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FACTORS AFTECTING THE CONSTITUTION AND
STABILITY OF IRON-BASE AUSTENITIC ALLOYS

Jess Cawley B.Sc.

ABSTRACT

A study of the constitution of Fe-Cr~Ni based alloys has been
carried out. The isothermal sections of the ternary Fe-Cr-Nl system
have been determined for temperatures between 1150 C and 650 C by
analysing the composition of the individual phases by a micro-probe
technique. The transformation of the delta ferrite, during the
isothermal heat treatments, to either austenite or (austenite + sigma
phase) has been investigated. In the sigma phase regions the delta
ferrite transforms first to sigma phase which forms an envelope
around the remaining delta ferrite which then transforms to a cellular
structure of austenite + sigma phase.

The effect of fourth element additions namely:- (Mn,Cu,C,N,
Si,Mo,Nb and Ti) which are known austenite or delta ferrite/sigma
phase formers have been investigated. The constitutional effects
of the fourth element additions have been quantified by the
determination of nickel and chromium equivalents by a method which
compares directly the effect of the fourth element additions against
that of the nickel and chromium of the base alloy system.

The partitioning of selected alloying additions between the
phases present has been investigated in an attempt to explain the
microstructural effects of the alloy additions. The results
suggest that the amount of partitioning is dependent upon the amount
of alloy addition and is somewhat less than would be expected.

The concept of electron vacancy numbers has been used to
predict the stability of the austenite phase and whether a
particular composition is prone to sigma formation.

The effects of alloying additions on the void swelling
characteristics of selected alloys has been studied using both the
High Voltage6E1ectron Microscope and Variable Energy Cyclotron
. with 46MeVNi~ ions.

It has been shown that whilst most elements depress void
swelling, manganese significantly increases void swelling at
moderate levels of addition.
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1 Introduction

The commercial application of materials based on the iron-
chromium~-nickel ternary system is widespread. The combination
of high corrosion resistance, coupled with good high temperature
strength and structural stability has produced materials suitable
for a wide range of applications including the chemical industry,
jet engines, steam turbines and power generation plant. Of
particular interest is the uée of stainless steels and iron-
nickel based superalloys in nuclear fast reactors. It is
Aimportant:theiefore that the constitution of the iron-chromium-
nickel ternary system is clearly understood if alloys are to be
designed that will maintain their mechanical properties throughout
their working lives, particularly at eleveated temperatures and
under irradiation conditions.

The work which will be described was initiated to investigate
the constitution of iron-chromium-nickel based alloys and also
- to study the possibility of replacing nickel by manganese and/or
copper because of the disadvaﬁtages of the high nickel contents .
which are presently used in many stainless steels, which
are:- |

(1) -A pronounced tendency for low high temperature ductility,

.(2) A high capture cross-section for neutrons.
(3) Production of long life radio-active species which
-  tend to deposit in the heat-exchangers.

(4) The high cost of nickel.

It must be notedvthat nickel however, has a pronounced
effect in reducing the void swelling properties which is

a major materials selection problem for fast reactor design.



The Fe-Cr-Ni system has been studied over a temperature range
of 1150°C to 650°C because a good understanding of the base system
was important if the effects of alloying additions and irradiation
was to be understood and quantified. Base alloys have been
equilibrated for long heattreatment times and a quantitative
micro~probe analysis technique has been used to determine the
constitution of the alloys. Work has been carried out on the
transformations oécurning during isothermal treatments, in an
attempt to understand the equilibrium microstructures obtained and
to investigate if any transitory phases are present at stages
throughout khe equilibfatiné-heat treatment.

Other aims of the project have been:-

(1) The investigation of minor alloying elements on

the various possible structural features influencing
the constitution and void swelling. Such features
would be defect trapping by solutes, delta ferrite
formation and the formation of topologically close
packed phases.

(2) To investigate the partitioning of alloying elements

in duplex structures, which may influence the solute
concentration in the austenite and hence the defect
trapping capability.

(3) To study the role of alloying additions such as silicon,

- titanium niobium and molybdenum, all of which stabilize

ferrite and/or sigma, increase the Nv (electron vacancy)
number, and yet have a pronounced effect in decreasing
void swelling.

(4) To examine the effectiveness of alloying additions in



promoting austenitic, ferrific or sigma phases, and if .
possible to quantify their effects by the use of nickel
and chromium eguivalence concepts. A procedure has
been developed that compares directly the effect of an
alloy addition with that of the nickel or chromium
equivalent necessary to produce a similar change in
microstructure. This was only possible because of the
good understanding of the Fe-Cr-Ni system that was a
primary aim of the projecf.

(5) To investigate the effect of irradiation, using both
_electrons and heavy ions to simulaté neutron irradia-
tion, in order to study the effects of irradiation on
selected alloys. The void swelling characteristics of
the base ternary alloys and the series of alloys
containing varying amounts of fothh element additions
have been determined. The relative effects of various
alloying additions under given irradiation conditions
has allowed the effect of individual alloying elements
on the void swelling characterisitics of the base alloys
to be determined. This is not possible for commercial
alloys which may contain up to 8 deliberately added
- elements-and many more trace elements.

Also the effect of irradiation on the kinetics of the
~ transformations occurring in these multi-phase systems
has been investigated and shows a significant increase

in transformation rate under irradiation conditions.



2 Literature Review

2¢1¢1. The Iron-Chromium~Nickel System

Several workers have studied the constitution of the iron-

chromium-nickel ternary alloys. The establishment” of four solid

state equilibrium phases at temperatures above 65000 was published

by Jenkins et al(1)

Bradley and Goldschmidt(®:-

Phase Crystal Structure

Austenite (Y) Face Centred Cubic

Alpha Ferrite (a) Body Centred Cubic

Delta Ferrite (6) Body Centred Cubic

Sigma (o) Body Centred
Tetragonal

and confirmed through Xray diffractometry by

Remarks

Generally based on
the high nickel
phase, although a
high temperature
allotrope of iron
is faced centred
cubic and denoted
austenite

The low temperature
form of iron

Generally refers to
the high chromium
phase but is also a
high temperature
allotrope of ironm.
There is no cryst-
allographic differ-
ence between alpha
and delta ferrite.

A hard, brittle
non-magnetic phase
usually defined as
FeCr but can dissolve
significant amounts of
nickel.

There are two general forms of the iron~chromium-nickel

ternary diagrams between 650°C and the solidus. Above rJ 950°C

there are two single phase regions based on chromium (&) and

nickel (Y) with a two-phase region (Y + &) between the (Y) and

(8) regions. Both phases are stable at high temperature and the

duplex region persisté to the solidus Fig. 1(a). Below ru 950°C



the isothermal sectionms beeame more complex. The two single phase
regions are stable down to 650°C, particularly the austenitic
phase, whilst a new consituent occupieg a small single phase
region at approximately Fe -Cr which .7iss" denoted sigma and ‘As
surrounded by two three-phase regions (Y + ov+ &) and (Y +o + )
and fﬁﬂ& twe phase regions Y +0v)y (ov+ @) and (o' + 6),
Fig 1(b). In commercial terms the important aspect of the ternary
diagram is the extent to which the austenite is stable, particularly
at lower temperatures. It is a general feature of the diagram that
as the temperature decreases the alpha ferrite, delta ferrite and
most importantly the sigma éﬁase becomes stable at lower chromium
contents. This effectively reduces the compositional range over
which the single austenitic phase is stable. |
Several workers have produced isothermal equilibrium diagrams
in the temperature range from 650°C upwards. AndreWs(B) produced
the most comprehensive set of data based on the known Qork up to
1950. A disadvantage of this early work is the impurities present
in the experimental alloys. Work by Schafmeister and Ergang(h)
used alloys containing silicon which is a known sigma and ferrite
former and raises the temperature at which sigma remains stable.

(2), whilst using a very comprehensive

Bradley and Goldschmidt
series of alloys.employed chromium’of low purity ie chromiem = 99.38%
with the main impurities being nitrogen 0.20% and oxygen 0.488% max.
Both-nitrogen and oxygen are austenife formers and have a signi~
ficant effect on the constitution of the alloys. It is probable

that this level of impurity compared favourably with other workefs

(5)

at the time. Interestingly, work by Rees et al'“’who used much

purer ternary alloys produced by a melting technique in which

hydrogen was a deoxidizer, presented constitutional data which



was in very good agreement with present day results. The
isothermal constitutional diagram at 800°C published in the same
'work indicated that the Y=(Y + o~+ 6) triple point was at a

higher chromium level than had been previously suggesteq

(6)

Fig 1(c) and was consistent with this work. Cook and Brown
using similar techniques to those used by Rees et al(s) ’

- produced a constitutional diagram at 550°C which indicated,
that sigma was an etiuiiibrium ph'ase at nr 16%wtCr, the Y=(Y + &)
phase boundary rising slowly in chromium content as nickel is
added. This work is in very good agreement with the constitutional
diagrams tﬂat have beén céléhlated thermodynamically for temper-

(7), Hillart(s)and others. A

(9

atures below 650°C by Kaufman et al

critical review by Raynor and Rivlin “‘has compiled the most recent

constitutional work and highlights the differences in the phase

boundary positions previously reported. Jones and Hume—Rothery(1o)

(11)

and Hattersley and Hume-Rothery made important contributions
to determining the Y(Y +o-) phase boundary and the austenite

triple point, and their results are reflected in the Raynor and

(9)

~ Rivlin review .

2.1.2 Experimental Techniques for Egquilibrium Diagram Determination

A pre-requisite of all constitutional work is the manufacture
of high purity alloys. The most reliable work has used argon arc
vacuum button melting fechniques to produce high purity termary
alloys, usually from high quality individual elements. Degassing
techniques, using hydrogen(s), have been'employed since the purest
chrbmium often contains high levels of nitrogen and oxygen.

The resulting alloys are then heattreated,usually in silica
tubes, under a partial pressure of argon. All workers have found

that the approach to solid state equilibrium, particularly at lower



temperatures, is extremely slow. The use of prior cold work
speeds up the approach to equilibrium bﬁt has the disadvantage of
producing very fine microstructures, often with grains less than
1anin size, that in themselves are very‘difficuit to interpret
with any certainty, and also difficult t§ analyse by any but the
most sophisticated techniques.

The two most common techniques used for constitutional work
are optical microscopy and Xray diffraction york. Various etching
techniques are employed in optical microscopy, designed to distinguish
unambigucuslythe various phases present in the individual alloys.
Many workeré have expefieﬁce&.difficulty in distinguishing ferrite
from sigmz and have employed stain etches(11)such as 10N.K OH
used electrolytically at 4 volts which stains ferrite orange,
sigma bronze and does not stain austenite. There are though
several disadvantages in that different thiéknesses of stain produce
different colours and identification of sigma or ferrite particularly
when both phases occur as. small precipitates is very doubtful

(10)

by this technique. Jones and Hume-Rothery described an

electrolytic potentiostatic methoa which distinguished the
various phases by selective etching at particular potentials. It
must be noted that the potential given for sigma (o-) and ferrite
(a«) is the same and cannot therefore distinguish between these
phases if they occur in the same alloy. Furthermore whilst the

(11).

work of Hattersley and Hume-Rothery is in excellent agreement

(12)

with that of other workers, Schultz and Merrick could not

reproduce their etching technique.

The main Xray technique used is the Debye-Scherrer powder
(11)

camera, using filings of the experimental alloys . The filings



are taken before heattreétment and are usually sealed in silica
tubes under argon. This method also gives an indication of the
attainment of equilibrium since diffuse diffraction patterns
indicate that equilibrium has not been reached. Also the cold
work accelerates the approach to equilibrium., Several workers

have confirmed thei& results by a qualitative magnetic technique
which indicates whether there is a body centred cubic ferroﬁagnetic
phase present.

Recently Hasele et a1(13)have described a téchnique using
diffusion couples to study the phase equilibria in ternary systems.
The varioué elements are se; up first as binary and then as a
ternary diffusion couple by joining the metals, after electro-
polishing, under dry hydrogen, followed by sealing in silica tubes
under a third of an atmosphere of argon and heattreating at the
appropriate temperature for a given time. The method allows the
study of real ternary systems over a wide range of alloy
compositions with a single sample. Phase compositions are
claimed to be within 1%'of the equilibrium composition obtained
by prolonged heattreatment,although no mention of such times are
given, nor is there any mention of phase identification. It would
seem likely that quantitative microprobe analysis may be a phase
identification technique in its own right given the large
partitioning of chromium and nickel in the ternary system. The
results agree well with those given by Schultz et‘a1(12).

The temperature working range for the core componénts of the
fast reactors is 300-700°C, 700°C being the hot spots. This range

unfortunately encompasses the void swelling range and as such,a

knowledge of the constitution below 650°C is of paramount



importance. Experimentally this has proved very difficult for

reasons already outlined, namely very slow diffusion rates of the
elements leading to non-attainment of equilibrium. This problem
has led to the development of calculation methods for predicting

phase diagrams for temperatures where it is difficult to obtain

(7)

experimental data. Classical work by Kaufman and Bernstein and

ﬁillert(a)have led to calculated equilibrium diagrams being
published for the Iron-Chromium-Ngékel éystem down to 500°C.

The technique is complex but basically uses thermodynamic

functions that have been determined experimentally, such as the
Free Energy minimum whereby a phase change will occur., Very few
experimental results are necessary to be able to calculate complete
isothermal sections.

2¢1.3 Effect of Alloying Elements

Stainless Steels are rarely simple ternary alloys, often
containing more than 8 elements that have been deliberately
added plus other minor eléments that are either residuals or
difficult to eliminate. It is well known that the composition of
an alloy has a profound effect on many properties,eg. Ms, strength,
ductility and creep properties. Man& of the changes in'propertiés
are a direct result of a change in the constitution and or micro-
structure of the alloy and it is this parameter, the effect of
ailoy additions on the constitution of iron~-chromium-nickel
tern;ries, that thé present work is largely concerned with,

Stainless steels cover a wide range of compositions leading to
a variety of structures: austenitic, ferritic, martensitic and
duplex, all of which can contain carbides and/or intermetallic ‘

compounds. Work by Irvine et a1(14)showed the effect of various



austenite formers and ferrite formers, Fig 2(a), after solution
treatment at 1050°C on a 17wt%Cr 0.1wt%C. alloy with 4wt%Ni added
for the ferrite forming elements. It can be seen that nickel is thé
most potent of the substitutional austenite formers whilst small
amounts of the interstitial elements carbon or nitrogen have

large effects (nitrogen is not shown)., Cobalt is useful genefally,
since whilst stabilizing the austenite it does not decrease

the Ms, wﬁich is important for the martensitic stainless
steels(15). Cobalt though has serious disadvantages for uses

in fast reactors in terms of the generation of radiocactive isotopes
and is not used in alloys destined for reacfor core ~components.
Copper and manganese, whilst producing some reduction in delta

-~ ferrite at lower concentrations, have little effect abovevabout
Lwt%. Also:severe hot shortness problems may be encountered

(16)

with copper. Lismer et al have described the effect of carbon
on the microstructure in terms of a shift in the Y-(Y +e°)

phase boundary favouring the austenite. It must be noted that
their experimental alloys contained silicon and manganese which
may well affect their results. Also an isothermal treatment time
of four hours was used for temperatures down to 950°C, probably
resulting in the non-attainment of equilibrium,

Fig Z(b)(ﬂh), shows the various potencies of the ferrite
formers which are common additipns to stainless steels, Manﬁ of
these elements are also carbide/nitride formers, and only that
prgportion which is in solid solution will act as a ferrite former.

