heat sources, which result in
very bad agreement with real conditions as the heat source is approached.
Heat transfer to the surroundings ard convection within the weld pool is

ignored, most emphasis being on heat transfer by conduction based on

a7 3% d%p S °p W
ot 8 2 ¥ ay:a * 832 t 3

é%;g referrirg to heat transfer in the x direction gtc., and W
being the heat exchange with the surroundings. Moving heat sources are
represented by multiple sources of short duration and sufficient time
allowed to elapse for a quasi-stationary heat state to be established;
hence conditicns cannot be predicted for short arcing times. Conditions such
as water cooling mean that heat losses to the surroundings cannot be ignored
and hence for finite plates 'fictive' heat sources are employed, these
being imaginary heat sources placed in a mirror image position (outside the
plate). This, together with errors introduced by considering the thermal
properties to be constant despite temperature variation can lead to errors
of up to 50% in comparison with experimental measursments,

The differential equations employed in analytical methods are
frequently difficult to solve. There are several advaniages in the use of
numerical analyses, eg. the weld geometry can Ye ignored and the weld heat
gource can be of any shape. In addition, and most importantly, a quasi-

stationary state of heat flow is not required in numerical methods and
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hence temperature distributions can be obtained even for very short arcing
times. The Fortran program TREDIM makes use of a modified form of the dAiff-
erential heat flow equation to enable a finite element analysis to be pexr-

formed;

: T + T - 27
T+ Fo ot oot | thadik  di-t,dk 4,4k +
jk Ce? Ah2

Tt * Tt T # g Taygeen T gt TP g )
A A1°
where i, j,k are the three ; srpendicular plate axes and h,b and 1 are unit

steps in each direction respectively. T and T are the temperatures in

1,3k
a specified point (i,j,k) after ard before a time step At. ¥ denotes the
heat exchange with the surroundings and is zero for all except surface
units. The work piece is considered to be of infinite length and calculated
temperature points are moved along the plate at the same speed as the
welding heat source. In this way the origin of the heat source is always
acting on the same unit of the plate (unit 2,2,12 for TREDIY) and herce a
continual picture of the temperature distribution around the heat source

is obtained.

The weldirg plate is considersd to consist of a number of right
angled volume elements, the temperature of each being that of the unit
centre and the temperature distribution between units being of a straight
line nature. lLarge temperature gradients exist near the heat source and
hence it is desirable that a larger number of small units be gspecified in
thls region ('inner zone') compared to areas of the plate remote from the
heat source ('outer zone'). As the heat distribution at points remote from
the heat source results in the temperatures of the upper and lower surfaces
being the same the outer zone is considered in terms of two-dimensional
heat flow only. In addition the temperature distribution arcund the weld

line is symmetrical, enabling calculations for just one half of the model
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to be sufficient.

The heat is supplied to the plate for a time At and the temperature
distribution of the innsr zone is calculated. When complete the temperature
points at the outer edge of the irner zone are transferred to the imner
edge of the outer zone, the zones being designed to overlap at these points.
Subsequently the temperature distribution in the outer zone is calculated.
When both inner and outer zones are completed heat is supplied for a
further time step At. To ensure that both upper and lower surfaces are at
the same temperature throughout the outer zone trial runs should be made
with very large inner zones (which are three dimensional). This gives vesy
poor accuracy close to the heat source but enables a check on the validity
of the assumption of uniform through thickneas.temperatura to te made. For
tkis investigation Ab was set at 6mm and Al at 16m (INITIALISATION,
CHOSEN VALUES in program). The plate thickmness is chosen by the data card.

This gives an inner zone of unit size (3,8,18) the dimensicns

6mm x 8 = 48mm
10mm x 18 = 180mm
and plate thickness.
Heat loss to the surroundings may be accounted for by changing the section
'BOUNDARY CONDITIONS FOR THE UPPER AND LOWER SURFACE OF THE PLATE'. Simil-
arly the heat source, which acts at point (2,2,12) can be spread over
several units to give a more diffuse source (such as a burner) by changing
the section 'HEAT TRANSFER TO THE FLATE'.
Attached is a printout of the Program using the welding parameters

used experimentally for this investigation, i.e,

Plate thickness Smm (punch 0.6cm)

Welding current 370 amperss
Arc voltage 33v

Welding speed 10mm/sec. (punch 1cm/sec)
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Efficiency factor 75%
In addition an arcing time must be supplied; this should be suff-
icient to give steady state heat distribution but not so great that excess-

ively long run-times result. By trial and error a time of 15 secornds was

found to satisgy these criteria and the data card punched;
'45,0!110.6!370.0!!33,0'1,00'0.75
the decimal points being in card colums 5,11,17,23,27,32. Hence the welding

conditions can be altered quickly and simply by changing a single data card.
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NbC NoN Experimental
ASTM  16.85§ ASTM  14-547 measursments

2.74

2.68
2.55

2.47

2.35 2.31 2.32

1.82 1.87 1.90

1.55 1.54
1.49 1.50
1.47 1.47

1.41 1.42
1.37 1.37

1.34 1.33

1031 1.30 1'31

1.29 1.29
1.27 1.27

1.24 1.24 1.25
1.21 1,22

1.18 1.18
1.16 1.15

1.12 1.11

1.04 1.05 1.03

1.01 1.01

0.99 0.98

0.97 0.97 0.97
0.95

0.94 0.94

0.93

0.91 0'91

0.89 0.87

0.86 0.85 0.86

0.84 0.84

6.83 0.82

0.80

0.79 0.79

0.78 0.78 0.78

Appendix II. 'd' spacings for NbC and NN




ou Experimental

ASTM 4-0836 measurements
2,088 2.085
1.808 1.801
1.278 1.305
1,090 1,105
1.044 1.039
0.904 0.904
0.829 0.829
0.808 0.805

. Appendix IIla. 'd' spacings for Copper
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Figure 25 25 25 26 26 27 27
| (1) (11) (£11) | (1) (111) | (1) (111)
g B R L A A R
Treat.
faslony 5714 | 374 | 324 | 389 | 299 | 400 | 327
0.5mm | 404 407 333 416 296 407 | 323
1.0 396 398 349 412 267 423 312
1.5 399 391 351 419 291 411 314
2.0 388 385 346 435 301 381 | 330
2.5 409 386 341 428 303 382 316
3.0 407 388 343 414 299 395 | 305
3.5 391 405 354 432 305 391 326
4.0 383 412 342 429 319~ 394 | 323
4.5 369 394 337 414 310 394 | 318
5.0 361 380 335 412 297 387 323
545 376 371 333 423 312 394 | 319
6.0 358 367 340 427 312 394 320
6.5 363 353 345 427 323 395 313
7.0 354 345 346 438 320 399 | 319
7.5 361 | 349 | 340 | 436 317 | 404 | 312
8.0 370 353 343 421 318 404 319
8.5 386 360 347 420 306 402 310
9.0 410 369 353 412 298 380 | 324
9.5 412 377 358 423 306 388 314
10.0 415 383 361 415 317 394 315
10.5 410 383 365 414 313 399 320
11.0 400 381 268 404 323 391 308
11.5 388 | 318 | 370 | 412 | 318 | 382 | 320
12.0 392 379 370 415 318 385 | 317
150 362 286 STy L0 220 367 1<
Appendix III,

Microhardness surveys.'Hv

(continued over)
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Figure | 28(a) | 28(a) | 28(a)| 28(a)| 28(b)| 28(p)| 28(v)
(1) (11) | (111)|  (v)| (1) (1) (141)
:Egid 45000 wiiaed gggéc 620°C 45000 weizzd 62000
Treat.
fusion | 435 | 374 | 351 | 357 | 420 | 377 | 362
0.5mm | 460 407 358 362 448 404 359
1.0 430 398 346 332 454 399 | 362
1.5 455 391 354 355 458 393 | 367
2.0 435 385 315 348 462 386 | 366
2.5 453 386 343 332 456 377 | 349
3.0 | 463 388 330 | 337 388 359 | 333
3.5 460 405 336 341 459 410 | 344
4.0 460 412 342 345 450 396 | 345
4.5 444 394 343 336 436 378 | 339
5.0 440 380 318 330 431 369 332
5.5 431 371 336 323 422 344 | 316
6.0 416 367 336 326 409 342 | 323
6.5 398 353 310 322 404 348 331
7.0 394 345 326 325 399 348 | 327
Te5 388 349 323 326 304 347 | 324
8.0 373 353 331 325 382 348 | 326
8.5 363 360 330 321 367 348 | 326
9.0 | 364 | 369 | 329 | 35 | 351 | 347 | 322
10.0 385 383 316 312 332 346 313
10.5 391 383 328 322 332 347 313
11.0 394 381 327 317 338 349 317
11.5 395 378 328 328 348 352 321
12.0 | 395 | 519 | 38 | 323 | 357 | 3535 | 32
15 209 263 229 3N U 2uv 323
Appendix III. Microhardness surveys, E_ (continued)
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Young's Modulus

Strain energy release rate

Viékers hardness number

Non-elastic strain energy release rate
Non=elastic strain energy relescse rate a2t fr
Stress intensification factor

Critical stress intensification factor, mode I.
Length of a surface crack

Length of an embedded crack

Start of martensite transformation

Poisson's Ratio

Shear Modulus

Yield stress

Fracture stress

Crack tip root radius

Surface free energy

Surface energy effect due to plastic deformation
Crack opening ‘displacement (COD).

COD at fracture

COD at initiation of crack growth

COD at maximum load.

!
(> & x ’ 8 , O Crees phases of iron

Appendix IV —  List of Symbols
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Fige 1, Dlagram of decreasing solid solubility,



Fig. 2. Effect of precipitate coherency,



model of dislocation bowing,.
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Fig. 18, Transmission Electron Micrographs of FV520B
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Fig. 18.(cont,) Transmission Electron Micrographg of FV520B
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Fig. 19. Extraction replicas of FV520B



(¢) diffraction pattern obtained from fiz.19db
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(d) indexing of diffraction pattern

Fig. 19.(cont.) Extraction replicas of FV520B
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Fig. 20. Effect of egeing temperature.
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Fig. 21. Speed of ageing response,
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VELDING CURRENT 295 A

WELDING .SPEED 4,8 mm/sec

Fig. 22, Plate preparation and welding conditions employed
for welding trials,
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Fig. 23. Temperature distribution in the plate during welding.
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Fig. 25, Hardness surveys -- resolutioned and sub-zero
treated welds.

(i) Weld sub-zero treated: - 18% for twenty hours.
(i1) As-welded, |

(111) Veld resolutioned; 1050°C for thirty minutes.
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Fig, 26. BHardness surveys -- fully heat treated welds,

(1) ¥eld fully hardened; 1050°C for thirty minutes,
aiy cool, conditioned 850°C for two hours,
alr cool, aged 450°C for four hours,

(i4) As-velded
(111) Weld overaged; 1050°C for thirty ﬁinutea.

air cool, conditioned 850°C for two hours,
air cool, aged 620°C for two hours,
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eés‘surveya -- conditioned and aged welds,

Weld fully hardened; conditioned 750%C for two hours,
air cool, aged 450 C for four hours

As welded

Weld overaged; conditioned ?5000 for two hours,
air cool, aged 620°C for two hours,
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Fig. 28. Hardness surveys -- directlv aged welds,

(4) Weld fully hardened; directly aged 450°c for four
hours. '

(i1) As-welded.

(111) Weld overaged; sub-zerg transformed = 78°% for
. twenty hours, azed 620°C for two hours
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() Inclusions along fusiom line; aged 450°c¢,
Btchj Ammonium persulphate/hydrochloric acid, X 175
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(b) Light etching 'veins'; aged 550°C.
Etch; Acidified ferric chloride, X 200

Fig. 29. Heat affected zone microstructures.



(a) Aged 450°C. Marble's Reagent etch, X450
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(b) Aged 620°C.

Marble's Reagent etch, X450

Fig., 30, Banded microstructure adjacent to weld bead,

coarsening of 'veins',
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Carbide distribution in HAZ.

Fig. 31,

Aged 450°C, Murikami's etch, X 250

¥



Fig. 32, 'Mand' weld thermal simulator, a servo-hydraulic

closed loop mechanical testing machine coupled

to a progammable resistance heating unit.



+ ~ 'Datatrak' eycle programmer and 'Eurotherm'
temperature optimisation controller,




Fig. 34. Original specimen jaws and controlled
atmosphere box,



SET 1000°C L
. / )
/—V—r’;_x * gauégmfength
9C0 /
GD !
o
SET 550°C o—o—a 25
i 0] < As X povias
500 x -
15mm
gauge length
centre
m 1 1 (1 [ 1 [l 1
9 6 3 ,
‘ . (mm) 3 6 9

Fig. 35. Specimen temperature distridution -- original jaws.




| Fig. 36. Modified specimen jawa.



1200

Surface
temp.

] 1 1 [l

150 00 600 00 1200
Bulk temperaturs ¢ '

Fig, 37. Correlation of specimen surface and bulk temperatures.
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Fig. 38, Specimen longitudinal temperature distribution.
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Fig, 39. Specimen trane:ver‘se temperature distribution,
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Fig. 40. Specimen cooling rates,




(a) As=-welded. X 1200

(v) As-welded, transformed at -TBOC for 20 hours,
X 1250

Fig. 41. Simulateq HAZ microstructures, 785“’0 peak=-= vacuum

remelted plate.
Compare 1ight-etching phese with figs. 4lc/d.