The relatively small negative effects of copper, cobalt and manganese

may well have been due to the presence of nickel which may have

10



affected their potency as austenite formers. Pryce et al(17>

studied the effect of silicon as a sigma former. They suggested
that silicon is three times as potent as chromium as a sigma former.
Again their alloys contain manganese whose role as an austenite
former is dubious at lower temperatures.. Nicholson et a1(18)
worked with various alloys in an attempt to quantify the
constitutional effect of silicon, manganese and molybdenum. They
concluded that the effect of silicon was not linear in its
equivalence to chromium, butvvaried in effec£ with nickel
concentration, becoming less effective as nickel increased.

No fifm conclusiéns Qe;e given although examination of their
evidence would suggest that manganese is a sigma former at
650°C., They also suggested that the addition of 2wt%Mo
displaced the Y=(Y +0) boundary by about 3wit#Cr towards lower
chromium contents. Hattersley et a1(11)studied the effect of
titanium on the constitufion of stainless steels and in common
with other workers suggested that titanium stabilized ferrite
and sigma, and indicated the results by the displacement of the
Y=(Y +o) and Y=(Y + 5) phase boundaries. When the solubility
of titanium was exceeded the intermetallic phase Ni3Ti was
precipitated.» This will have the effect of reducing the amount
of nickel in solid solution which will furthef increase the
volume fraction of delta ferrite/sigma. Chromium equivalents
for titanium, as measured by its effects on the Y-(Y + &) and
Y-(Y +0) phase boundaries are given as 1.2 at 1050~-1150°C,

1.9 at 950°C and 1.3 at 700°C, this last figure reflecting the

complication caused by the precipitation of NiBTi.

11



(19)

used thermodynamic methods to compare the

(7)

Shao et al
ternary diagrams predicted by Kaufman et al' ‘‘with multi-
component systems, using the compositions of commercial stainless
steels ie, AISI 304, 316, 321 and 347. The results were shown
by a shift in the phase boundaries in pseudo-ternary diagrams at
600%and 650°C. For all the alloys the tendency was to displace
the Y=(Y +09) phase boundary to lower chromium levels particularly
in the case of AISI 316, which contains a molybdenum addition
but a higher nickel content,and AISI 347 (Nb stabilized),ln this
latter case, it was probably the deplétion' of carbon from solid
solution that produced the effect. A comparison of this work with

(18)

that of Nicholson et al , who determined the comstitution of

stainless steels containing molybdenum,showed very good

agreement with the predicted psuedo~quaternary alloys with

only three experimental points lying in the wrong phase field.
Shao(19)also mentioned that the equivalents of the elements

studied appeared to be dependent on the amount of the bulk elements
present, particularly nickel, giving credence to the resﬁlts of

(18)

Nicholson et al who also reported varying values for the
chromium and nickel equivalents.

2.1.4 Prediction of Constitution

It has been previously mentioned that commercial stainless
steels can contain a number of additional elements, all of which
will -have some effect on the constitution. Many elements are
added to perform specific functions such as stabllization,
precipitation hardening or added corrosion resistance. Some
knowledge of the effects of these additives is essential when

designing stainless steels and predicting their properties.

12



(zo)made an early attempt to characterise the

Schaeffler
effect of alioy additions with the publishing of the well known
Schaeffler diagranp,JFig 3(a). Whilst initially devised to predict
the percentage of ferrite in weld metal, and thus the resistance
to weld cracking, the diagram can be used in more general terms
if treated with care. The nickel or chromium equivalent of aﬁ
element is a measure of the potenc& of that element compared to
either nickel or chromium,ie those elements which are austenite
formers will have nickel equivalents and ferrite formers chromium

equivalents Schaeffler gave the following equivalents, but

no indication of how they were determined:-

Ni equ

%Ni + 0.5 x %¥Mn + 30 x %C (1)
and -

Cr equ = %Cr + %Mo + 1.5 x %Si + 0.5 X ¥Nb comeen (2

A difficulty with the diagram is in the prediction of a
martensitic phase. To do this on the basis of a nickel and
chromium equivalent is to suggest that the various elements act
with the same potency in their effect on the constitution of
stainless steel as they do on the depression of the Ms
(excepting cobalt). This has been shown by Pickering(15)not
to be the case. Delong(21)has modified the Schaeffler diagram
as shown in Fig 3(b) using the same equivalence factors, but
also accounting for the effect of nitrogen which is reported to
have a value of 30, the same as carbon. Price and Andrews(za)
have published a Schaeffler type diagram pertaining to the

constitution of stainless steels at the rolling temperature of

1150°C. Their equivalent equations are:-

Ni equ = Ni + 0.5Mn + 21C + 11.5N . - (3)

Cr + 351 + MO e (&)

Cr equ
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(23)also published the chromium equivalents

Pryce and Andrewé
for titanium and niobium as 10 and 4 respectively, after taking
into account the effect of carbon and nitrogen in decreasing the
amount of the element dissolved in the alloy, ie 71’ and Nbi-

Ti’=Ti-4[(C-0.03)+N] S (5)

W= Wb - 8[(C - 0,03) 4 K]  =mmmmmm==-=-- (6)

The value of 0.03%C was taken to be the solubility of
carbon in the presence of titanium and niobium, Hammond(24)
produced a modified Delong diagram in which the delta ferrite
percentgge lines were not parallel and represented the consti-
tution of ;fainless sfeelé ;; ambient temperatﬁres. The equiv-
alent coefficients were those according to Schaeffler and DeLong.

Work by Jones et al(1o)suggested that the Y+(Y +o-) phase
boundary can be described as a function of temperature by the
empirical equation:-

T = 70 + 38(%Cr) - 6(%Ni) + 50(%A1) + 70(%Ti) —mmmm (7)
where T°C is the temperature below which an alloy of a certain
composition will have sigma present as an equilibrium phase.

Eichelman and Hull(as)have prepared a table of equivalent
coefficients based on the’work of Thiéleménn(26), Newell et a1(27)
and Bindergag), to which has been added the work already reviewed

here, and the data is given in Table 1.

2.1.5 Prediction of Sigma Phase Formation by Electron Vacancy

- Number Calculations.

Electron vacancy number calculations have been used to
predict the formation of sigma phase in stainless steels and
superalloys. The average number of unpaired electrons in metallic

systems can be related to the tendency to form electronic compounds,
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one of which is sigma phase. The method employed calculates the -
atomic concentration of the elements in the matrix of the alloy
for which individual electron vacancy numbers have been determined.
The criterion used has been determined experimentally in that tﬁe
electron vacancy numbers have been calculated for a large number
of commercial alloy whose constitution is known. It has been
found that alloys whose electron vacancy number is greater than

~ 2.5 are sigma prone, whilst those below~2.5 are not, The
method has proved useful in alloy design and in the prediction

of the voiq swelling qhargc?erisitcs of alloys.

2¢1.5.1 Electron Vacancy Theory
(29)

In 1938 Pauling published a paper that combined theory
with experimental observations to prbvide a coherent explanation
of the magnetic properties of the first long period tramsition
elements Cr,Mn,Fe,Co and Ni. The electronic structure of these

atoms is given below.

Electron Orbitals

Atomic
Element Atomic No 1 25 2p 35 3p 3d U4s Diameter
Cr 2k 2 2 6 2 6 5 1 2.57
Mn 25 2 2 6 2 6 5 2 ?
Fe 26 2 2 6 2 6 6 2 2.54
Co 27 2 2 6 2 6 7 2 2.50
Ni - 28 2 2 6 2 6 8 2 2.49

It is characteristic of the transition elements that the 3d
shell, which can accomodate 10 electrons, remains only partially
filléd while some of the electrons have already occupied the
4s orbitals. Further,the atomic diameter varies only about
3% on moving from Cr to Ni

Pauling interpreted these facts as meaning that the five
d orbitals of each spin could be divided into 2.44 non-bonding

orbitals and 2.56 bonding orbitals. The latter orbitals could
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hybridize with p and s orbitals to account for metallic bonding.
The 2.44 d-orbitals not required for bonding were then available
for other events, and were essentially a measurement of the ability
of an element to take part in gther interactions. It has been
postulated that the greater the number of unpaired electrons
(electron holes) the greater is the ability of an element to

form electron compounds, ie sigma phase.

2¢1.5.2 Electron Vacancy Theory Applied to Alloys
(30)

In 1951 Rideout et al s whilst investigating the constitution

of certain ternary systems (Cr-Co~Ni, Cr-Co-Fe, Cr-Co-Mo and Cr-
Ni-Mo) founa that the éigﬁa ;hase extended over large regions in
these systems, It had been previously suggested by Sglly and
Heal(31) that sigma was an electron compound. Rideout et a1(30)
postulated that it should be possible to characterize the range
of composition in which sigma phase would form by an average
electron vacancy number (Nv) of the solid solution matrix, whiéh
could be expressed by a linear combination of terms:-

Nv = 4,66 (Cr + Mo) + 3.66 (Mn) + 2.66 (Fe) + 1.71 (Co)

+ 0.61 (N4) e (8)

vhere the elemental symbols represent the atom fraction of the
corresponding elements and the numerals the individual Electron
Vécancy Number for the elements.

Rideout went on té consider the results of other workers

(32)

e.g. -Pearson, Christian and Hume-Rothery , who had investigated
the chromium-manganese system. It was concluded that manganese
must be assigned a Nanof 3.3 rather than Paulings Nan3.66 in

_order to obtain good agreement with the constitutional results.

It became clear that the values of the individual Nv numbers for
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certain elements were affected by the constitution of the
system. Greenfield and Beck(zz)have Jjustified two values of

Nv for vanadium, ie 5.66 with Ni and Co or 4.88 with Mn or Fe.
In addition Greenfield and Beck(su)have shown that Nb and Ta,
which, according to the theory should have equal Nv numbers,
actually have distinctly different values when used individually
in the Pt-Nb and Pt-Ta systems. Thus there may be a general

compositional dependence of Nv numbers.

2.1.5.3 Application to Commercial Alloys

All the previous work which has been described was carried
out on simfie systems,-thét éenerally were solid-solutiomns.
Further, the initial work was mainly aimed at predicting the
sigma/(sigma + austenite) phase boundary. This has little or
no use for commercial alloy designers since it is the austenite
/(austenite + sigma) boundary that is of importance, sigma
usually being an undesirable phase. In 1963-64 two groups of
workers, Slaney and Boesch(ss)and Woodyatt, Sims and Beattie(36).
independ:ntly made efforts to use the electram vacancy concept
to predict the possibility of sigma phase occurring in a
particular commercial alloy, ig, the austenite/(austenite + sigma)
‘phase boundaries. Both groups of workers developed the Nv
concepts using nickel based superalloys.

Boesch and Slaney(35)épplied electron vacancy theory to
a nickel based UdimetA7OO alloy. They implicitly assumed that
sigma would form from the austenite matrix, and that carbon
depletion of the matrix could be igmored at the low (~v 0.05% C)

levels in the alloy. They went on to determine the residual

austenite matrix composition by consideration of the elements
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forming Y', essentially NiB(Al,Ti,Nb,Ta). An initial value
for Nv was calculated using the base composition of a Udimet-
500 alloy which had not precipitated sigma phase in a 1600 h
rupture test, Nv = 2.32. Using this as an upper value, the

(35)

method developed by Boesch and Slaney has been able to

produce sigma free alloys namely Udimet - 500 and 700.
(36)

The approach of Woodyatt et al s whilst following a
similar pattern to that of Boesch and Slaney was far more
general in its choice of alloys, and hence its application. The
most technlcally 51gn1f1cant difference between the two groups
(36)

of workers is that Woodyatt et al considered both nickel based
alloys and steels, and also took account of all possible phases
likely to be present in a particular alloy, thus extending Boesch
and Slaney'5(35)consideration of Y' to inciude mono-and complex
carbides, borides, nitrides and other intermetallic compounds.,

By applying their model to 12 compositionally similar Udimet -

700 heats, which both did and did not form sigma, a range of

Nv from 2.32 to 2.67 with a clear critical value for sigma

formation near Nv = 2.52,was obtaihed.

2.1.5.4 Practical Electron Vacancy Calculations

Because of the complexity of the nickel based superalloys,
the commercially used systems are all computerized, eg Phacomp(37).
To determine the Nv number of an alloy it is necessary to determine
the residual austenite matrix concentration. This caﬁ be done
.essentially in two ways.

1. To measure directly the composition using a micro-analytical

technique.

2. Calculate the probable composition of the austenite based
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on a knowledge of what phases will precipitate and how
the individual elements will partition Between them and
the matrix.

Invarisbly the second method is used, particularly in the
case of nickel based superalloys wheré, even when the most
sopﬁisticated methods are used, the experimental determination
of the matrix composition is very difficult. Because commercial
alloys commonly contain more than 12 elements, the calculations
become complex and often are based on ambiguous assumptions.
Nevertheless the results have proved adequate, and of real

industrial value.

Palentine(38)has developed a computer program that predicts
the composition of the alloy matrix based on experimental data
and assumptions as to the form of carbide, nitrides and inter-
metallics that ére commonly found in austenitic stainless steels
and superalloys. The program determines the rélative amounts of
elements that are tied up in other phases and hence the remainder
will represent the composition of the matrix. The program and
its assumptions are extremely complex. Nevertheless the technique
has been continuously updated and has provided usefu; data for
the prediction of sigma phase.

In this work the alloy matrix compositions have been
determined experimentally such that these often ambiguous
assumptions have not been necessary,

2¢1.6 Transformations in Stainless Steels

The complex nature of the compositions of commercial stainless
steels leads to an extensive range of transformations that can
occur. It is not the intention to review all the aspects of

transformation but a review of the factors affecting the
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transformations in stainless steels that are being considered
for use in nuclear reactors is presented.

2.1.6.1. Transformations Occurring in Duplex Alloys

(39

Beckitt has published detailed work on transformations
occurring in a duplex stainless steel having chromium and nickel
equivalent values of 26 and 11wt% respectively. Solution
treating at 1250°C produced a mixed microstructure of austenite
with approximately 40% by volume of delta ferrite, in which

condition a small dark precipitate was observed on the austenite/

delta ferrite grain boundaries and was presumed to be M23C6'

Aging fof one hour at 700°C produced a cellular precipitate of
M23C6 and new austenite on the austenite-delta ferrite boundaries.
Increasing the aging time to four hours at 700°C produced laths of
austenite growing into the delta ferrite grains, and theése laths
were sometimes in contact with the austenite-delta ferrite grain
boundaries or occurred as isclated precipitates‘within the
delta ferrite. No evidence of the cellular structure was evident
and only small M2306 particles Qere observed on the austenite-delta
ferrite grain boundaries. Dispersed between the austenite laths
at the grain boundaries were large irregular particles identified
as the iron-chromium sigma phase. The austenite laths in contact
with the austenite-delta ferrite boundary invariably showed the
same orientatioﬁ as the austenite grain and grew along a [211]
preferred direction, conforming to the well known Kurdjumov and
Sachs orientation relationship namely:-

{111} 5 // {110} Y .