Fig. 41. Simulated HAZ microstructures, 785°C peak-- air
(cont) melted plate. .



(a) showing coarse precipitation; elongated
showing preferred orientation, together
with polygonal blocks in clusters (poss=-
ibly chromium-rich M, X); fine precipit-
ation along sub-structure, X 20,000

(v) showing elongated varticle precipitation
(probably €-copper) on preferred planes.
X 45,000

Fig. 42, Extraction replicas of simulated HAZ microstructures;

1250°C peak.



(a) showing coarse precipitation; elongated
showing preferred orientation, together
with polygonal blocks in clusters (poss=-
ibly chromium-rich M, X); fine precipit-
ation along sub-structure, X 20,000

(v) showing elongated varticle precipitation
(probably €=-copper) on preferred planes.
X 45,000

Fig. 42. Extraction replicas of simulated HAZ microstructures;

1250°C peak.



(1) Simulated. X 1250

(ii) Welded. X 1250

Pig. 43(a). Comparison of real and simulated weld HAZ'
microstructures, 785 C peak., Aged.



X 1250

Simulated.

(1)

X 1250

Welded.

(11)

As-welded.

o]

Comparison of real and simulated weld HAZ
mierostructures, 785°C peak.

Fig. 43(b).



(2) Showing delta-ferrite formation.
Aged 450°C. X 1250

(b)  Showing twinning. As-welded. X 450

fig. 44. Sinulated HAZ microstructures, 1250°C peak--
air-melted plate.



Fig. 45,

(a) Showing dispersed delta-ferrite; also
pinning of grain boundar%ea by small
precipitates. Aged 450°C. X 2,000
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(b)  Resistance of inclusions to ageing.
Aged 620°C. X 1250

Simulated HAZ microstructures, 1250°C peake==
air melted plate.



(a) Grain boupdaries and preferred prscipitation.
Aged 450°C. Electrolytic perchloric/acetic
acids etch. X 1900

(b) Grain boundaries and martensitic matrix;
possible gelta ferrite at triple points.
Aged 450°C., Marble's Reagent etch. X 1900

Pig. 46. Simulated HAZ microstructures, 1250°c peek==-
vacuum remelted plate.



(a) Marble's Reagent etch. X 2,000

(b) Electrolytic perchloric/acetic acids etch.
X 2,000

Fig. 47. Simulated HAZ microstructure, 12 0°c peak--
vacuum remelted plate. Aged 620 C.

Note coarse precipitates compared to fig. 46.



Electrolytic polish/etch. X 1400

Simulated.

(a)

Blectrolytic polish/etch. X 1400

Welded.

()

1 and simulated weld HAZ

grain size, 125080 peak,

Comparison of re

49.

Mg,



Fig. 50. Divergence of dark-etching bands when simulated
at too high peak temperature.



(a) As-welded.

(b) Aged 450°C.

Fig. 51. Macrostructure of weld joint.



(a) Aged 550°C.

(b) Aged 620°C.

Fig. 52. Macrostructure of weld joint.



Re—soluticned

1050%;,

(b)

Sub=zere treateq g4 -78°%.

Fig, 53 Macrostructure of welq i
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(b)  Conditioned 750°C and agea 620,

¥ig. 54. Macrostructure of weld inint,



Fig., 55. Macrostructure of three-run weld joint. xDis
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Fig. 56, Thermal cycles employed for simulation.
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rig. 57. Fracture toughness specimen configuratioh
and plate orientation. )
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Fig. 59. Crack monitoring apparatus for fracture
toughness testing.
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Fig. 60. Photographic record of fracture toughness test,



Photozraphic recording apparatus,

Fig, 61.



Fig. 62. Obliteration of microhardness marks by growth
of plastic zone.
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Fig. 63. Photographic COD calibration curves --
transverse specimens,
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Fig. 65. Fracture toughness testing with clip gauge.
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 Pig. 66, Clip gauge calidration curve,




mation of shear lips.

Fig. 67. For



Stretch zones -- air melted plate,
specimens,

transverse



X 540

rig. 69. Stretch zones == air melted plate, longitudinal
specimens,
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Fig. 70. Stretch zones =- vacuum remelted plate.
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Fig. 72. Fracture surfaces -- simulated HAZ specimens,
longitudinal orientation.
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Fig. 75« Fracture surfaces -- simulated HAZ specimens,
125000 peak, vacuum remelted plate.



Fig. 76. Fracture surfaces -- welded specimens, 78500 peak,



1250°¢C peak,

Fracture surfaces -- welded specimens,

Fig. 17.
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Fig. 78+ Fracture surfaces -- air melted parent plate.
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Fig., 82. Typical crack monitoring traces,
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Tensile Properties (room temperature)

Ageing temperature (°C) 450 550 620
7
MN 621 6 1
prgggggiggglity /m 43 33
0.5% proof stress MH/m2 1205 1032 936
Tensile strength MN/m° 1278 1102 1054
Elongation % 22 23 27
Reduction in Area MN/m2 59 65 66
Izod ft-1lbs 50 75 88
Fatigue properties
10% reversals unbroken MN/m2 + 494 + 587 + 649
Fracture toughness
Test K 5. /8
Section IC
Condition temp. i Lem
(mm) (°c) (MN.m" 2) )
1050/750/450 62.5 20 230
1050/850/450 62.5 20 118
950/450 16 -196 33.6
950/525 16 ~196 sta | _—"
0/450 6 - 0.21Y/
950/45 1 196 2
950/525 16 -196 0.342/
0,442

Table II. Mechanical properties of FV520B

134-137]

F




c PRIMARY OVERAGED
0.5% proof | 2| | ARDENED 550°C E
stress d 1
I h
Welded, Welded,
M-/ m® % As-welded| hen -78°c As-welded | e, -78°= ¢
1 953 1070 1023 1124
1¢ - 971 -1094 =1032 -1142
é 989 1118 1041 1160
?, 1163 1234 1276
- -1199 -
AIRVELT 1 ¢ 11255 1317
trans. T -
5 1129 1169 -] 1162 1153 3
5 ~1154 ~1202 -1179 -1185
O‘t: 1178 1235 1195 . |1213
6 | 1094 1079 1035 . |
12 -1116 ~1090 -1058 . =1158 g
o] 1138 1101 1080 1176
V| 892 859 | oes 995
c - 923 ‘- 898} - 998 -1017
é 1955 936 1027 1039
& 1028 1086
o ~1082 -1132
AIRMELT | s 1136 1179 ¢
long. T
3| 963 969 1079 1081
o ~1009 -1006 -1105 -1111
%] 1055 1043 1132 1142
61 774 825 1 913 935
2 - 782 - 8641 - 955 - 971
o 791 903 997 1008
y| 08 1032 1957 1020
S - 917 - 998 - 965 1033
g 926 963 974 1046
| 4 1203 1173 |
~1200 -1185
VACUUMI Q14197 1196
REMELT | C 1
s {1081 1069 1032 1007
long. 5 -1093 ~1089 ~1046 ~1033
w| 1105 1108 1060 1060
51 705 981 - | 944 - |1007
o 0 - 722 -1003 - 967 . =1033
ol 739 1025 989. 1059

Table IIla

005% Proor Btréasy 78500 p&&ko




|
a ¢ PRIMARY OVERAGED |
T renatn | 0| HARDENED 550°C
- |
I
2 ! Wel =1 Welded,
M/ w0 | | As-welded] pe —patg’ |ASWelded | ey 805 | |
|
175 11165 1243 1183 1132 .
? . -1192 -1277 <1196 =1209§ -
g | 1219 1311 1210 1186
T |
2 | 1247 1335 - : |
AIRMELT | o -1287 -1369|
*| 1326 1402 |
tr‘ans- . ) . T I
5 | 1182 1232 1210 1240
g 1212 -1270 - =1231 -1259
o 1241 {1307 1253 1279
1811146 1117 . 1104 1156
0 -1173 -1134 -1133 ¢ <1184
"o} 1199 1152 1163 1203
v 11137 1122 1020 1060
S -1170 -1141} -1047 -1094
¢ | 1203 1160 . 1073 1127
4| 1226 1160
5 -1280 ~1209
AIRMELT | % 1334 1258 -
long. T '
$ | 1108 1151 1127 1167
5 - =1153 -1193 -1156 -1201
¥l 1197. 1235 1186 . 1235
5] 1031 1153 981 1046
0 -1037 ~1102}. -1027 -1079
ol 1043 1051 1074 1112
v | 1208 1193 . 1157 1165
? =1219 -1203 ~1172 ~1181
el 1230 1213 1188 1199
d -
1311303 1350
VACUUMI © -1280 -1372
REMELT | ¢} 1256 1393
I . -
°Ng- 131 132 1110 f1137 1061
0 =1151 - =1133 -1161 -1102
c| 1170 1155 1186 1144 -
2| 997 1054 1051 1066
o -1003 -1073 -1086 -1104f
¢| 1009 1092 1120 - - g M

Table IIIa (cont.) Tensile airength, 785°C peaks




/

%
Elongation | ¢ PRIMARY - OVERAGED ¥
- R.AWY 3 HARDENED 550°C !
i
{ Welded, Welded,
% é As-welded then ._8789;'0 Ag-welded | jhen =78°%C
(] . |
18] 12-42 11 - 40 13 — 41 12—-4o|
|
g A
5
AIRMELT | o lo-36 | 8=21
trans. 3 _
Sl 15—435 | 14-45 | 16-435 | 17-39
0 _
c "
6
121 18-40 | 17-43 18 — 46 18 — 43
<
y
¢ 19 — 60" 18 = 54 21 — 58 19 - 57
4 .
4
3 19 — 56 22 — 46
AIRMVELT | s
long. -
3| 22-60 | 25-51 23-55 | 22— 65
0]
t h =
6 . -
21 s0-64 | 29-64 31-57 | 30 =61
b .
y |
¢ 21 — 63 22 — 63 16 — 52 17 — 60
e .
d -
5 25 — 64 |
1 e —
VACUUM| 0 T=ot
REMELT | C i .
S
31 21 -65 14 - 64 23 — 63 | 16 — 63
c
- "
g 28 — 66 19 — 63 33 — 62 25 - T4
C

Table IIIb.

Ductilities, 785°C peak.

R




0.5% proof | € PRIMARY OVERAGED
stress 3 HARDENED 550°C
MN / m !
8 i
¢ 833 . 869 -
¢ - 857 - 893
! 881 918 .
d L
4 1106 .
AIRMELT AT
trans. T
2| 107 . 1103 | _
0 - <1092 -1131 *
e 1115 1 19
61 - 1014 1050
2 . 1032 ~1062 r
e 1050 . ) 1075
C
S 1301 o 1310
? -1342 -1350
E 1382 C 1 1391
&l wm -l
0 . ~1119 .
long. T , *
| 2 1001 992 - r
0 -1037 -1020
t 1073 1 1048
¢ 982 989 ‘ R |
5 -1009 - 998 ~'
- 1037 1008
3 902 - . 898 -
§ = 906 - 927
e 911 956
.4 .
4 1241
VACUUM| 0 1317 -1282
REMELT | © 1
long. g 1201 1151, _
' 0 -1239 ~1188
[¢ 1277 1226 .
2 1059 1052 /
0 -1080 _1066
c 1100 1080
Table IIIc

0.5% Proof stress, 1250°% peak.,




Tensile | & PRIMARY OVERAGED
" strength | ¢ HARDENED 550°C i
i ' [
2 l
MN / m i ‘
g |
c 12 , 1273 )
| 2 > -1266 . -1307 |
: 1293 1341
ﬁ . e
I {
4 1285 .
AIRMELT | o 1323 1304
[0
trans. _ ole
5 1230 . 1316 :
0 -1267 -1351 t
© 1304 | 1387 {
5 1180 , 1195 ‘
0 : 1196 -1213 [
< 1202 1231
v 1329 1356 !
c T =l%64 ~1377
4 1398 : 1399 -k
‘ T :
p 1257 | ;
: 3 -1278 ?
AIRMELT | % 1299 |
long. 4
2 1155 1136
5 -1190 16e |
1% " 1225 1200 o
2 1159 1173 . ﬁ
0 -1179 -1194 a
c 1220 1214
v 1212 : 1213 - |
§ -1230 -1233
g 1248, 1254
Nk 1378 .
VACUUM| 0 1475 ~1431
REMELT | © 1
ore. 13 1338 . 1268 o
) © =1397 ' ~1294
c 1435 1320 o
¢ 1182 1192 __
9 -1190 .=1211
C 1207 1230 \

Table IIIc (cont.)

Tensile strength,

125000 peak.,




Blongatiom g PRIMARY OVERAGED
- R.A. n HARDENED 550°C
i
% %
]
(o] .
- % 17 — 46 17 = 47
4 i
5
AIRMELT oy 14 = 39
trans. T
5
g 21 —- 44 22 - 38
T R
6.
2 22 — 46 22 - 40
S ,
y
¢ 17 = 57 18 = 59
g A
4 !
g 14 — 51
AIRMELT |
long. 7
. 5
3 25 — 65 22 - 64
[ |
6 .
a 26 — 64 23 - 63
c
g .
¢ 22 = 72 23 - 69
e
d -
5
VACUUM| @ 16 = 56
REMELT | C R
5
g 23 — 64 18 — 60
c
6 R .
g 22 — 64 22 - 62
C

Table IIId.