[0 & /7 [11] ~
The Sigma, whilst having no preferred orientation relationship

with the adjoining delta-ferrite did adopt an orientation relationship
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with one of the austenite colonies with which it was initially
in contact, tﬁis being: -

(11, /7 (00

<1, // <4100,

After 25 hours the majority of the remaining delta-ferrite
had transformed to an aggregate of sigma and austenite.

Aging at 900°C produce no sigma, and Beckitt concluded that
900°C was above the temperature at which sigma is stable. This
is now known to be incorrect and the alloy which was used
according to recent comstitutional work(g) will lie in the
austenife +ﬁa1pha fe:rite'pﬁ;se field. After one hour the carbides
present after solution treatment had grown and produced a
cellular precipitation with new austenite growing into the

ferrite and having an orientation relationship of:=-

(100) //  (100)
Y ) MZBCG

<oy, /7 oo

\ R, e
Further aging had the effect of increasing the amount of new

austenite and coarsening the microstructure. Beckett also

produced a'C' curve for the kinetics of the growth of sigma

(40)

in these alloys which is shown in Fig 4. Pickering has

also studied the formation of sigma in two steels based on
25%Cr~15%Ni with the carbon, manganese and silicon adjusted so
that one was austenitic and the other.duplex. It was confirmed
that ;igma precipitated much faster in the duplex alloys and

its ﬁucleation was associated with M2306’ which presumably
occurred by a cellular type reaction and formed a nodular
structure, observéd in the austenitic alloy. In the case of the
duplex alloy the aelta ferrite transformed to an agregate of

austenite and sigma which grew inwards to consume the whole
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delta ferrite grain. It seems likely that the precipitation of
phases containing high levels of chromium must play a part in the
nucleation of sigma.

Southwick et al(41)

studied the decomposition of ferrite to
austenite using a 26%Cr, S5%Ni, 1.3%Mo, 0.7%Mn, 0.6%Si, 0.03%C

alloy. Solution treatment at 1300°C was sufficient to redissolve
the austenite and carbides leaving a single phase ferrite structure.
Aging at 1200—650°C resulted in the transformation of ferrite to
austenite by a nucleation and growth process at both grain
boundaries and within the matrix. At temperatures between 300-600°C
austenite was formed by a martensitic or shear type transformation.
A scanning transmission electron microscope attachmént was used in
conjunction with an energy dispersive analyser to confirm that

there was no difference in the concentrations of the bulk elements
for the body-centred cubic phase and the face centred cubic phase.
A‘clear difference was shown however between the composition of

the austenite that had transformed by nucleatioh and growth at

higher temperature and that of the ferrite.

2.1.6.2 Carbides

Specifically MEBCG is the common carbide formed in stainless
steels and is generally based on chromium although iron and
molybdenum are known to substitute when these elements are present.
The M23C6 is commonly described as (Cr,Fe,Mo)2306. Work by Tuma
et 21*2)| cited in ref. (43), has studied the solubility of
carbon in austenite and concluded that whilst the solubility

is quite high at homogenisation temperatures, e.g. 0.1

wt%C at 1100°C, it becomes vanishingly small below ﬂl?OOOC.
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Also the effect of nickel is to reduce the solubility of carbon
particularly at higher temperatures. Rapid quenching will then
produce a supersaturation of carbon in austenite at room
temperature. Unfortunately stainless steels are often required
to work at elevated temperatures with the inherent problems of
carbide precipitation. Elements are often added to stainless
steels to stabilize the carbon, niobium being commonly used and
forming a eutectic with austenite, ie Liquid® Y + NbC.
This then effectively removes the carbon from solution and
alleviatesﬁthe problem of c@romium carbide precipitation.
Titanium is gnother commonly used stabilizer. The other
aspect that must be considered is the ferrite/sigma forming
tendencies of these elements and the indirect ferrite/sigma forming
tendency of reducing the carbon in solid solution thus making it
necessary to add further austenite formers to maintain a fully
austenitic structure. Nitrogen behaves similarly to carbon in this
respect,

The other use for the MC type carbides is as precipitation
strengtheners, the difference being in the heattreatments. A
high solution temperature is used to dissolve as much of the
carbon, titanium, niobium or molybdenum as possible. There is
a limit however, due to the increased temperature producing
a coarse grain size and in ﬁractice a compfomise is made such
that "some randomly distributed MC type carbides remain undissolved.
An aging heattreatment is then used to provide a fine intragranular
precipitate of MC that acts to strengthen the alloy.

2.1.6.3 Intermetallic Phases

Again the complexity of stainless steel compositions lead

to a variety of intermetallic phases that can be present at
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temperatures between 600-1150°C. The presence of these
topologically close packed phases in quite small amounis is
generally deleterious to the low and high temperature properties,
including ductility, strength and creep strength. They can
act to produce easy paths for fracture, and can deplete both the
grain boundary and matrix of important solid solution elements
and produce undesirable hard phases at the grain boundaries.

Whilst no quantitative assessment has been made of the type
or morphology of intermetallic phases that can precipitate over the

(4h)

range of stainless steel compositions, Decker has published a
chart,giveg in Tableva,thgt indicates the'majortypes, of inter=-
metallic compounds that occur between the various elements present.
Sigma Phase (Tetragonal, Fe-Cr; a, = 8.79958 c, = 4.54&2(45>,) ’
This is the most important phase since it is an equilibrium phase
in the iron-chromium-nickel system, has a wide compositional range
and is the primary reason why the amount of chromium in austenitic
stainless steels is limited to ns 20wt% if other austenite

forming elements are not present. Sigma is generally quoted

as FeCr but can be FeMo or a combination of these elements, it

can also dissolve significant quantities of other elements.

Chi phase (Body Centred Cubic; CreFe, ghiogsa, = 8.9203(43))

This phase can be precipitated over a wide range of compositions
and as can be seen from Table Z,it can contain a variety of
elements and is generally stable to much higher temperatures than
sigm&. _

Laves phase (Hexagonalj FeZMo; a = #.7443, C = 7.2578 (43)

This is a common intermetallic phase in stainless steels, and

whilst based on FeZMo can dissolve various elements and has been
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(46)

given a much more general formula by Sullivan et al of

(Fe,Mn,Cr,Si)2 (Mo,Ti,Nb), Silicon and niobium are suggested

to promote directly the Laves phase formation. Attempts(u7’48)

have been made to use Laves phase as a precipitation strengthener

and although strengthening can be achieved,premature cracking

is often associated with Laves phase at the grain boundaries.
Other intermetallic phaées such as Mu and G phase have

been reported but are more generally found in nickel based

superalloys.

2.1.6.4 Coherent Intermetallic Phases

The coherent type‘of intermetallic compounds that are
precipitated purposefully in stainless steels are NiB(Ti Al),v}
and NiB(Nb Ta),Y'', both having a stable and metastable
occurrence, Their primary use is in high temperature creep
resisting steels with the fine coherent intermetallic(particles
providing matrix strength by ttheir inhibition of dislocation
movement. Interestingly, the stable form of the NiB(Nb Ta)
precipitate, which is orthorombic. in structure as opposed to the
face-centred cubic nature of the metastable phase, precipitates
at the grain boundaries, pinning the grain boundaries and providing
* further resistance to creep in mgch the same way aslM2306‘does
in other creep resisting steels. This can be doubly useful in
that chromium is not removed from solution and hence the corrosion
and oxidation resistance of the alléy is not impaired.

217 The Effect of Irradiation on the Constitution

It has been pointed out by several workers that the
constitution of irradiated stainless steels is not what would
be expected from a knowledge of the phase diagrams.  Kaufman

et al(hg)have been unable to detect the presence of sigma phase



in M 316 type fuel pin cladding irradiated in the Dounreay Fast
Reactor (DFR) at temperatures up to 700°C, although this phase
is frequently observed in this alloy in unirradiated conditionms.
Instead an ordered face-centred-cubic phase has been discovered
in alloys irradiated at temperatures below 550°C. This phase
is thought to be NiB(Fe,Mn) or NiBSi. A similar phase is
predicted to occur by the calculated phase diagrams below 550°C
but not in the M 316 compositional range. The paper by Kaufman
et al(kg) also cites other workers (Bilsby) who has also noted
the ordered face-centred-cubic phase and the absence of sigma
in irradiafed M 316 ailoyg.‘ It is also significant that under
normal circumstances M 316 type stainless steel does not
exhibit ferro-magnetism although many repbrts exist to suggest
‘that after irradiation alloys of this type are slightly ferro-
magnetic, Brown et al(EO)have, suggested that the érdered
NiB(Fe Mn) phase may in some part be responsible for the ferro-
magnetism, although he points out that alloys not containing
the phase are also magnetic., Baron et a1(51) found abnormal
magnetism in a low carbon 316 alloy and tentatively .suggested
that the magnetic behaviour may be due to the formation of a
body~-centred-cubic phase caused by the presence of hydrogen
férmed by (n-p) transmutations with the major alloying
components. They did not however produce direct evidence for this
effect., Kaufman et al(hg) have summarised the observed phenomena
and proposed possible reasoﬁs for the following effects:~ v
1« The non-afpearance of sigma phase at temperatures and times
where this would normally be observed without irradiatiomn. |

2. The appearance of an ordered phase in a compositionai range
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and at a temperature where it would not normally be observed
without irradiation.

3, The appearance of ferro-magnetism after irradiation both in
the presence‘and absence of the ordered phase.

The possible explanatias for the observations were:-

1. That irradiation brings about the true equilibrium structure
in these'alloys by enhancing diffusion, which under normal
circumstances would be very slow at the temperatures in
question.

2. That irradiation changes the relative free energies of the
various phases by'diffeféntially increasing the
concentration of defects.

3. That irradiation inhibits the formation of some phases by
bombardmentkprocesses which physically knock precipitate
atoms back into‘solution.

2.1.8.1 Void Swelling

The phenomenon of void formation in irradiated materials .

(52)

was predicted in 1959 by Greenwood et al and was first
observed experimentally in 1966 in austenitic stainless steel
irradiated in the Dounreay Fast Reactor, as reported by
. Cawthorne and Fulton(53’5h)Void foémation in austenitic material
can cause swelling of . >t 20%, causing severe engineering
probléms‘when used as core-reactor components, and because of
this has been the subject of extensive investigations.

There is now general agreément on why voids nucleate ané
grow in non-fissile metals and alloys(Es). Essentially, void

swelling occurs through a supersaturation of vacancies and

interstitials resulting from energetic neutron-atom collisions.
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Dislocations, energetically,have a slightly higher preference

for interstitials than for vacancies, thought now to be of the
order of 10%. The excess vacancies migrate and form clusters
which are stabllized by the residual gases in the material or

by gases produced by irradiation. The temperature dependence

of void swelling, typically in the range 350°C-700°C,is due

to the fact that below v 0.3 Tm the mutusl recombination of inter-.
stitials aﬁd the slowly diffusing vacancies is dominant. Con-
veréley above ~v 0,5Tm the thermal vacancy concentration exceeds
that induced by‘irradiation.

Severﬁl early faét réaé%ors were designed before the void
swelling phenomenon was observed but were operated effectiﬁely
below the void swelling temperature range. This range however
embraces the current temperature range for the large commefcial
fast reactors. Developments over recent years have shown that
the most severe void swelling occurs in the sub-assembly
 wrappers which are generally constructed of austenitic stain-
less steel or iron-nickel based superalloys. The degree of
swelling is dependent on temperature and neutron flux, and
both parameters can be non-uniform. It is known that the
neutron flux shows considerable variation across the hexagonal
wrappers at the edge of a fast reactor. Respecti@e doses across
a wrapper, as reported by Harries(55), are 52 and 19‘d.p.a.
(displacements per atom), thus resulting in significant

differences in void swelling rate and hence causing bowing of

(56)

the sub-assemblies. It has been estimated by Anderson that

a cold worked austenitic steel wrapper will deflect by

approximately 25 millimetres from the vertical at its shoulder.
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2.1.8.2 Void Formation

There is no precise mechanism known for the nucleation and

(57)

growth of voids in crystals. Mayer and Brown have discussed
in some detail in a series of papers the known damage processes
during irradiation. Irradiation produces Frenkel defects,

which are single interstitial atoms or vacancies, together with
the possibility of a vacancy rich volume at the end of the paths
of energetic ions or atoms. The majority of Frenkel defects
recombine, that is interstitials migrate randomly and are
annihilated at vacancies. However some point defects meet like
defects and form clusters. .ﬁecause intérstitials are considerably
more mobile than vacancies, the clusters that are formed are
predominantly interstitial in naturej further migration increases
fhe size of these interstitial clusters but it decreasés the size
of any vacancy clusters. The interstitial cluster is generally
a two dimensional plateletyie a dislocation loop. Thus in the
absence of voids the outcome of irradiation damage is a popul-
ation of large interstitial loops, together with a population

of smaller vacancy clusters, the number and size of which

depends on the temperature and type of irradiation.

At elevated temperatures the population of interstitial
loops coarsens .and both glide and climb take place with the
result that a dislocation network is eventually formed. If
there is no preferential absorption of point defects at sinks
then the flow of interstitisls will prevent the growth of vacancy
clusters up to long irradiation times. However it is generally

accepted that interstitials are preferentially absorbed at

dislocations, due to the very large elastic strains associated
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with self-interstitial atoms. This bias factor allows a net.
vacancy flow to felatively unstrained vacancy clusters,
especially to voids. It is important to note that the growth
of interstitial loops provide the dislocations which act as
biased sinks.

The method of void nucleation from the vacancy clusters is

(52).

not understood. Greenwood et al in the earliest work on gas
bubbles arising out of the formation of fission gases in nuclear
reactors, suggest that the coalescence of two gas atoms could
result in the nucleation of a bubble. A gas bubble implies

that the interfacial energy created by the nucleation of a

bubble is balanced by the pressure of the gas inside; this is not
the case for a void since it is known that insufficient gas is
created to equilibrate the observed voidage. Nevertheless it has
been shown(sg)that in very pure face-centred-cubic metéls which
are thoroughly outgassed, no voidage occurs, whereas an
implantation of helium in the same alloy produced voids on
‘irradiation. It seems quité clear that residual gases and gases
created by irradiation interactiomns play an important role in

the nucleation of voids. |

2.1.8.3 Simulation Techniques of Neutron Irradiation

There are two main methods of simulating neutron
irradiation:-

1. The high voltage (1MeV) electron microscope, which
uses energetic electrons to displace atoms within
a thin foil of material,

2. An ion accelerator used to produce energetic ions
ie. 22MeVC T ions or 46.5MeVNi® ions, which at the
same time can inject helium to simulate the pro-

duction of helium and other gases by neutron irradiation.
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The wrapper and cladding material in a commercial fast
reactor will have to withstand a» 100 d.p.a. of neutron irradiation
throughout its working life. (bnsidering that the dose rate per
Year in the Dounreay Fast Reactor is 20-25 d.p.a. one can
imagine the difficulties when studying high dose irradiations
if they take four years to reach 100 d.p.a. Coupled with this
is the fact that accurate determination of dose and temperature is
virtually impossible, as well as the fact that considerable cycling
of the reactor oocurs during its working life. Accelerators and
High Voltage Electron Microscopes (H,V.E.M.) have dose rates
which are Qf the or&ef of 1<.)oo times higher than those |
experienced in a fast reactor and thus can reach relatively high
doses in a matter of hours. There is then a definite advantage
to be gained using accelerators and H.V,E.M's for the study of
irradiation damage. If the results of these simulation fechniques

"are to be useful then they must be comparable to the case for
neutron damage. Nelson et al(59)have reviewed the use of
accelerators to simulate fast neutron induced voidage in metals
and highlighted the physical differences encountered using

these methods. Firstly the fundamental difference between fast
neutrons and charged farticle irradiation is the elastic
scattering cross-section; neutrons 'have a cross section in the
order of 10—2l+cm2 whereas the cross-section of charged particles
is in excess of six orders of magnitude greater. The consequence
of this is the difference in mean free path length between
successive collisions; for fast neutrons this is of the order of
centimetres whilst fér charged particles it can be as small as 1008.

Thus damage by fast neutrons will be uniform throughout the'specimens
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- whilst charged particles will have a damaged surface layer roughly
equal to the particle range in the solid. In the case of the
H.V.E.M , the electrons produce uniform damage through the foil
except for the surface layers which do not produce voidage due

to the surfaces acting as sinks for the generated defects. Both
neutron and heavy particie collisions result in the production
‘of cascades of defects which are thought to be important in the
formation of a dislocation structure and hence voidage, which
has already been covered in section 2.1.8.2. However in the case
of electrons only one atom can be‘displaced by any one electron
and this should be borﬁ_in.m{nd when comparing H.V.E.M,
irradiation with neutron irradiation. On the other hand it is
thought that the most important parameter is the total number

of displacements, and thus any difference in the primary recoil
spectra may be of sebondéry importance.

The choice of charged particle is also important since the
depth of penetration depends critically on particle mass and
initiel energy. Probably the best results would be obtained
using i4MeV protons, the elastic scattering cross section of which
is low and would therefore produce a uniform damage layer through
a 2§Fm thick specimen. However we again approach the situation
for neutron irradiation in that the dose rate will be excessively
slow. 20 MeVC**ions have been commonly used but care must be
taken since the damaged layer of the specimen will have an
increased carbon content and it is well known that void swelling
is critically dependant on the constitution and therefore on
the composition. In view of this a major constituent of the alloy

to be irradiated would be favoredwhich,in the majority of cases.
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would be 1OOMeVFe+ions, although there is no accelerator that can
produce this ion at a sufficiently high flux to cause heavy damage.
Generally 46MeVNi§+ions a?e used giving a good compromise between
damaée 1a&er thickness and depth of penetratibn.

2.1.8.4 The Effect of Constitution and Microstructure on Void

Swelling

The dependence of the swelling behaviour on constitution and
microstructure has been investigated by several workers, including
Harries(éo). The temperature dependence is indicated in Fig.5
which shows percentage swelling plotted against irradiation
ﬁemperatur; for Type 316.st;inless steel, and indicates the
effect of cold work on the swelling behaviour. These results
have been obtained ﬁsing the Dounreay Fast Reactor (D.F.R) with
an irradiation dose of 44 d.p.a. The cold worked materials swell

considerably less than the solution-treated materials and show

one definite peak at #75i25°C as opposed to the twin peaks of the
(61-63)

solution treated samples. Williams et al have simulated
neutron irradiation by bdth H.V.E.M. and V.E.C. techniques for
FV 548 and 316 alloys, and have found very comparable results
although the peak swelling occurred at higher temperatures using
the simulation technique. This is expected and is thought to be
dﬁe to the different dose rates employed, i.e. 10-6disp1acements
per atom per second for neutrons and '10-3 displacement per atom
per second for charged particles. This behaviour is however not
consistent for all types of material., For example Type 321
stainless steel will exhibit increased swelling in the cold

(64)

worked condition as opposed to the solution treated material .
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The void swelling~dose relatiomships are shown in Fig.6 and

confirm the behaviour of the solution-treated versus the cold

worked structures. The diffefences in Type 316 and 321 steels

are thought to be due to the different types of precipitates

associated with each material,ie MZBCG in 316 and TiC in 321.

Also there is the probability of a martensitic transformation induced

by cold working in the Type 321 staiﬁless steels, which is less

stable with respect to strain induced martensite than is Type 316.
It is now well established that the austenitic alloys

exhibit a wide range of void swelling behaviour. The higher

nickel alloys such as Nimonic PE16 show a relatively high

(65,66)

resistance to void swelling . There is also evidence(64’67)
to suggest that the ferritic/mertensitic steels of the 12%Cr types
have a high resistance to void swelling when studied by simulation
techniques, ig;H.V.E.M. and V,E.C, irradiation, Such studies

have shown that negligible swelling occurs in these ferritic
materials up to 500°C when irradiated up tor~v 90 d.p.a.

It is obvious that the matrix composition will have a
dominating influence in determining the void swelling character-
is;ics of austenitic alloys. The effects of composition for pure
Fe-Ni-Cr alloys and commercial austenitic steels have been
investigated(68’69’7o). Increasing the nickel content above
~ 20% dramatically reduces void swelling, Fig 7. This
decrease is due primarily to a reduction in void concentration,
the void size remaining essentially constant.

It is clear that the formation of a second or third phase,

namely ferrite or sigma, has a large effect on void swelling.
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Evidence to support this has been obtained from a series of pure
Fe-Ni-Cr alloys and commercial stainless steels using  SMeV Ni

(68,70)

*ion irradiation « The compositions are shown on the 450°C
isothermal section of the Fe-Ni-Cr system, Fig 8. Alloys within
the two and three phase regions exhibit higher void swelling.
Recent work on the Fe-Ni-Cr system indicates that the Y -(Y +o-)

~ phase boundary stretches to lower chromium contents than suggested
by the published work of Hattersley and Hume-Rothery(11). Further
evidence of the dependence of void swelling on the constitution

has been given by Watkin et'al(71). Using isothermal sections

calculated from thermodynafiic prinCiples(72)

for low temperatures
of #OO-600?C it was shown that swelling at these temperatures is
a maximum in a three phase field, a minimum in the single phase

austenitic field, and had an intermediate value in a two phase
region(73).

It has been postulated that the reason why interstitial and
substitutional solutes reduce void swelling is that they provide
sites for trapping defects which would otherwise accumulate
to produce voids. When other phases are formed such as sigma or
ferrite, which may well have the ability to preferentially
partition the solute atoms, the defect trapping sites may well
be lost. .Hencevthe formation of sigma or ferrite that are
suggésfed to éartitiog these solute atoms has the effect of
increasing void swelling.

The case of silicon, in solution as a substitutional solute
within the austenitic matrix is known to reduce the void swelling.
However at elevated temperatures the phase NiBSi will precipitate

and remove the silicon from solution thereby reducing its effect-

iveness in reducing void swelling.
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The void swelling of Fe-Ni-Cr alloys and commercial

austenitic steels has been correlated with electron vacancy

(73’74), stacking fault energy(7u)o
(75)

(76)

and shear modulus . Fig 9

concentration of the matrix
partial diffusion coefficient
shows the relationship betwen electron vacancy number (Nv) and the
% swelling for various commercial austenitic stainless steels and
nickel based alloys. The, graph indicates that below a ¢ritical Nv,
negligible void swelling occurs whilst above this value swelling
increases with increasing Nv(74). An analogous situation is seen
to exist between the stacking fault energy (SFE) and void swélling.
The observed critical values of Nv and SFE for the transition from
low to high swelling behaviour probably indicate the compositions
at which structural changes take place from single phase Y to the
two phase (Y + a) or (Y + o) regions, or the three phase field (Y +
o +ov) region. This hypothesis provides further evidence in

favour of the view that constitution, particularly ferrite and

sigma phase,play a major role in controlling void swelling.

2.1.8.5. Effect: of Minor Elements

It is now well known that minor alloy additions suppress
void swelling iﬁ pure metals and alloys. It has been demonstrated
that commercial Type 316 will swell some 20-50 times less than a
p#re Fe-Ni-Cr-Mo Alloy that approximates to the base composition
of Type 316(77). These results are consistent for relatively
low irradiation doses, but when higher doses are applied the
difference in swelling between the commercial and ?ure alloys is

less marked(7o). It has been suggested therefore that elements

such as carbon,manganese,sulphur,ndolybdenum and silicon retard
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both the nucleation and growth of voids(77). This does not

however account for the behaviour at higher doses. It may well
be that the influence of these minor elements is confined mainly
to the suppression of the nucleation of voids rather than to the
growth mechanism. Whilst there is no complete agreement on

the relative effects of all the various minor elements, there is
now general agreement that silicon has a major effect in reducing
void swelling(78’79). Also other elements (phosphorus,manganese,
molybdenum, copper and.cobalt) in low dose neutron irradiated
Type 316; have been effective in suppressing void swelling.

(44,80,81)

has also ‘proved to be effective in reducing the

(70)

Carbon

void swelling along with Ti,Zr and Nb « Furthermore it appéars

that a combination of silicon and titanium is far more effective

(70)

in reducing the swelling than a single addition of either element .

The effect of carbon in suppressing void swelling is most
(64,65,82) 1515t silicon

(70)

pronounced at the lower temperatures
appears to be most effective at the higher temperatures
It must be noted though that all these minor alloying elements
are only effective whilst in éolid solution. Thus precipitation
of carbides by aging increases the void swelliﬁg of cold worked
Type 316 stee1(83). Conversly in Type 316 steei, increasing
the solid ;olution concentration‘of carbon in the auétenitic matrix
by raising the'solution-treatment teﬁperéture decreases the void
swelling(Su).

The low void swelling exhibited by Nimonic PE16 was initially
attributed to the precipitation of the coherent Y' phase, NiB(Ti,Al),
and enhanced point defect recombination at the coherent interface

(80,81)

of the austenite and Y! It is now known that the
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resistance to void swelling is dependent on the matrix Fe-Ni-~Cr
composition, since equally low void swelling characteristics are
shown by a Nimonic PE16 composition that contains no aluminium
or titanium additions(S#’sg).

The influence of carbides and other types of precipitate
on void swelling is not clear, although transmission electron

microscopy indicates that voids are often associated with such

phases in irradiated austenitic alloys.
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3 EXPERIMENTAL METHODS

3.1 The Experimental Alloys

The work itself is concerned with the constitution of stainless
steels and the effect thereon of various addition elements. It was
impera.tive therefore to manufacture ternary alloys of compositions
relevant to the commercially important areas of the iron-chromium-
nickel system. Three series of alloys Qere chosen, the compositions
of which are given in Table 3. Series 1 comprises two constant
iron éontehts, the nickel and chromium contents being adjusted
so that the series crossed the Y -(Y + &) phase boundary at
high tempe¥aturesof 1%50—§566C and the Y=(Y +0-) phase boundary
below 950°C. Series 2 and 3 were alloys of constant chromium
content, namely 12wt% and 18wt% respectively. These chromium
contents are those of commercial importance and the series of
alloys chosen cross the a=(a + Y) and Y-(a+Y) phase boundaries.

3.2 Manufacture of the Base Experimental Alloys

The University of Sheffield were approached to provide suitable
high purity'base ternary alloys. The alloys provided were 750g
casts of high frequency vacuum melted material having the
compositions listed in Table 3., The ingots made were 25mm
diameter and ~s 15cm long, and were cleaned by turning off the
surface., They were then milled into 19mm square sections, the
millings being saved for analysis and for further sample preparétion
of button melts to which alloy additions were made. The milled
bars were then hot rolled at an initial temperature of 1100°C
from 19mm to 13mm thick in two passes, reheated and further reduced
to 6mm thickness in a further two passes. The bars were then cold

rolled to 3mm thick strip using two passes, the final material
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being 3mm thick x 25mm wide andV4Ocm long. The material in
this cold rolled condition was then ready for heattreatment.

3.3 Manufacture of Quaternary Alloys

An existing argon arc button melter was used to produce
high purity quaternary alloys using the base materials produced
by the University of Sheffield and a number of single element
additions as given in Table 4. Several problems arose from the
use of the apparatus in its standard form, namely; the alloys
were heterogeneous particularly if elements of a high melting
temperature were used, the level of nitrogen (v 0.10wt%) was
unacceptably high, and only 25-30gms of material could be made
in one melt. These problems were overcome by (1) a modification
to the copper hearth as shown in Fig 10 in which the cruciform
nature of the melting channel allowed for triple remelting from
the upper channel to the lower which promotes mixing, and (2)
the vacuum system and argon flushing apparatus was adjusted to
permit a constant flow of argon at one third atmosphere to-passA
through the melting chamber. This effected a continual reduction
of the partial pressures of nitrogen apd carbon monoxide thus
refining the melt,such that levels of carbon and nitroggn could
be kept be}ow 0.005wt%. This purity was achieved in the majority
of melts. The'modified copper hearth had an increased capacity
'of 50gm$ of material.

_The slugs produced by the argon arc melting were then
ground clean and machined to 6.25mm diameter by as Scm long.
Homogenisation at 11SO°C was carried out under argon in silica
tubes for 24t hrs pfior to cold working,which was necessary to
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accelerate the attainment of equilibrium. the bars being swaged
to 3.12mm diameter before final machining to 3.0mm diameter x
20cm long.

3.4 Heattreatment

The basis of the work was to investigate the equilibrated
constitution of the iron-chromium-nickel system at temperatures
down to 650°C. All tﬁe heattreatments were carried out under
argon in sealed silica tubes. In the main, tube furnaces were
used giving an adequate hot zone with a temperatu;e variation
of ¥ 2°C of the heattreatment temperature, the only disadvantage
being that:only one sémplé é;uld be treated at any one time. The
subsequent building of special muffle furnaces in which up to
three silica tubes could be positioned in a hot zone constant
in temperature to : 3°C greatly assisted with the long time
heattreatments. After the required heattreatment duration, the
sample was quenched into ice water and the silica tubes broken.

Single heattreatment times of up to 800hrs were used.

3.5 Metallography

The determination of the microstructure is of paramount
impoftance in constitutional work and several methods were
used to investigate the phases present and their morphologies.

Optical Microscopy

Standard polishing techniques down to ﬁynldiamond'were used to
prepare the specimens for optical microscopy. The optical
microscope ;sed was a Ziess projection microscope with magni-
fication up to 1000x. Etchants used were as follows:

1, Oxalic Acid

10% by weight used electrolytically at ~ 4 volts with a
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Pt electrode in contact with the specimen whilst a stainless

steel electrode was passed over the specimen; this method erradicated
the rather selective etching achieved with a static stainless steel
electrode. This‘etchant was very good f&r the general micro-
structure and outlines the austenite~ferrite and austernite-sigma
boundaries well., It was not good however for boundaries within

the same phase, i.e. austenite-austenite or ferrite-ferrite boundaries
were at best poorly outlined or even unaffected. Carbides of the
M2306 type were stained black.

2. Potassium Hydroxide (10N)

Used électrolytiéaliy at a potential of ¥ 4 volts and a
similar technique to that used for oxalic acid. This etchant
was a stain etch and produced a variety of colours'for the
ferrite and sigma phases, whilst the austenite remained unstained.
A light etch would result in the ferrite/sigma becoming initially
blue or green and then becoming a yellow bronze colour at longer
etching times when the surface films were thicker. At all
conditions the stain produced on the sigma was slightly deeper
and the efch could therefore distinguish to some degree the sigma
from the ferrite. However when only one of these phases was
present, usually with austenite, it was impossible to distinguish
which phase it was since no comparison could be made. Also the
stain films were fragile énd care had to be taken in the prepar-
ation of these samples particularly if quantitative volume
fraction analysis was to be carried out.