Ductilities, 1250°C peak.




Fully

Hardened Over:ged Over:ged
450°C 550°°C 620°C
Transverse
tenailezstrenah 1016 945 659
MN/m '
Longitudinal
tensile strength 1181 1039 709
HN/m2
Longitudinal
reduction in area 59 63 €5
Longitudinal
elongation 22 25 29

Table IIIe.

Tensile properties air-melted parent plate.




Specimen gauge length 20mm
Cooling rate from 800°C peak

paili
Finish °c/sec
As-rolled 23.0
|
As=rolled + aluminium foil 31.25
| . As-rolled + doubled Al foil 28,0
As=-rolled + linished 33.0
As=rolled + linished + Al foil 33.75
Ground surface 36.5

Table IV. Effect of surface finish on specimen
cooling rates.



|
o0D c PRIMARY OVERAGED |
S — 6, | 7| HARDENED 550°C
i i
Welded, Welded, |
nan é As-welded| ihen —78%0 As-welded | ., —78°= |
y
g 1
s
AIRMELT S, 0,026/ 435104021/ o34
trans. - T
0 0.015/4 026 P+017/4, 026
T 1 :
s_ | |
0| 0:019/0 021 - 0.018/4, 025 P+018/4,032
c
v .
€10.047/4 959 0.016/5 o5 [+033/5, 067
d L
5| 0,021/ /
0,027 0.031
AIRMELT. | % 0-084 0:999
long. T
: .
5 0.056/0.050 0.024/0.039
t L od
2
o 0.079/4,249|9+974/, 103|°+925/4, 062
3 : i
d
5
VACUUM| § | 0026/ 1551 0.070/4 oq)
REMELT | C 1
long. §
% 110+048/4 0g2 [04056/0 122
- 1
2 .
T .
o . Table-‘?’a.'

COD‘ values, photogrﬁphic measurement, 785'° C peak.




‘g‘_'_ gm

coD

PRIMARY
HARDENED

QVERAGED
550°C

4
b frart

AIRMELT

trans.

00050 - 0.050

0.023 =0.026

0.018-0.029

0.024-0,061

0,035~ 0.047.

S e e w i ok S

AIRMELT
long.

0.026.-0.045

0.052

00039 -0.082

0,081 = 0.094.

0-056 = O. 115

VACUUM
REMELT

oahH n—0< 0 Po=——0Q300
-0 OOOMO- (}‘ou'o' 0.0013-\ po—01<0 O’Omm d.OU!Ul do L:L

0.059 - 0'. 159

T

e

d

4 :
g 0.142 - 0,283 . -
C

S

S

%

c

6

2 .
ol 0.032.- 0.127
C

0.084 - 0012?

0. 114 il 0.160

~ Table Vb,

COD values, photographic measurement 1250°c peak.




gy v

coD c PRIMARY DOVERAGED
8. n HARDENED 550°C
i :
Welded, =1 Welded, Ei
nde ‘}2 As-welded| .n .?788"0 As-welded | ., <78°= i
5 10.033 0.041 0.037 0.042
' ¢ 10,037-0,037 {0.042-0,042 | 0,038-0.037 0.044-0.044
g 0.040 0.044 0.038 0.047
g 0.026 0.036
I;JFQA/EEL:F 0 0.030-0-030 00059-00039
10,033 0.041
trans. T
: 510,033 0,041 0,036 0.034
510.,034-0.034 {0.044-0,044 } 0,038-0,039 |0,036-0,036
O.C 0.035 0.048 0.042 0.039
1 810.029 0.034 0.036 0.031
610.033-0.03210.035-0.035 | 0.036-0,036 |0.033-0.032
%|0.035 0.036 0.036 0.033
¢ 10,071 0,041 0.059 0,052
¢ l10.077-0.077 |0.044-0,044 | 0.063-0,06310,054-0.055
Llo.082 0.047 0.066 0,058
d . £
4 10.055 0.047
5 10.058-0.058 [0.050-0.049
AIRMELT | +|0.059 0.051
long. T
210.055 0,070 . |0.058 0.060
0 0.062-00061 0.075-00073 00062-00062 0.062-0.063
%] 0.066 0.075 0,066 0,067
$1o.051 0.050 0.053 0.047
q 0.054-00054 00052‘0.053 '0.056‘0.057 0.050*0-049
clo0.058 0.056 0,061 0,050
$ 0.079. 0}064 0-081 0-079. ‘
§10.081-0.081 |0.068-0,068 | 0.083-0,084 |0.080-0,081
¢ 10.084 0,071 0.089 0.086
. 410.070 0.070
vasLL| GO0 oo
REMELT | © 1
long. 0.063 0.070

e ———

CPONQO CrDUﬂﬂ

0.065=0,066
0.070

0.089
0.091-00090
0.093

0.072-0.073
0.077

0.069

00073‘00073
0.076

-

0.072
00076-00076
0.079

0,084
0.087-00087

0.092

0.080
0.083-00085
0.086.

0.095 .
00099-00098
0,100

Table VIa.. COD values; experimental equation, 785°C peak.




.

cop c PRIMARY OVERAGED
S n HARDOENED 550°C
m__|d
] 5
{ Welded, - Welded, |
me | b As-welded) e —7g0e [As-Welded | i 7873 |
¢lo.035 [0.043 0,040 0,045
' ¢ 0.038-0.039 [0.044-0.045 | 0.043-0.043 [0.049-0.049
é 0,043 0,047 0.047 0.051
4 10,036 0,041 ,
AIRMELT | 3 0.036-0.039 {0.043-0.04
+10,043 0.046 1
trans.
2 10.029 0.044 0.040 0.039 :
o 10.031-0.033 [0.047-0.048 | 0.041-0.043 |0.040-0.040
+|0.038 0.052 0,047 0,042
610.035 0.037 0.039 0.033
210.037-0.038 [0.039-0.039 | 0.039-0,040 |0,035-0.035
%|0.038 0.041 0.041 0.036
$lo.111 0.054 0.123 0.124
¢10.118-0.120 [0.058=0.057 | 0.129-0.130{0.134-0.133
é 0.132 0.060 0.138 0.139
4 10,076 0.069 .
£10.079-0.079 |0.072-0.073
AIRNMELT | &}0.082 10.079
long. . T :
510,074 0.090 0.068 0.069 ;
g 0.078"0.077 0.094"00095 00072‘0-072 00070-0.072
3 0,079 0.099 0.075 0.077 |
$ |o.081 0.095 0.076 0.090
6 | 0.085-0.085 [0.099~0.102 | 0.077-0.078 {0.095-0.094 }
2l 0.091 0.113 0.081 0.096 - |
v {o.130° 0.154 0.145 lo.129 :
¢ ]0.137-04136 [0.159~0.164 | 0.150-0.153[0.134-0.136 {
410.200 0.107 1
0.104-0,105 {0.113-0,111
VACUUMI 0 15,111 0.113
REMELT | © 1 |
long. g 0.091 0.156 0.136 0.153 ;
: o | 0.094-0.09510.160-0.162 | 0,139-0,142|0.158~0.158 }
¢} 0-099 0.171 0.151 0.164 .
6]0.198 0.156 1 o.01 0.238 |
g 0.209-0,21110.162-0.163 0.197-0.199(0.250-0.253 §
o| 0227 -170 0.210

0.270

Table VIa (cont.).