3. Chemical stain (30gKFe (30gKFeCN, + 30gKOH + 6OccH20)

This chemical stain etch was used boiling, and produced

very similar results to the electrolyte KOH. However the solution

k2



became quickly exhaustediin general the potassium hydroxide e£ch
was preferred for convenience.

Both "Schafmeisters Reagent' and "Glyceregia' were used
but proved ineffective in etching these alloys.

3,6 Quantitative Analysis of the Constitution

In order to study the effects of various additions to
stainless steels, their effects in terms of transformations and
constitutional changes must be quantified. The effect of austenite
or ferrite/sigma formers on the bulk constitution was determined
by the change in the relative amounts of the phases present.

The change in the voluﬁe fra;tion of a particular phase, as a
result of a fourth element addition, was a measure of the
"potency" of the austenite or ferrite/sigma forming tendency
of that element.

It has béen shown that the volume fraction of a particular
phase is equal to the point fraction of the phase, the point
fraction being a relatively easy parameter to measure(ss). A
two dimensional systeﬁatic grid was laid down on the projection
screen of a Ziess microscope. The intersection of thé grid lines‘
were deemed to be the points. A suitable magnification was chosen
which was as high as possible subject to there being on average
6n1y one point in any one partiéle'ér grain of the phase to be
counted. The points were scanned and anyvpoints falling in the
counted phase, which was usually ferrite or sigma, were recorded.
Several fields were taken until the total points observed was

I

1000, The volume fraction of, say the ferrite phase (a) within

a sample was given by:-
. Pa
L2 Riag— 9)
P
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Where

Pa = Point count in the ferrite phase

Pt

The accuracy of such determinations was dependent on the total

Total number of points observed

number of points counted and the actual volume fraction of the
phase. Two approaches can be made:- (1) If a pre-determined
accuracy is required at a particular standard deviation a calcu=~
lzation can be made of the number of points in the counted phase

(Pa) required to achieve the accuracy. This method relies

on & first approximetion being made of the volume_fraction of the
counted ph;se 50 as té defeéﬁine the value of Pa. The count

must then continue until the total number of points required is
reached. (2) The total number of counts may be decided before hand,
and the relative accuracy determined after the volume fraction

(86)

has been calculated. Gladman et al give the equation for

determining the relative error as:-

oVf = /_1 (1=v£) .
Via Pa (10)

whereoVf is the standard deviation.

One standard deviation gives the result to a confidence limit
of 67% and two standard deviationms,ie. 20°Vf,to a confidence limit
of 95%k.

This analysis gives a measure of the statistical errors
involved in point counting but other practical inaccuracies
exist and afe listed in the monqgraph by Pickering(gs). Generally
the error determined by statistical analysis can be regarded‘as a
minimum but it may be larger depending on such things as the res-

olution of the microscope, the etching procedure and morphology

and fineness of the microstructure. In all cases for this

Ll



particular work the total count was 1000 points; accordingly the
accuracy will depend on the actual volume fraction of the second
phase. Volume fractions were in the order of 0.02 to 0.4 giving

a value for 2o-Vf as 0,010 and 0,031 respectively. The larger
figure can be represented as b 3.1% error, this value being adopted
as the statistical error for all volume fraction determinations.

3.7 Magnetic Measurements

The use of a ferritescope, which essentially'measures the
amount of ferro-—magnetic phase present, has been useful in
determining the alloy constitution. The presence of ferrite was
detected since it is the -only equilibrium phase that is ferro-
magnetic. The technique is very simple provided that the
specimen is thick enough, ~~ 3mm. A probe is brought into contact
with the specimen which produces a magnetic field and detects any
ferro-magnetic phase within the sample, the wt% magnetic phase being
read directly from the instrument.

The instrument was particularly useful in investigating
two and three phase structures where either ferrite or siéma
could occur, and at equilibration temperatures around 900°C
where the upper temperature for sigma-formation was reached.

3.8 Kinetics and Phase Transformations

A stu&y of the kinetics of the transformations occu;ring at
lower témpératﬁres was carried out using the quantitative
metallographic methods already described. A homogenisation
temp;rature of 1150°C for 24 hours was used, the specimens
being sealed in tubes under argon. No prior ccld working was

carried out so that recovery and/or recrystallization could not

play a part in the transformation mechanisms. Samples were
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treated in air at 800°C for times from 5 minutes up to 200 hours.
Quantitative analysis of the on—going transformations was carried
‘out where this was possible. Quantitative ﬁicroprobe analysis
was also used to study the partitipping effects of the elements
as transformation préceeded, in ordef to assess the approach to
equilibrium,

3.9 Transmission Electron Microscopy

Extensive use of transmission electron microscopy has been
made to examine the morphology of fine structures and to identify
vhases using selected area diffraction techniques. The instrument
used was a &EOL 100 CX.wifh ; side entry .eucentric uniaxial tilt
sﬁage. The operation of a transmission electron microscope is
regarded as a standard technique and will not be reported in
detail here,

Since considerable cold work had been used to facilitate
the approach to equilibrium, a fine structure, particularly at
the lower temperatures,was often obtained, Electron microscopy
proved particularly useful for these structures and in the case
of duplex or three phase material,orientation relationships and
% mismatch factors have been determined. The development of a
computerized technique for the solution of selected area diffrac-
tibﬁvpatterns has been utilised and refined to facilitate phase
identification. The method involves the measu;ement of five |
diffraction spots and a knowledge of the camera constént. The
observed 4 spacings are then compared with programmed crystall-
ographic data for the phases present in stainless steels, thus

enabling the diffraction pattern to be indexed and the phase

identified.
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The T.E.M. has been ﬁsed to study and measure the extent
of void swelling using the High Voltage Electron Microscope
(H.V.E.M.) and the Variable Energy Cycletron (V.E.C.) to simulate
neutron irradiation, an account of which is given in sections
3.11, 3.12.

3,10 Quantitative Microanalysis

! A major part of the work has been the determination

of the composition of the phases present and the partitioning
effects of the various elements between the phases. For the
majority of this work a Philips PSEM 500 Scanning Electron
Microscope:(S.E.M.) with ;n-ﬁnergy Dispersive Xray Analysis
(E.D.A.X.) attachment. has been used. For part of the work,
where the composition makes the use of energy dispersive analysis
inaccurate, a fully automated electron probe microanalyser has
been used.

A specimen holder ,Fig 11 ,/has been designed that allows
the Xray analysis of both sample and standards simultangously,
which is important in quantitative microanalysis. Samples are
mounted in a conducting medium which does not require the use
of conducting glues (such as silver dag) which are likely to
contaminate the specimen and require drying and out-gassing.
Tﬁe general configuration for microanalysis is shown in Fig 12.
The take-off angle is important since it governs the path length
that -the Xrays mﬁst traverse through the sample and hence the
degree of absorption. A take off angle which was as high as
possible whilst'being‘consistent with an optimum count rate was
used, in this case 60°., The counter windows must be set at
particular energy levels so as to coliect the characteristic

X-radiation from each individual element. It was also important
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to set a background window as near as possible and to the
left (ie lower) of the characteristic energy for each element.
There must be no change in the electron beam energy whilst
analysis is being carried out as this will affect the count
rate and hence the accuracy of the results. As a consequence
the voltage, current, electron beam spot size, focus and gain
control must be pre-set before analysis was commenced and these
must remain constant until the analysis was complete,

The area, phase or precipitate within the sample which
is to be analysed, is selected and a convenient count time is
chosen. Tﬁe count tiﬁe sﬁo&ld be as long as practically possible,
and is usually in the region of 40-100 sedonds. Windows are set
for all elements present in the alloy and the standards usually
comprise the pure elements. |

The X-ray intensity data is correlated with the apparent
mass fraction of any element (k), eg chromium,is given as a
ratio of the intensity of cﬁromium Xrays from the sample to those
'from the standard minus the background count in each case ,ig:-

kCr = ICrSample - ICr Samplg Background 1)

ICrStandard - ICrStandard Background

For any system{assuming no corrections are necessary,then:-

n
k, + +kn = (Ki:‘) ....... (12)
TR LD

Inevitably however n iE: ki is less than unity because of the
i=A
prevailing absorption, fluoresence and atomic number effects.

Having obtained the apparent mass fractions these must be

corrected by :-

= F.k
Cop Cr 13)
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where C,  is the mass % of chromium (corrected)

and F is a function of atomic number, absorption and
flyeresence effects, known as the Z.A.F. correction
coefficient,

(a) The Atomic Number Effect

Electrons entering the surface of a specimen both penetrate
the specimen and are scattered by it. The effect of these two
processes on X-ray emission can be considered more simply in
terms of two factors. The electrons which are back scattered
from the surface do not contribute to X-ray production, the
fraction of the incident electrons which enter the specimen
being termed R. Specimens of low atomic number have high values
of R with the effect becoming insignificant for higher atomic number
elements.,

The electrons which penetrate the specimen may cause
ionisation, p£oducing X-rays or they may be scattered within
it. The production of X-rays by ionisation depends on the
critical ionisation potential of the specimen and thus on its
composition, Elements of low atomic number have low critical
ionisation.potentials, are more eaéily ionised, and have greater
stopping power per unit mass. The stopping power of the specimen,
S, is higher for elements of lower atomic number. The initial
enérgy-of the electrons affect the values of R and S in that
higher energy elecfrons are more readily back scattered and
escape from fhe sample producing a lower value for R. -

Thus both R and S vary with both initial electron energy

and the atomic number, with the atomic number correction beiné
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given as:=-

€z =2 ——— (14)

) CZ is the proportion of the correction factor F, due to atomic
number effects. These two factors R and S tend to cancel each other
out as the atomic number and accelerating voltage vary, although
they can, in certain systems, represent an important part of

the correction procedure and are always included in correction
programmes for bulk specimen analysis.

(b) The Absorption Effect

X rays travelling through a material of density /0 suffer

absorption: -

It _ =4
where: ~
It = the transmitted X-ray intensity
Io = the original X-ray intensity
Afp = the mass absorption coefficient
x = distance travelled by X-rays

For a specimen composed of a number of elements the value
for #/p is given by the individual absorption co-efficients
multiplied by their mass fractionms. Mp will alsb vary with the
initial X-ray energy. X-rays are generated at different depths
within a specimen and hence must travel through differentv
distances to escape from the sample. They are thus absorbed
to different degrees. The correction for this absorption, CA’
takes into account the shape and volume of specimen producing the
X-rays, the angle at which the X-rays are collected from the
specimen surface, the angle at which the incident electron beam

enters the specimen surface, and the composition of the specimen.
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(¢) The Fluorescence Effect

The absorption of X-rays occuré when the X-rays give up
their energy to ionise other atoms. Thus if an X-ray of element
Z1 has an emission energy which is slightly higher than the
energy required to ionise element Z2’ ig,fhe critical éxcitation
potential, the emitted X-ray is likely to be absorbed and X-rays

characteristic of the element Z_ will be produced. Thus if the

2

element 22 happens to be in the process of being measured the
intensity of its characteristic radiation will be increased and
the apparent concentration therefore artificially increased.

This degrée of enhanéemént‘depends on the relative excitation
probability, the fluorescence yield and the depth of electron
penetration.

In addition,in specimens containing elements of high atomic
number, X-ray fluorescence by the white or continuous radiation
may occur and must be taken into account for bulk speqimens.

The correction for fluorescence is termed Cr.

Atomic number effects and atomic absorption are always
present to some dégree when analysing bulk specimens, whilst
fluorescence effects can only occur at discrete conditions, i.e.
when a characteristic X-ray of oﬁe element is sufficiently
enepgeﬁic to produce a characteristic X~fay of another
assuming a collision takes place. Obviously in multi-component
systems these corrections are complex and are invariabl& performed
with the aid of a-computer. The program used was the National
Bureau of Standards FRAME 3, which has been modified tq suit the
data generated on a S.E.M. with a solid state energy dispersive

analyser. The most serious disadvantage of the program is that

51



it is designed for an electron microprobe analyser which uses
crystal spectrometers to measure the intensities of the X-rays

and is wavelength dispersive. In the case of the electron
microprobe analyser, the resolution of the crystal spectrometers

was such that overlapping peaks of X-rays from different elements
was rarely a problem. However in the case of the solid state
detectors, where all X-rays of energies above 1000 eV are measured
simultanéoucly, coupled with a resolution of the solid state detect-
ors in the order of 150 eV, they commonly give rise to overlapping
peaks. Such overlapping peaks of the X-ray intensities must be corr-
ected fgr,:and this is carried out by‘; rrocess called peak stripping.
A common example in stainless steels is chromium and manganese. The
energy of the chromium KB peak and the manganese Ka peak are for all
intentsand purposes the same and if the concentration of the
manganese is to be measured the intensity in the peak due to the
chromium KB must be "stripped"out. The calculations are usually
part of the computer program, but essentially the intensity of the
chromium KB peak is calculated given a knowledge of the chromium

Ko and the ratio of intensities between chromium Ka and KB peaks.
This ratio is in the order of 6 : 1 and is subsequently subtracted
from the cqmbined peak to give the true manganese intensity. 1t was
found however that alloys containing only iron, chromium and nickel
had n§ errlapping peaks of any significance and could be accurately
corrected Sy using the FRAME 3 program Fig 13 gives a comparison

of results obtained on the S.E.M. at Sheffield City Polytechnic

with the results for the same samples obtained on an S.E.M. at the
Steetley compairy which was equipped with fully automatic

computerized quantitative microanalysis, including



"peak stripping", which gives very good correlation of results.

Microanalysis carried out on alloys with a fourth element addition
waé carried out on an electron microprobe analyser using wave-
length dispersive crystal spectrometers and giving accurate
results without the need for peak stripping.

3.11 Simulation of Neutron Irradiation using a High Voltage

Electron Microscope.

The use of electrons to create radiation damage in metal
was achieved conveniently in the high voltagé electron>microscope
(H.V.E.M.) operating at 1MeV. For this purpose fhe AEJI.EM. ?.based
at Harwell was used. A thin foil of the material under investig-
ation was made by conventional techniques. Tilting the sPecihen
is a pre-requisite and a single tilt non-eucentric tilt stage
was used. Integral with the stage was a small molybdenum wound
furnace that heated the‘sample "in situ". The size and concen-
tration of voids created is a function of the temperature,and
500°C was adopted as a standard temperature which gave a
sufficiently high void swelling rate consistent with the required
void concentration, since too high a concentration of voids
resulted in damaged regions which had a high concentration of
small voids that overlapped and created further analysis
difficulties at the measuring stage. The foil surfaces act as
sinks for thé Frenkel defects, resulting in a void free layer
both at the top and bottom of the foil. Care has to be taken
in the choice of foil thickness such that the void free layer. is
less than onme third of the inter-void spacing.

The dose rate was also important and the following beam

conditioning were used before the specimen was inserted. With
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"the screen horizontal the beam was switched on at 1MeV after
conditioning at 1.1 MeV. The magnification to be used was then
selected, in this case 17.3K for all the tests. The bias and
condenser 1 were set to initial conditions of 1 and 8 respectively
and the beam focussed ,checking that the filament was saturated.
The beam current was recorded continuously and the accelérator .
Xs and Yx shifts were adjusted to give maximum current which
is then the total beaﬁ cuirent with no aperture inserted. The
total beam current can be adjusted by changing condenser 1 to
lower values to increase the current, and yisa-versa. The
centre beaﬁ current wés récé}déd by inserting the SOfun
diffraction aperture and adjusting the bright field X and Y
tilts until a maxigum reading was achieved. Removing the
aperture and tilting the screen to the normal operating position
will give Io, the current reading with tilted screen and no
sample. The sample was then inserted, an appropriate phase
was chosen and the thickness selected éccording to experience.
The current I was again recorded with the beam passing through
the foil and a measure of the foilfthickness at that point was
given by:=-

Foil thickness,t = {(1/1o) _ (16)

This value will depend on the material being examined but
experiénce has sho&n that a value for I/Io for stainless steels
of the order of 0.08vto 0.01 will give reasonable results. The
instrument had beén previously calibrated, and it is the centre
beam current that is related to the dose rate since it is the

volume impinged upon by the centre of the beam that is of interest.
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The centre beam current, which was usually in the order of 13-16 x
10™2 amps, is multiplied by a factor of .036 which is determined
by a calibration of the instrument, and gives the dose rate in
d.p.a. min-1. The total beam current, usually in the order of
3.5-4,5 x 1077 amps, was adjusted to give a dose rate of
approximately 0.5 d.p.a. min-1. The use of an objective aperture,
provided it is sufficiently large, does not interfere with the
calibration procedure. '

The specimen was then scanned and tilted until an area
was found that was of the required thickmess and had the
dislocati;n network filééd-to extinction, since it is difficult
. to analyse micrographs that are complicated by dislocation
networks., Once the appropriate area was found the beam was
switched off and the foil heated to an indicated temperature
20°C below that at which the test was to be carried out; previéus
workers have identified that the local heating of the foil by
the influence of the electron beam is approximately'ZOOC. The
héating stage is powered by lead acid batteries and controlled by
voltage regulation, and a thermocouple inserted in the stage
records the temperature and is read directly from a digital meter.
When the required temperature had been reached, the be%ﬁ was
Switchqd on and the specimen re-aligned, The specimen moves
considerably on heating. Once aligned and the image focussed,
the--beam ﬁas focussed and the timer started. The procedure was
to observe the foil in the focussed beam until voids began to appear

when the test was then stopped by defocussing the beam and

recording the image and time elapsed. It has been established
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that whilst the beam is defocussed negligible irradiation damage
ijsoccur?ing. The process was continued with micrographs‘being
taken at convenient time intervals up to the dose rate required.
Once the voids have been established, at some convenient point
the foil is tilted to another zone where again the dislocations
are extinguished and the image is again recordéd. This now
provides a stereographic pair of images and with a knowledge of
the angle between the micrographs the void layer thickness can
be determined. Eventually a series of micrographs are produced
that represent the void growth up to a given dose rate.

The micrographs Qere.tQEn printed at times 5 enlargement
to enable the void swelling characteristics of an alloy to be
analysed. The voided layer thickmess was determined using a
stereographic viewing table equipped to measufe thé lateral
distance change caused by the angle between the stereographic
pairs.

The resulting magnification was 86.5K, and a circle of

D = 6cm was constructed to enclose a volume:-

Volume (V) = W.D° x voided layer thickness ——- (17)
4 x magnification N
The mean void diameter - dv = i\llv { (dz )i’ ------- (18)
. ‘ »

whbpe.NV‘is the number of voids measured, their shape being assumed
lto be a sphere of diameter d, which was taken to be the average
lateral dimension for any particular void.v At least 100 voids

are measured for statistical accuracy. The total number of voids

within the analysed volume are counted and recorded. From this

56



information the mean void size (dv), void number density
(Nv.cm-s) and % void swelling (A V) can be calculated for

a series of doses leading to thew;elationship between void
swelling and dose. All the samples tested were duplex

austenite + ferrite alloys, only the austenite being irradiated
since the oxidation of the ferrite was significant at quite short

‘times which made the imaging of voids (if any) impossible.

3.12 Simulation of Neutron Irradiation using a Variable Energy

Cyclotron (V.E.C)

The essential difference in technique between H.V.E.M,
irradiatibn and V.E.C. irradiation was that the samples are
irradiated before the thin foils are prepared. Specimens can
only be ir:adiated to one dose level at any one irradiatiqn
although up to 12 specimens can be irradiated simultaneously.

Up to twelve three millimeter discs, ~v 150 ’am thick are
made into a target by electro-plating a copper substrate around
the discs. The upper surface is then polished to a mirror finish
using a vibratory polisher and a slg;ry of .025 pm A1203. The
target is mounted in the V.E.C. and, in this case, implanted with
10 atomic p.p.m helium at room temperature prior to testing to
simulate ﬁhe helium that is created as a result of transmutation
reactions occurring as a result of neutron irradiation. It would
be cloéer to neutron irradiation if the helium implantation
occurred simultaneously with the irradiation but practical
limitations make this very difficult. The target is then
irradiated to a dose of 40>d.p.a. at 600°C, since it is known
that void swelling will occur most favourably under these

conditions. Due to practical machine limitations the irradiation:
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is thenintermittent and the dose was built up with a series of
irradiations taking approximately 20 hrs for 40 d.p.a. A
consequeﬁce of this is that the temperature will cycle between
ambient and 600°C several times and this must be taken into
account when examining the resultant microstructures. The
irradiation used for these experiments was 46 MeV N16+ions
and irradiation damage can be considered to occur at a distance
into the disc equal to the average path length of the ions. In
the case of k6MeV NiS*ions it is in the order of 3 ym from the
surface. The ions are monochromatic and ‘produce a virtual mono-
layer of damage within the-discs which is very difficult to
locate by known techniques. Consequently the target is contin-
uously tilted around its axis so as to increase the damage layer
thickness. Nevertheless a damage layer ;hat is between 2.5-3.5 pm
below the surface requires an exacting technique to detect it.
Transmission electron microscopy was used to study the void
swelling chéracteristics of the alloys under investigation. The
method used to locate the damaged layer was by the use of a micro-
hardness indentation and a knowledge of the relationship between
a reduction in the length of the diagonal of the microhardness
indentation and the reductiop in thickness of the disc. The
irradiatéd discs were cleanéd,although generally there was a
corfosion 1aier on the surface which was hard and difficult to
remove. The discs were vibratory polished using 0.025pm A1203
as the slurry until the metallic surface was just clear in the

centre of the disc. A micrchardness mark was then made in the
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centre with another one near the edge such that the disc eould

be aligned so that it was always the same diagonal that was being
measured. An initial reading was taken, the reduction in thickness
of jpm wvas equivalent to a reduétion in indentation diagonal length
of 21Pm because the ratio was 7:1. - In practice the value used is .
19Pm to allow for a flash electropolish of the damaged layer.

With this stage complete th; vibratory polished and electro-
polished surface, which hopefully was the damaged layer, was
stopped off with lacomit. The reverse side of the disc was then
dished electrolytically using a suitable solution, in this case .
10% perchloric acid in methanol and glycerol at room temperature,
~until 25Pm of material remained., The final perforation.was

carried out manually at -40°C using 10% pefch&oric acid in
methanol. .

Transmission electron microscopy was then used to study the
void swelling behaviour of the specimens. Micrographs were taken
of the damaged region to determine the void swelling character-
istics, and a stereographic pair was agéin used to calculate the
thickness of the foil. Since the discs under irradiation will
have been at 600°C for up to 15 hours it was likely that, in
these parficular alloys, microstructural changes will have
occurred and these aspects are also investigated using electron

microscopical and diffraction techniques.
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L Results

4.1,1 Metallography of Fe-Cr-Ni Experimental Alloys

The estzblishment of the constitution of the iron-chromium-
nickel system required a knowledge of the microstructures of the
experimental alloys. Particulﬁr alloys were chosen, examples of
which are given in Figs 14-16., The figures show the equilibrated
microstructures at the sevén chosen temperafures, ranging from
1150-650°C. At 1150°C (the homogenisation temperature) the
microstructures of the samples used were generally duplex
(austenite + delta ferrite), the exceptions being 3A (18Cr-2Ni)
which confained 100%.de1£a‘ferrite and 1D (20Cr-23Ni), 1H
(30Cr~32Ni) and 3C (18Cr-10Ni) being 100% austenite. The general
form of the duplex microstructure is given in Fig 14, alloy 1B (27Cr-
16Ni) indicated thé (austenite + delta ferrite) region above 950°¢C,
subscripted (a), (b), and (c) and the austenite-sigma region |
below 950°C subscripted (d),(e),(f),(g). The lower the temper-
ature the finer was the microstructure with the large delta ferr-
ite grains haviﬁg transformed to sigma and new austenite together
with a fine precipitate evident wifhin the austenite phase.
Transmission electron microscopy was used to investiéate the finer
precipitates which are shown for alloy 1B(27Cr-188i) at 800°C
and 650°C respectively in Figs 17 and 18. ‘Selected area electron
diffraction (S.A.E.D.) was used to identify the large grains as
being sigma phase whilst the finer precipitate within the
austenite was delta ferrite. The fine precipitate is clearly shown
in Fig. 18(2) and would appeaf to be randomly distributed within
the austenite grains. |

The microstructure of alloy 3A (18Cr-2Wi) is shown in Fig.15.

At 1150°C the structure was dompletely ferr;tic but precipitated
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significant amounts of austenite at 105000 and below. The

volume fraction of austenite decreased below 800°C, which could
indicate either a slowing down of the approach to equilibrium

or a shift towards higher nickel contents of the austenite -
(austenite + delta ferrite) phase boundary. It was also clear that
the precipitated austenite had not transformed to martensite on
subséguént quenching to room temperature.

Alloy 3B(18Cr-7Ni), Fig 16, was predominantly austenite at
1150°C and only precipitated significant amounts of delta ferrite
at 800°C and below. It is evident though that Figs 16, (f) and (g)
show three phases and that alloy 3B(18Cr-7Ni) lies within the
(Y + & +¢) three phase field.

Fig. 19 shows the equilibrated microstructures of alloy
1F(35Cr-28Ni) at 900°C and below. The microstructures above
900°C is essentially the same as that for alloy 1B(27Cr-16Ni).
Isothermal treatment at 900°C produced a lamellar type of
precipitate within the delta ferrite grains which increased in
amount at 800°C. At 700°C the lamellar agglomerate was finer
and laths of a phase identified as delta ferrite were seen
within the austenite matrix. At 650°C the lamellar type
structure was unresolvable by optical microscopy and many
laths were seen to precipitate across the whole of the
austenite grains.

- The electron micrographs in Figs 20 indicated the nature of
the cellular type structure of austenite + delta ferrite that had
an orientation relationship that was due to Kurdjumov-Sachs and is
shown in the stereographic projection, Fig 21. Fig 22 shpws the

microstructure of alloys 4A(45Cr-17Ni) and 4B(32Cr-3Ki) which
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were designed to fall within the three phase fields that lie

at either side of the (austenite + sigma) phase field in the
Fe-Cr-Ni ternary system. Three temperatures were chosen for
examinatioq,naﬁely 900°C, 800°¢ and(6500C respectively. Alloy
Lkp (45Cr-17Ni) clearly fell within the three phase field showing
primarily ferrite (dark), austenite (white) and sigma, the sigma
Being the phase within the zustenite. The microstructures at
800°C and 650°C comprised of austenite grains with small
precipitates of sigma within them and an aggregate structure
that was comprised of‘austeqﬁte and delta ferrite. The analysis
of alloy 4B (32Cr-4Ni) indicated a nickel coﬁtent that was quite
low and only the heattreatment at 650°C produced a three phase
structure,

4,1,2 Microprobe Analysis

The major technique used for the construction of the ternary
equilibrium diagrams was the determination of the composition of
the individual phases by a SEM+EDAX technique. The compositions
of the phaseé in a two pﬁase structure will lie at the ends of a tie
line and will define the position of the phase boundary, whereas
in the case of a three phase structure the compositions will lie
at the corrers of the three phase triangle. This technique allows
the use of relatively few samples for constructing the termary
equilibrium diagrams. At temperatures of 900°C and below the
approach to equilibrium was recognised to be very slow. If
equilibrium has been obtained then the.concentrations of the
individual elements will be constant throughout a particular

phase, Fig 23 shows an elemental line scan, using the S.E.M.
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with Xray analysis facilities for the elements iron, chromium
and nickel,across an austenite grain in a two phase (Y + a)
microstructure. Even allbwing for experimental error this
confirms the attainment of equilibrium. - Further evidence
for this was provided by the micro;analysis‘results obtained
in the transformation studies on alloy 3A (18Cr-2Ni), and shown
in Fig 24, which indicate that no further change in the composition
of the individual phases had occurred after 20hrs at 800°C.
It can also be seen frém Fig 2t that constitutional, i.e,
phase proportion, equilibrium had not been reached after
20 hrs, | 7

The compositions of the individual phases for the alloys examined
are given in Table 5, and represent the compositions at the phase
field boundaries. The major problem with this technique was
that in the case of micro-analysis of bulk specimens there
was a limit to the size of precipitate or second phase particle
that could be analysed. The electron Seam diameter is usually
the 1imiting factor being of the order of 5pm. This was not
however the only limiting factor since X-rays are generated '
within the well knan pear-shaped excited volume which
effectively increased the beam diameter. Electron penetratioh
is a function of the average atomic number of the specimen and
the accelerating potential, which in itself will be a function
of the (elemental Xray) critical éxcitation potential, It became
clear that cold working and isothermally treating at the lower
temperatures of 700°C and below produced a very fine structure

which rendered micro-analysis somewhat innacurate. It is obvious
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that the use of scanning transmission electron microscopy with an
analytical Xray attachment (electron beam diameters in the order
of 1003) would be a major advantage for this type of analysis.

L4,1,3 The Isothermal Sections of the Ternary Constitutional

Diagrams.

The isothermal sections of the iron-chromium-nickel ternary
system are shown in Figs. 25-30. At 95000 an@ above these sections
were simple to construct with the relatively large grain sizes
exhibited by the phases in the specimens. Below 950°C however
the diagrams became more complex and this, coupled with the
fineness of the structure, resulted in some scatter in the
results particularly at‘650°C. An analysis of variance was used

to ovbtains -

2
(1, - 8% (1, - B)?
Qhere IA = Xray intensity of element A in the sample
BA = " " " the background at an energy ngar A
I,= " n " a standard of pure element A
Bs = " " " the background at an energy near A

AKX

X is the fractional relative error in K, where K is the un-
corrected mass fraction of element A due entirely to the statistical
errors.in couﬁting the characteristic X rays. It was usual to find a
value of AK = ¥ 1% of the actual value of the composition for

the conditigns used. Héwever many other aspects of microanalysis
cause errors and have already been discussed in section 3. Thus

it was decided that the data generally had a relative error of about

I 2% of the actual alloy content of a phase, particularly at
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the lower temperatures of.700°C and below. When the choice was
“between two values for a fixed point such as the austenite
composition of a 3 phase field, e.g. for alloys 3B (18Cr-7Ni) and
4B (32Cr-iNi) which both gave this composition, the analysis
for the point was used for the alloy containing the greater
amount of austenite since the specimen would contain austenite
grains of greater size and therefore better accuracy in deter-
mining the result. In this case alloy 3B (18Cr-7Ni) was pred-
6minately austenite whilst alloy 4B (32Cr-4Ni) contained only a
small fraction of austenite; accordingly alloy 3B (32Cr-7Ni)
was used.( -7

Where the results of a particular analysis appeared to be
innacurate by comparison with the bulk of the data they were
repeated using an electron probe microanalyser (EPMA). This
technique has the advantage of an infinite choice of acceler-
ating voltage, a smaller beam sizenqpn\ and automation for the
_microanalysis procedure. The results are shown as triangles
on the isothermal sections. The tie lines (shown as dashed
lines for the two phase regions) are those that were experimentally
determined.