COD values, experimental equation, 785°¢C peak.,




COD ¢ PRIMARY OVERAGED :
§; — 6m | 7| HARDENED 550°C
i ;
Vel Welded, #
o _}1% As-welded then E)';jee"g' As-welded then =783°2 ?‘ |
c .
1Y i
£ [0.033/5, 036 | 0038/, 040] 0+ 034/ 01042 °+04% 0. 046
: ' 1 |
4
AIRMELT gt°'°22/0.032 0.032/4 037
trans. T
5 ' ‘ 1 :
510,026/ gpg | 0+041/5. 045 0+032/5, 036 [0+932/0, 03}
T 1 '
6 . |- .
1 210,026/ o35 | 0030/, 035 0+031/5 036 0.033/4.036
c
v .
§ 1
4
AIRMELT O.C 0.047/4 a6 | ©+95974, 08¢
long. T
X .
5 {0965/, 086 | 0989/, 108] ©+4/0,076 [0+ 0%/0, 077
t -
é .
5 10:079/4, 099 | ©+075/¢,119.9+072/4 090 [°+072/4 109}
c
v .
¢ lo.076 0,091/, ;o-l 0.096/ 0.090/
é /5,161 9174197 0,184 0.161
; 1
vACUUM| © |0-07875 119 | 0+075/0,126
REMELT | € | L
long. |3 | |
0 [0+073/ 0,110 | 04079/, 194] ©+085/0,169 0+0%%7 0, 166
c .
6 T . -
2 0.11:;6/0‘_262 0.080/0;19'6 0.111/0.243 0.099/0“51o
¢ | - :

-+ Tgble’ VIb: C():D"vdlgés, Wells' equation, TQSOC_peak.




COD 8 PRIMARY OVERAGED
. m |8 HARDENED 550°C
i
! Vel Welded, i
- 3 |As-weided) e Sidsd las-welded | e —78°3 |
C
y c .
€ 10,030/ o33]0:030/4 ¢33 10+029/5.033 0.028/4 431
d L
4
AIRMELT g 0'037/0.043 0. 035/0 043
trans L T
5 S ' ‘ :
£10.032/4 435104030/, 32 [0-030/¢ 035 0.028/4 o33
t L .
6 S . _
5 |9+033/4,033(0+031/0,032 [0+93%/0, 036 |©+03%0,037
T
C .
y - ‘ . _ _
¢ 10.074/4,10019+9647 0,093 |°*97% 0,093 |°+°62/0,087
. |
. g 0.053/0.079 0.052/0-.075 i
AIRMELT | s t
long. T i
5 . . +
510.063/.101{0+061/, 096 |2+96%/ 0, 080 | 9952/, 066
t M L 1
6 : o |
'*é 0,074/ 15410+074/ 5 143 |9+077/4 03 |0+081/4 090
C .
Cc
4 .
1]0:077/0,123(0-98%/0,137°+08%/0,137 | 0-078/¢ 121
d
p .
5
vACUUM| 6 | 9+97%0,109|9+%6%/0,111
REMELT | C S |
long. ? ‘
T 0 0'088/0.160 o.oez/o.l57 0.034/0.145 0.082/0.140
C .
6 T .
2 |
S 0,203/ 1450+088/ 17504099/ 150 | 04091/ 144

Table .VIe. -

COD -values, expgrimfmta_.l equatiofz, 840°C peak.




{
CcoD e PRIMARY OVERAGED |
8 n| HARDENED 550°C -
: :
mm, E » »* r |
f
v o.031 0.028 :
1¢c}) 0.033 0.032 + 0,002 0.029 . 0.029 + 0.002 |
1 0.034 0.030 - .
g pee g
41 0.037 | . '
AIRMELT g 0,043 0.043 + 0,011 . .
trans., T .
‘. 21 0.037 . : 0.035 ' .
ol 0.039  0.039 + 0,003| 0.038  0.038 + 0.005
¢l 0.041 0.040
6| 0.030 0.035 i
21 0,032 0.032 + 0,003| 0.038 0,039 + 0.006
‘Z{C 0.033 0.042
|
|
¢| 0.066 0.073 k
i1 0.079 0.083 |
d T 3
41 0,080 )
| 51 0.086  0.087 + 0.014 :
AIRMELT | ¢} 0.096 ;
long. | -+ .
21 0,078 0,070 ¢
5| 0.081  0.082 £ 0.006| 0,074  0.074 +.0.009
+| 0.035 0.080
6| 0.070 - 0.057 - %
2| 0,073  0.073 + 0,005| 0.060 0,061 + 0,008
%1 0.076 "] 0.066
c
c . }
y | 0.079 . - 0.090 _ ﬁ
1 0.087 0.087 + 0.012} 0,092 0.092 + 0,004
g| 0.093 0.095 .
~ 4] o.o78
vaACuUUM | 0| 0.082 0.082 +.0,007|"
REMELT | t| ©-08 1
long.
o 3] 0.1 : 0.102 .
o| 0.103  0.110 # 0,025} 0,113 0,113 + 0,019
c| 0.126 0.123 .
2| 0-079 | 0.078
o-| 0.083 0,083+ 0,007| 0,082 0,082 + 0.008
t 0.087. 0.087

. Table 'VId.

COD values,

experimental equation, 125000 peak.