For several of the fixed points éf the isothermal sections,
i.e. the triple points at the corners of the three phase fields,
no data has been generated directly in this work. In these
cases the positions of these points were estimated from a
general consideration of the experimental data and the published

(9

information of Raynor and Rivlin'’/, These points are
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indicated by the open circles as opposed to the closed points.

L.p Transformations in Fe-Cr-Ni Stainless Steels

4,2.1. Introduction

Because of the importance of equilibria to the constitutional
studies, specimens were only examined in their initial and final
states. It was however believed to be necessary to study the
transformations that were occurring because of the necessity to
check that equilibrium had indeed been reached and also to
detect whether any transient or intermediate non-equilibrium
phases had been formed during the approach to equilibrium,

Two compsﬁitions were chosen to study (i);the precipitation of
austenite from ferrite, alloy 3A (18Cr,2Ni) and (ii);the
precipitation of sigma phase from a duplex (austenite + ferrite) -
structure, i.e. alloy 14 (30Cr,13Ni). The temperature choseu for all
the transformation}work was 800°C.

L,2.2 Transformations in Alloy 34 (18Cr-2Ni)

Homogenisation at 1150°C (2khr,WQ) produced a single phase
structure of ferrite, Fig. 31(a). The black dots present in the
micrograph were etch pits produced as a consequence of the pro-
longed etching needed to reveal the'ferrite grain boundaries;
as already mentioned the etching of ferrite/ferrite grain
bdugda;ies was very slow with 10% oxalic acid. After aging for
" 10 minutes at 800°C a very fine precipitate was seen on the grain
boundaries, Fig. 31(b). Transmission electron microscopy was
employed to determine the nature of this phase which was
identified by selected area electron diffraction as Cr23C6 and

is shown in Fig. 3. Fig. 31{c) shows the microstructure after
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aging for 1hr, the Cr23C6 particles having developed and another
phase, identified as aﬁstenite, was beginning to precipitate

at the grain boundaries together with the Cr2306. After aging
for 20hrs, Fig 33(d), the precipitation of austenite as laths
within the ferrite grains was élearly observedltogether with a
cellular growth of austenite and Cr2306. After aging for 97hrs;
Fig 31(e), the austenite laths had clearly developed into an
agglomerate occurring throughout the ferrite grains, with no
observable change‘in the Cr2306. Fig 31(f), shows the micro-
structure after aging 200hrs; it would appear that the austenite
was starting to coalesce and spherodise as the eguilibrium
structure was approached. The Cr2306 tended to redissolve,
presumably the carbon partitioning to the austenite and the
chromium to the ferrite. Fig 15(e) shows alloy 34 (18Cr-2Ni)
after aging for 700 hrs, and it must be emphasised that this
specimen was sealed in silica under argon. Nevertheless the
microstructure forms a logical extention of the transformation
series. The austenite laths were clearly becoming more equiaxed

and the Cr appeared to have been completely redissolved.

23%6
L,2.3 Transformations in Alloy 14 (30Cr-13Ni)

Figs35 (a-f) shows the microstructure of alloy 1A(30Cr-13Ni)
after aging at 800°C for up to 120hrs. The solution-treated
(115006) micrésﬁructure shown in Fig. 33(a) was duplex (austenite
+ dglta ferrite), the delta ferrite being the slightly darker phase.
After aging for 10 minutes, precipitation at the austenite/delta

ferrite grain boundaries had clearly commenced, Fig. 33(b).
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Transmission electron microscopy confirmed the grain boundary
precipitate to be a mixture of sigma and Cr23C6. Bright and
dark field illumination was used to identify the various phases,
coupled with selected area electron diffraction. The plates
shown in Fig 34 are examples of the morphologies of the precipitaﬁing
phases and the diffraction patterns from which the structures were
determined., Also it was observed that the.precipitates were growing
into the delta ferrite phase, thus confirming the optical micro-
structural observations. After aging for 30 minutes, Fig. 33(c),
the sigma phase was consuming the delta ferrite by growing inwards
from the éoundaries énd‘fo;ming an envelope of sigma phase around
the transforming delta ferrite‘grains. It was also evident that
as the transformation proceeded this type of reaction was followed
by a cellular reaction that consumed the reméining delta ferrite.
Fig. 33(d), shows the cellular structure more clearly and trans-
nmission electron microscopy has identified the duplex cellular
region as (austenite + sigma).

The two phaée region is shown in Fig. 35(a), with the
diffraction pattern, whilst Fig 35(b), shows a similar region
with as yet untransformed delta ferrite characterised by the
heavy dislocation density. Figs, 33(e),(f), show the general
microstructure after aging for 70 and 120hours at 800°C and showed
a general sphercidisation of the microstructure as equilibrium was
approached. The presence of delta ferrite is shown in the transm-
ission electron micrograph, Fig. 36(b), as the phase containing a high
dislocation density in the specimen aged for the longest time of 120nrs.

This suggested that eguilibrium had not been reached. Fig. 36(a) is
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a bright field electron micrograrh of a sigma particle that has
a semi~-coherent interface, with the interface misfit being taken up
by dislocations,

4,2.,4, Guantitative Metallogravhy and Microanalysis

The type cf transfofmation occurring in alloy 34 (18Cr-2Ni)
ie o = {(a +Y), lends itself to qﬁantitative analysis in terms of
both metallograrvhy and microanalysis. The volume fraction of the
austenite phase was determined by the standard point counting
method described in section (3.5), the results of which were
plotted against aging time in Fig. 24(b). It can be seen that no
further tfénsformatién fboﬁ place after aging for 160 hrs. Slected
samples were chosen for microanalysis, again by the SEM-EDAX
technique described in Section 3.6, such that the composition of
the 'transforming austenite could be determined as aging vrogressed.
The Wt%Ni of the austenite is shown as a function of aging time
in Fig. 24(a) and provides a direct comparison between the change
in volume fraction and nickel content of the precipitating austenite

phase.,

4,3, Effects of Fourth Element Additions on the Constitution of

Fe-Cr-Ni Alloys

Using the base compositions of several selected ternary alloys,
a fourﬁh element was added to determine its effect on the constitutien
and to study further the concept of nickel and chromium equivalents
based on alloys that are more relavent to reactor core components,
such as stainless steels and iron based superalloys used for wrappers
and cladding in the fast reactor. Eight such glements were chosen,
four of which were well known austenite formers:- manganese, COpper,

carbon and nitrogen and four ferrite and/or sigma formers:- silicon,
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molybdenum, titanium and niobium. All of these occur in commercial
stainless steels aﬁd iron based superalloys. Two temperatures

were chosen to encompass the (austenite + ferrite) region and

the (austenite + ferrite + sigma) region, being 105000 and 800°C
respectively. The percentage of the fourth element additioxn, the
temperature and the volume fraction of the‘fefrite and/or sigma
phase are given Table 6.

4,3.1. Quantitative Metallography and Structural Changes

4,3,1.1. Addition of Austenite Forming Elements (}n,Cu,C and N)

(a) 1050°

The 6ptica1 micfosfru;tures for the four austenite forming
elements aré shown in Figs. 37;40. At 1050°C the general effects
. of adding the austenite forming element was to reduce the volume
fraction of the delta ferrite, with the exception of corper.
Increasing the copper addition first gave a decrease in the
volume fraction of delta ferrite at 1Wi%Cu followed by an increase.
in the delta ferrite content as the amount of copper increased.
This was then followed by a decrease in the delta ferrite content
at the highest copper content.

A further complication was introduced by the formation of
large particles of a chromium carbide in the alloy containing
carbon? the carbide being identified as massive Cr23C6 by
selected area diffraction. In the case of the nitrogen bearing
alloys, no nitrides were observed in the optical microstructures,
there simply beiﬁg a decrease in the amount of delta ferrite.

(b) 800°C

At 800°C, initially the effect of manganese was to increase

the tendency towards the cellular structure typified in Figs Lq

and 20. This has been shown to be austenite and delta ferrite
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having an orientation relationship near Kurdjumov-Sachs as shown

in the stereographic projection, Fig. 27. At higher concentrations
of manganese a third phase was observed, which was identified as
sigma phase and is clearly shown in the optical micrograph, Fig.
4(c).

At 800°C the effect of copper showed a similar effect to that
observed at 105000, culminating in a very fine structure at 7wt%Cu,
Fig. L42(e),

In the case of the carbon series, the effect was again similar
to that observed at 1050°C, except that the structure was finer
and showed an increaéed Qoiume‘fraction of Cr23C6, Fig. 43,

At 800°C the effect of nitrogen was to decrease the volume
fraction of delta férrite, no nitrides were observed at this
temperature.

4,3,1.2 Addition of Ferrite Forming Elements (Si,Mo,Nb and Ti)

(a) 1050°C

The base alloys chosen for the addition of the ferrite forming
elements were within the (austenite + sigma) phase field at the
lower temperature; these were alloy 1A (30Cr-13Ni) for silicon, alloy
1B(27Cr-16Ni) for molybdenum, alloy 1C(250r-18Ni) for niobium
and alloys 1B and 1C for the titanium additions. At 1050°C silicon
had a very large effect in producing delta ferrite, and increased
the volume fraction from 0.46 to C.75 with the addition of 3.75wt%$i
Fig: Li)-b .

With regard to the effect of molybdenum, Fig. 45, the first
1wt% of molybdenum had no effect on the constitution and this is
thought to be due to the carbon removing the molybdénum from

solution as a carbide. Fig. 46 shows a transmission electron
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micrograph of alloy 1B(27Cr-16Ni) to which 1wt¥Mo has been
added which after equilibration at 1050°C showed a phase
identified as M6C. Further additions of molybdenum had the
effect of increasing the delta ferrite content, but this effect
did not continue progres#ively as the molybdenum content was
increased.

Additions of niobium initially showed an increase in the
delta ferrite content, Fig. 47. With an addition of 2wt%Nb a
phase appeared which was identified as FeZNb by selected area
electron diffraction, Fig. 48.

The effect of the titanium addition is shown in Fig. 49. There
was a general increase¢in delta ferrite with increasing titanium
addition. Again the presence of TiC was confirmed by transmission
electron microscopy, the TiC occurring as large random precipitates
Fig. 50.

(b) 800°C

At 800°C the effect of silicon was to increase the amount of
sigma phase and to refine the overall structure, Fig. 51.
Morphologies of this type render it particularly difficult to
carry out accurate quantitative metallography. Hence the results
‘are less reliable than those achieved at 1050°C, but nevertheless,
genera}ly agree with the overall effect which would be expected.

The microstructure of the alloys containing molybdenum are
shawn in Fig. 52. There was a general increase in the amount
of sigma phase as the molybdenum content increased, and there was
a tendency to produce much more clearly defined areas of sigma
* as typified by Fig. 52(c).

The niobium containing alloys showed an increase in the
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amount of sigma phase as the niobium content increased, but
there was no evidence of FeZNb in the microstructure of the
2wt%Nb alloy at 800°C, Fig. 53.
Additions of up to %wt%Ti again showed little change in the
constitution, which was consistent with carbide formation removing
the titanium from solution. Significant changes in the volume fraction
of delta ferrite were ooserved with further titanium additions,Fig. sk,
The effects of the various austenite and sigma/ferrite forming

elements are summarised graphically in Figs 55-58..

L4,3,2, Nickel and Chromium Equivalents

The conversion 6f fhe‘experimental data into nickel and
chromium equivalents is of commercial importance, particularly
in terms of alloy design and étructural stability studies. The
method used compares directly the effect of nickel and chromium
on the constitution of the ternary system with that of the fourth
élement additions.

4,3.,2.1. Nickel and Chromium Effects on the Constitution

The nickd and chromium effects have been derived directly
from the experimentally determined isothermel sections of the
ternary equilibrium diagram. Fig. 59 is an isothermal section
of the ternary diagram at a.temperature above 900°C showing an
alloy qf composition C, lying in a two phase field of (austenite
+ delta ferrite). From the lever rule, AC and CD are proportional
to the relativevamounts (mass) of austenite and delta ferrite
respectively. The line lengths can be either measured, or cal-
culated as below, to determine the mass fractions of austenite and

delta ferrite., Calculation can be accdmplished using the



cosine rule and a knowledge of the wt¥#NZi and wt¥%Cr of the alloy

from - F:{s 59 ~

ap2 = 8% + BO® - 2(AB.ED) CosB, (Cosine rule) —------- (20)

In this case B=60° and Cos 60° = 2 (HSSQ)
Then eguation 20 will reduce to:-

m? = 4% + B0° - (AB BD) ' : (27

Now AB is @ (%Cr, - %Crj)
BD is « (%Nip - %N;B)
Thus the eguation can be written:-
2_ 7/, - / 2 - - 2- / Y2 3 - ——
AD = (%CrA %Crp) f(%N%bt%Nla) (%CrA-%Crb)(%N%D~%le£ (22)

Now %CrA, %C:b, %Ni_ and %Ni_ can all be derived directly from

D B
the isothermal section.
The same method can be used to determine CD and the relative

fractions of austenite and delta ferrite can be determined since

'AC + CD = AD which is proportional toj'l L= (23)

The mass fraction of austenite is give by AC

and the mass fraction of delta ferrite is g?ven by CD

To determine the effect of nickel on fhe constitution the
bulk composition is now changed by adding nickel along & line that
keeps the ratio of chromium to iron constant. This is a straight
line designated CN, which must run directly to the nickel rich
corner of the diagram. A new bulk composition is now chosen c'
and the above procedure repeated, thereby determining the decrease
in the mass fraction §f delta ferrite as a function of nickel
content. The procedure: is contirued until the phase boundary
is reached. The method can be used equally well for the effect of

chromium. The results can be shown by a graph of nickel content

versus the mass fraction of delta ferrite as shown in Fig. 60.
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4,3.2.,2., Nickel and Chromium Equivalents of the Fourth Element
Additions.

The actual volume fractions of delta ferrite or sigmea in the
alloys with fourth element additionshave been determined by
quantitative metallography, and are given in Table 6.

It is noted that the mass fraction of a particular phase
within a sample is different from the volume fraction and will
be related via the phase densities. If however the density of the
phases are very similar then the correction that would be applied
to the volume fractions to convert them to mass fractions would
be minimal. It has been found in the literature'S? that the
density of austenitic and two phase stainless steels are very
similar,

An austenitic stainless steel of nominal composition (20wt%
Cr-4Owt¥Ni) had a density of 7.74 x 103kg.m'3 whilst a two phase
stainlesé steel of nominal compssition (29wt%Cr-Owt%Ni) had a
density of 7.63x103kg.m~3. The density of sigma phase given in
reference (87) was 7.60 x 103kg.m-3. Using these densities to
correct the volume fractions to mass fractions an alloy having
a volume fraction of 0.2 would have a mass fraction of 0.198 which
is somewhat less than the error associated with the determination
of the volume fraction by point counting.