CoD c PRIMARY OVERAGED i
1 HARDENED 550°C {-
i : ‘
ne l| - L
R J
¢l o.040 - . 0,033 : ‘
| ¥l o0.042  0.043 + 0.005 | 0,036 . 0.036 + 0.004}
1] 0.046 | o.038
4 T l
g 0.043 0.006
AIRMELT | g | 9:043  0-04T 2 ©:
d(\: L ]
trans. p— , T
. 51 0.049 - : 0.053 - :
510,049, 0,051 + 0,006 | 0.055  0.057 & 0.009
%| 04055 | 0.063 . :
6| T -
&1 0.043  0.044 + 0,003 | 0.046 0,046 + 0,010f - |
| 0.046 0.052
v | 0.096 0.094 . E |
¢| 0,108  0.107 # 0.017 | 0.102  0.100 + 0,008}
e 00116 g 0.104 ) ’:-
4
41 0,089 _
51 0.09  0.097 £ 0.014 -}
AIRMELT | ¢| 0.105 | F
long.’ - . :
5| 0.096 ‘ 0.101 , é
5! 0,101  0.105 + 0.015 | 0.110  0.113 + 0.024}
%| 0.116 1 o.128 |
61 0.069 ' | o.105 S :
21 0,073  0.073 + 0.008 | 0.111 0,115 + 0.020}
| 0.078 : 0.128 ‘
¢l 0.161 : 0.167 F*
¢| 0,171 0.170 # 0.015| 0.171  0.175 + 0.020
&| 0,178 0.187
d -
g 0,086
VACUUM q goggg 0,090 + 0,007
REMELT | €| ™ 1
2| 0.131 A 0.151 . R
¢l 0.154 0.160 :
6) 0.118 T o.128
21 0.125  0.126 + 0.013| 0.136  0.138 + 0.019
ol ©°-133 0.150 j

* 90% confidence limitsg

‘-Table VId (cont.,), COD values, experimental equatioh, 1250°¢C peak




¢ PRIMARY OVERAGED
K 5 HARDENED 550°C
i
t Welded, Welded,
M/ o2 b |As-welded| e ~vac’ [AS-Welded | ne 78°C
(o]
‘ ?I:' 169 165 174 - 170
g i
4
_ 221 215
AIRMELT ?}t
trans. T
S
g 183 187 167 165
t AL
&
42 144 143
0
o
C .
¢l 205 187 199 185
|
g L
: 255 211
AIRMVELT | %
long. T
% 211 197 191 180
t =
é )
2 179 178 178 174
.C .
c .
g 187 178 203 197
&
d -
5
vacuum| @ 213 217
REMELT | C 1
p :
5 193 192 194 191
[
é
3 190 188 188 186
C
Tab'le ?Ie.

LEFM Fracture toughness, 785°¢ peak.




c PRIMARY OVERAGED '
K n HARDENED s550°C
{
MN / ;5 é_ :
. .
14 195 222
§ 1
. 4 ' 171
AIRMELT St 150
trans. T
2 232 * 216
0
T 1
8 .
2 216 231
T
C
Y
? 307 205
g L
4
5 217 225
AIRMELT | %
long. T
- 5
s 240 244
t 1
é
(2) 230 218
C
° F
y
¢ 206 198
e
d -
5 246 238
VACUUM| @ )
REMELT | C XL
3
; 251 246
c
p ,
2 244 261
c

Table VIS,

LEFM Fracture toughness,

1250°C peak.




r <l PRIMARY OVERAGED |
CoD n HARDENED 550°C F
i : ;
1 Welded, N Welced, }i
,m é AS—W@,dE}d then _78%0 AS"‘WEIdEd then _789': ?
C
' % 0.020 0.013 ° 0.019 0.009
q A
4
. 0.00
AlRMVELT | 5| %% -004
© 1
trans.
2 .
o| o.014 0.006 0.016 0.004
T L
6 _ "
2l o.o18 0,008 0.018 0,007
(@
sl j
¢l o.016 ' 0,020 . 0,025 0,020 "}
R ‘ L
4
3 0.022 0.019
AIRMELT | &
long. T
5 o
ol o0.022 0,030 0.018 0.021
t v 1
6 . .
21 o0.022 0.038 - 0.019 0,022
c
c
y : .
$ 0.043 0,042 - 0,036 0.114
d J
15
REMELT | © 1
long. |3
°rg ol  o.032 0.043 0.097 0.089
e .
é T .
"é 0.033 0.076 0.094 0.089
C .

' . Table VIIa. COD'values, stretch zone

meaaurémez.zt, 785°C peak,




ey
g PRIMARY OVERAGED |
cop Al HARDENED 550°C g
{
om | -
Q ,
c , _ . |
% 0.026 - .. 0,021, -
g ]
AIRMELT | o 0.021
C 4
trans,
5 - | .
g 0,022 0.021
C 1
6 "
12 0,007 = 0.016
f@
Cc
$ 0 - 0,033
, 4 BN
4 o
5 0.011 | : r
AIRMELT | &
long. r »
3 . ot
> 0.015 0.012
t | 1
6 . ¥
2 0.048 . 0,024 5
c \
Cc
¢
! 0.164 0,060
d -]
3
VACUUM| 0,046
REMELT | C 1
long. 2 ’ : -
| o 0.044 0,066
[
6 | .
2 0,034 . 0,054
) ,
c

Ta?_:le VIIb, -COD values, stretch zone measurement, 12.50°C peak_.

e



S c PRIMARY . OVERAGED
3 HARDENED 550°C
: _
KNm / m2 il
g "
o W .
' % 22.9 22.8
e 1
4
AIRMELT St 26.2
trans. T
5 .
5 26.0 28.3
T 4
5
& 19.5 31-5
% .
v
(I: 55.0
d L
4
g 24.5
AIRMELT | %
long. T
5
s 44.4 40.3
t L
6
5 48.3 40.7
c
c
y
“3 53.5 45.1
e
d £
5
8.8
VACUUM| 0 )
REMELT | C 4.
3
0 79.0 83.3
o
p .
% 59-7 63'4
c

- Table VIII. J contour values, 1250°C peak.
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llustration removed for copyright restrictions

Table IXa. COD values, air melted parent plate,
experimental equation [94]



A

parent plate,

COD COD J K
Ageing mm, - mm, kNem/ 2 | MN/ m32
{temperature :
Experimental Wells
equation equation
Transverse specimens
450°C 0.070/ 0.104 | 0.074/ 0.117 56,2 280
550°C 0.072/ 0.119 | 0.081/ 0.141 62.2 322
620°¢C 0,077/ 0.134 | 0.088/ 0.161 5546 267
Longitudinal specimens
450°¢C 0.069/ 0,156 0.077/ 0.201 59.5 273
550°¢C 0.080/ 0.206 | 0,091/ 0.252 1.4 291
620°C 0.077/ 0.205 | 0,093/ 0.259 60,3 263
SL/Sm S_L/Sm
Table IXb. Fracture Toughness values, vacuum remelted



Table X.

a) welds

'Aéeing as-welded treated ~-70°C
temperature 8L (am) Sm(mm) 8{ (um) Sm(mm)
3ﬁm from fusion line
as-welded 0.041 | 0,050 | 0.036 | 0.048
450°¢c 0.048 | 0,056 | 0.038 | 0.044
620°C 0.045 | 0.062 | 0,046 | 0.070
10mm from fusion line
as-welded 0.041 0,052 | 0.030 0.034
. 450°C 0.057 | 0.075 | 0.043 | 0.057
620°¢C 0.078 | o0.118 | 0,072 | 0.106
b) effect of varying simﬁl&tion time cycle
Peak ofszsgie SL (mm) 8n1 (mm)
785°¢C fast 0.073 0.121
785°C slow 0,092 . 0,138
1250°C slow 0.068 0.152

Weld Fracture Toughness values,




Ageing as-welded sub-zero treated
temperature b.(am) | §@m) | S @m)| O, mm)
Weld HAZ, 1250°C peak
as-welded 0.042 0,051 - -
450°¢C 0.049 | 0.057 - -
€20°C | 0.045 | 0.063 - -
Weld HAZ, 785°C peak ’
as-welded | 0,041 | 0.053 |o0.031 | 0.035
450°¢c 0.058 | 0.076 ]0.043 | 0.058
620°C 0.079 | 0.119 } 0,072 | 0,107
Simulated HAZ, 1250°C peak
as-welded 0.072 0.107 - -
450°% | 0.087 | 0.097 - -
620°C 0,073 | 0.073 - -
Simulated HAZ, 785°C peak
i as-welded 0.077 0.120 0.044. 0.057
I 450°C 0.058 0.079 | 0.049 0.073
| 620°C 0,054 | 0.085 | 0.053 | 0.102
| Parent plate
450°c 0.040 | 0.046 - -
I 550°C 0.042 | 0.051 - -
I 620°c | 0.050 | 0.068 - -

Table XI.

Comparison of COD values,
- alr-melted -plate




Primary Overaged
Hardened 55060
Plate’ cyoéed Parent '
e aged Plate I'5550% 785°% | 1250% |. 785%
©  peak peak peak peak
0.037 0.037
Ag-
velded| — 0.032 . * 0.029 “x
0,042 . 044
0.030
450°c| 0.040 0,043 * — —
AIRMELT 0.039
trans. 0.034 00039
550°c| 0.042 0.039 * 0.038 |- *
«034 0,036
620°c| 0.050 0.032 * 0.039 .
0.035 0,032
o077 0.063
Ag- ; '
welded| ~— 0.072 * 0.078 *
0.044 0.054
0.058 _
450°c| 0.068 0.087 * — —
ATRMEL® 0,049
0,061 0.062
long. °
550°c | 0.074 0.082 « | o0.074 N
. , 0.054 0.057
0,081 0.084
Asg=- —
wvelded 0.087 * 0,092 *
: 0.068 0.081
o 0,073
YACUUM 0.071
REMELT, 0.066 0.076
) , .
long. 550°C | 0,081 0,110 . 0.113 .
: 0.073 0.083
0,090
620°¢ 0.076 0,083 _ . 0,082 0.087 .
0.073 0.098

Table XIIa. -

Fracture toughness ( cop, §

*  sub-zero treated

{ » MR ) summary table




Primary Overaged
cycled Parent Hardened 550°C
Plate and a 2
' aged plate o o o o
g 1250°¢ 785°C |. 1250°C 785°C
peak peak peak peak
As= — 0.043 . x| 0.0%6 *
welde_d 0.045 0.048
0,039
450°c| 0.046 0,047 x| — —_—
AIRMELT 0.043
trans. 0,033 0_.043
550°c| 0.051 0.051 x| 0.057 *
0.048 0,035
0.037 0.040
620°c| o0.068 0.044 *| 0,046 *
. 0,039 0,035
10.120 0.130
Asg~ :
_— 0,107 * 0.100 *
welded 0,057 0.133
o 0.079
450°c| o.071 0.097 | — _—
AIRMELT 0.073
long. ° 0.077 0.072
550°C| 0.079 0.105 * 0.113 N
0.095 0.072
o 0.085 0,078
620°Cc| 0,086 0.073 * 0,115 .
0,102 0.094
0.136 0.153
As- | — 0.170 /x| 0.175 "
velded 0.164 0,136
. 0,105
450°¢| 0.157 0.090 x| — -
VACUUM 0.111
REMELT, o 0.095 0,142
long. 950°C| 0,206 0.143 x| 0.156 M
0.163 0,158
o 0.211 0.199
620°C{ 0,205 0.126 *| 0.138 *
0.163 0.253

Table XITb.

Fracture toughness ( cop, §

* gubezero treated

m » OO ) summary table




Primary Overaged
Hardened 550°C
cycled Parent
Plate and late o o ) o
aged P 1250°¢ 785°%¢ 1250°¢ 785°¢C
peak peak peak peak
970 1030
veided| — 860 890 |
x1090 »1140]
o 1200
450°C| 1020 1140 —_— —
AIRMELT #1280
trans. ° 1150 1180
550°C 950 1090 1130
%1200 %1190
1120
620°C| 660 1030 1060 | 1060
%1090 1160
s 920 1000
a-
— 1340 1350
welded
%900 %1090
o 1080
450°C| 1180 1120 . —_— —_—
AIRMELT #1130
long. . 1010 1110
550°C| 1040 1040 1020
x1010 »1110
o 780 %0
620°¢C 710 1010 1000
*860 %970
920 _ 970
As- e — 910 930
weléed 1000 1180
o 1200
450%c | 1360 1280 — —_—
VACUUM #1190
REMELT. ° 1090 1050
250°C| 1250 1240 1190
1090 41100
o : 720 970
620°C | 1100 1080 1070
»1000 L1100
*

Table XIIe,

sub-zero treated

Tensile Properties ( 0.5% proof Btrasa; HN/m2 )
summary +atkla



Py /e c PRIMARY OVERAGED |
m n HARDENED 550°C
1
% é 785°c  1250°C 785°C  1250°C ‘
. Z 94 91 97 92 B
l 96 92 95 . =~ 93
i 97 . 93 96 92
r4 98 97 9% .- 9
AIRMELT qc 98 97 96 - '
trans., — 96 . 97
2 9 :
0
c
6
g Grand average 95.3 i
c
H |
pA 93 94 94 94 94 1
Il e6 94 93 93 9 |
j 88 93 94 93 93
5 97 90 94 94 95 2
AIRMVELT | o1 92 93 g
long. : 94 89 : !
5 93 94 |
t 94 92
16
(22 ' Grand average 92.9
C
C
: 93 94 of . 93 97
el 87 89 97 93 94
| .| 85 94 95 92 90
vacuuml o 97 94 96 96 97
REMELT | ¢| 89 92 92 91
long. 5 95 96 92
5 | 94
c 97
6
é Grand average 93.0
C

OVERALL AVERAGE 93,6

Table _XIII. Ratio of load at initiation to maximum load,