Also, when the mass fractions were determined from the
isotHermal sections of the ternary equilibrium diagram for
particular alloys they showed very good agreement with the
measured volume fraction§, thus indicating that the relative

densities of the various phases were very similar, In view of this

it was thought unnecessary to correct the volume fractions for
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the determination of nickel and chromium equivalents.

Using the graphs as illustrated in Fig. 60,the relative
effects of the fourth element additions as nickel and chromium
equivalents can be determined. In Fig.60 the line represented
by A is the volume fraction of the delta ferrite phase of the
base ternary alloy, ie with no fourth element addition. The change
. in volume fraction of the delta ferrite with the fourth element
addition was then determined by the point counting method already
described. In the case of the example the volume fraction of
delta ferrite has decreased from 0.2 to 0.1.

The.eéuivalent aﬁoun£ ;f nickel required to have the same
effect on the constitution can then be read off, in this case
3.25wt%Ni. The nickel equivalent . is determined by dividing the
wt% Ni equivalent by the wt% of the fourth element addition.

This process is repeafed for ail the alloys within the series,
which were then plotted as a graph of fourth element additions
against nickel equivalents. The same process is carried out for
the ferrite forming elements to determine their chromium
equivalents.

It can be seen that as the wt% of the fourth element increases
the wt% of .chromium and nickel will decrease.This may well cause
difficulty in deciding what base composition of nickel or chromium
to use when calculating the equivalents. Since the reduction
in nickel and chromium will be reduced in the same proportion
to each other their relative effects on the comnstitution will
tend to cancel each other out. Therefore the base compqsition

of the ternary alloy has been used for the determination of nickel

and chromium equivalents.



The other element that needs consideration is carbon. In

the case of the higher additions of carbon,significant amounts of

MEBCS were precipitated. This was taken into

account by measuring

the volume fraction of MEBCG and calculating the mass % of carbon

involved in its formation in the following manner:-

The volume fraction of carbide must be converted to a mass

fraction of carbide.

From Density = Mass - (24)
Volume

Mc = pec.Ve -——====(25)

and  Mm = pm.Vm ——- (26)

where Mc is proportional to the mass fraction
Mm is proportional to the mass fraction

of carbide
of matrix

@c and fm are the densities of carbide and matrix phase
Vc and Vm are the volumes of carbide and matrix phase

respectively
But
Vic = Ve =Ve, 1 27)
(Ve + vm) (Ve + Vm)
e Vc = Vic (Ve + Vm) (28)
and Vm = Vfm (Ve + Vm) - (29)
.*« equations (25) and (26) become
Mc = Pc.Vfc.(Vc + Vm) - (30)
and Mm = pm.me.(Vc 4 VM) emememece e e (31)
Now Mfc = Mc - (32)
(Mc + Mms

where Mfc is the mass fraction of carbide.

Substituting for Mc and Mm from (30)and (31)+
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Mfc = pc.Vfc(Ve + Vm)  ;eee—ao (33)
fc.Vic.(Vc + Vm) + Pm.Vim.(Vec + Vm)

(Ve + Vm) will cancel and Vifm = (1 - Vic)

o:. Mfc = PConC (34)
: pc.Vfc + em(j.- Vic)

which will transpose to

Mfc = ec --==(35)
pc.+ _P_m_ - fn
- Vfe

Dividing through by Pc gives:-
-(36)

Mfc =

1
T+ fn (1T-1)
Pc -Vfc -

The mass fraction of carbide x 100 will give the mass % carbide from
which the individual amounts of chromium, iron and carbon can be
determined.

The mass fraction of each element within the M2306 will
depend upon the stoichiometry of the carbide.

The M25C6 was takgn as Cr21FeZC6.

The mass fraction of carbon in M2306 then will equal:-

Mfc(in carbide) = (6xAtomic wt.C) -=(37)
(21xAtomic wt Cr)+(2xAtomic wt Fe)+(6xAtomic wt C)

Mfc = (6x12.011) - (38)
(2jx52.00)+(2x55.85)+(6x12.o11)

Mfc (in carbide) = 0.056

The mass% carbon that is associated with the carbide will then

be: -

Mass % C = Mass % Carbide x Mfc(in carbide) (39)
The mass % chromium and iron are determined in a similar manner.
‘Table 7 summarises the amount of carbon, iron and chromium combined

as M C6 in the carbon series alloys.

.23
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When'considering the elements that are carbide formers, namely
molybdenum, titanium and niobium it was necessary to take account of
the amount of alloying elements that formed carbides and hence would
be lost f:om the matrix. Transmission electron microscopy confirmed
that random carbides were evident in all the alloys containing
molybdenum, titanium and niobium at both 800°C and 1050°C.

The sglubilities of carbon in the presence of titanium .and
)

niobium have been determined by Pickering et al who obtained

solubility equations of the form:-

log [Ti][c,]_
log [Nb] [C]

The solubility of carbon at 800°C for the lowest addition of

6780 + 2.97 (40)
7K

-9350 4+ 4,55 < -- (1)
%K

titanium of .25wt%, was 0,002wt%C, whilst at ﬂOSOOC the solubility

rose to 0.,013wt%C. At Twt%Ti addition the solubilities at 800°¢

and 1050°C were 0.0002wt%C and 0.0024wt%C respectively. The

solubility of carbon with a niobium addition of 0.5wt% was calculated

as  0.0001wt¥C at 800°C and 0.003wt%C at 1050°C. The corresponding

solubilitiés for an addition of 2wt%Nb were ~s 0 and ,0009wt%C

at 800°C and 1050°C respectively. Unfortunately solubility data

is not avéilable for molybdenum which, since it forms a M60<6rhﬁnﬁé)

type cérbide,Awill have a relatively large mass of molybdenum

associated with carbon if carbides are formed. If the carbide

for;ed was Mo6C then .OO5wt%C will have combined with O,2Lwt%Mo max.
It must be noted that,(1) even in the 0.25wt%Ti alloy at

1050°C the presence of a MC type carbide was evident. Also (2)

the solubility data was determined using base alloys of (18Cr-13Ni

-0.1C), and (3) The exact stoichometry of the carbides was not
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known. The alloys used in this work had rv 10wt% more chromium,
the effect of which is not known, and also the alloys will be two phase
which again may affect the solubility of carbon in these z2lloys. |
Considering all these points the corrections made, due to
carbide formation was only significant in terms of the chromium
equivalents for the molybdenum additionms.
It was also evident that molybgenum did not have any detectable
affect on the constitution, ﬁp to the first 1wt¥ of additidn. In

1]

consideration of these points it was decided to determine the amount .
of fourth element addition that would be taken up as a carbide if all
the carbon in the alioy~fo;med a carbide, this value being subtracted
from the bulk addition for the purpose of chromium equivalent
determinations. ‘

In the case of the niobium additions, at the higher niobium
contents FeZNb was identified. A significant volume fraction

((0.03) of FeaNb) was present in the highest niobium content alloy.

The density of the intermetallic phase was calculated as 10.05
X 103 kg.m'3 which represented 1wt%Nb that was 'tied up' in the

form of Fe_ Nb and was subsequently subtracted from the bulk wt%Nb

2
for chromium equivalent determination. In general the effect of
fourth element additions on the constitution is not linear, the

graphs for nickel and chromium equivalents being given in Figs. 61-67.

4,2.3 Partitioning of Fourth Element Additions

. In attempting to understand the reasons why various elements
affect the constitution in particular ways a knowledge of the
partitioning of an element between the various phases is valuable.

The partitioning of elements between phases has been determined
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By a guantitative microanalysis using an Xréy wavelength spectro-
meter. This was necessary because of the overlapping of the energy
peaks for the fourth eleﬁent when using an energy dispersive system.

The results are given in the form of the composition of the
phases and are summarised in Table8..

4,3,4 Irradiation Damage

The void swelling behaviour of a number of the . quaternary
alloys has been examined using the High Voltage Electron Microscope
(H.V.E.M.) irradiation and irradiation in a Variable Energy
Cyclotron (V.E.C.). Both methods use an energetic source of
charged pérticles toAprédu;e structural damage within the
specimens which, at the temperature of interest for fast reactors,
generally manifests itself as the nucleation and growth of voids.
This is due to a higher supersaturation of vacancies than
interstials, which is a consequence of the preference of dislocations
for intefstitial point defects fhan for vacancies. These vacancies
can then migrate to form clusters and coalesce to produce voids
within the material.

k,z2,4,4 5,V.E.M., Irradiation

The H.V.E.M. used electrons at 1MeV,at a temperature of
500°C and.a dose rate of approximately 0.5 d.p.a. per minute,to
produce the damage. Alloys containing 1 and Lwt%Si; 1,3 and
8wt%Mn; and 7.5wt%Cu have been studied using the H.V.E.M, TFig.68
shows a typical series of micrographs illustrating the increase'
in void size with increasing dose. There were three important
parameters which were determined from the electron micrographs,

namely:- (i) void number demsity (Nv), (ii) mean void volume (¥)
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and (iii) relative swelling AV . These results were obtained

in the following manner. The Xoid number density was determined
by counting the voids occurring within a specific volume. To do
this the thickness of the void layer must be known and this is
obtained from stero-microscopy carried out on a stereographic
pair of micrographs produced on the same test specimen. In the
H.V.E.M. the specimens were in the form of thinned discs ~ 4,000-
5,0002 in thickness and because of this both the bottom and top
surface will act as sinks for interstitials and vacancies and
hence produce a void free layer at the surface of the foil., The
thickness:measuremenf fér ;he foil is taken between the top and
bottom of the damage layer. The number of voids in a given volume
was counted and is usually expressed in terms of the void number
density, Nv. The mean void size is calculated by measuring the
diameter of the voids. The actual shape is in the form of a

fetrakaidecahedron but in practice a spherical shape is assumed. The

mean void diameter (dv) is determined as:-

(62)

i=1

where d is equal to the void diameters
and N is equal to the total number of voids measured.

The mean void volume (V) is then equal to:-

7 =%T[.av3 _— (43)

The-total volume of voids within a volume V of void containing

material is given by:~-

V = VNVeV =  eemmmmmcmcccmce e (44)
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The relative void swelling is expressed as either:-

or AV . - —— (45)
(V-AV)

The relative percentage void swelling versus irradistion dose is

>
<l=

given in Figs. 69 and 70 for the additions of silicon and manganese
respectiyely. In addition to those alloys shown, tests were |
carried out on the 4%Si alloy and the 7.5%Cu alloy. In both

cases no voids were detected up to the total dose of 30 é.p.a.

- The dislocation structure which also developed with irradiation

is shown for the 7.5wt%Cu‘alloy in Fig. 91{a)

4,3,4,2 V.E.C., Irradiations

. The V.E.C. uses positively charged particles to cause damage
to the structure, and any'one experiment was confined to the use
of one specific dose. Irradiation was carried out using 46 MeVNi6+
ions, at a temperature of 60500, to a total dose of 40 d.p.a. A
typical electron micrograph illustrating V.E.C. induced void swelling,
is shown in Fig. 72.

The V.E.C. was used to study alloys containing manganese,

copper, silicon and molybdenum. The quantitative analysis was
carried out in much the same way as that for the effects of H.V.E.M.
irradiations except that due to a difﬁgrent preparation technique,
(Section 5.12) there was no void free surface layer in the V.E.C,
speciméns. Iﬁ fact the voids cut the foil surfaces and care had
to be taken when deciding whether a vqid cut a free surface or was
wholly within the foil., For counting purposes the voids which

cut the foil surfaces were taken as % voids. Otherwise the same

procedure as outlined for H.V.E.M. dirradiations was adopted.
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The results of the V.E.C. irradiation are summarised as
relative percentage void swelling against fourfh element addition
in Fig. 73.

The time taken to achieve a dose of 40 d.p.a. in the V.E.C.
was ~ 20hrs and the effect of the combination of temperature and
irradiafion caused a considerable increase in the transformation
rate of delta ferrite to (sigma + new austenite) in these alloys.
The structure cfbthe samples wouldvbé expected to undefgo a
transformation of the ferrite to (austenite + sigma) but 20 hrs
at 600°C is insufficient to start the transformation under purely
thermal conditions. It can be seen quite clearly in Fig. 74
that considerable transformation of the ferrite had occurred under
V.E.C. irradiation and that the structure was that which would be
expected to result from equilibration for much longer times, i.e.
over 1000 hrs., It can also be seen that the newly formed
austenite has begun to swell by the formation of voids. This

behaviour was noted in all the alloysirradiated in the V.E.C.



5 Discussion

5.1 Constitution

5.1.1 Microstructure of the Fe-Cr-Ni Base Alloys

In general the equilibrated alloys exhibited similar micro-
structures,that were essentiall& dependent on the ageing temperature.
Above 900°C the form of the isothermal sections of the ternary
equilibrium diagram was relatively simple. Since at the higher
temperatures recrystéllization occurred, as shown by the equiaxed
structure and the annéalling twins within the austenite grains, the
structuressdeveloped were easy to identify .and interpret. A similar
type of microstructure was observed over the whole range of alloys
investigated, ige either single phase (austenite) or (ferrite),
or duplex (austenite and ferrite), the duplex microstructure being
shown clearly in Figsi4 (a,b and c). This type of structure was
ideal for the determination of the phase compositions by quantitative
micro-probe analysis.

At lower temperatures of 900°C and below the microstructures
became more complex. The structure became finer and difficult to
interpret. It was clear that complete recrystallisation did not
occur, parficularly in specimens aged at 700°C and 650°C. In the
alloys that were within the (austenite + sigma phase) field at
lower temperatures, the delta ferrite that was in equilibrium at
the solution treatment temperature transformed to sigma phase
and riew austenite. This often resulted in a cellular structure
that was very fine and presented difficulties for quantitative
micro-probe analysis. |

Series 1 (which is the constant 57wt%Fe with varying chromium
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and nickel) of the base ternary alloys 'was' designed to fall

within the (austenite + sigma) phase field at lower temperatures
below 900°C. Subsequent examination of alloy 1F(35Cr-28Ni) found

no evidence of sigma phase even at 650°C,which must place the

alioy in the (austenite + delta ferrite) phase field to the left

of the (austeni¥e + sigma phase) field. This represented a
significant change in the phése boundaries at that alloy composition

(&)

to tho=s that had previously been reported by other workers™ ‘.
Thé transformation of the delta ferrite during aging below

900°C produced a cellular type growth of the austenite and delta
ferrite thét is shown in Fig- 20 with the phases exhibiting the
orientation relationship of Kurdjumov and Sachs. This was in
agreement with the orientafion relationship reported by Beckett(39).

In series 3(constant 18wt¥Cr) of the base ternary alloys,it
was found that alloy 3B(18Cr-~7Ni) was within the three phase field
of (austenite + delta ferrite + sigma phase) at 700°C and below.
This again was unexpected from the previous published work(u)but
did give a valuable result since it established the austenite
corner of the threé phase field.

The two alloys in series 4{45Cr-17Ni) and (32Cr-4Ni), were
designed to fall within the three phase (austenite + ferrite +
sigma phase) fields that lie to either side of the (austenite.+
sigma phase) fiéld. These alloys, when it was possible to
identify that three phases were present, provided information
that established the cornmers of the three phase fields. Not

always was it possible to analyse all three phases in any given

alloy. Unfortunately the lower nickel alloy did not fall within
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the three phase field, except at 650°C, because the aimed for
nickel content was not precisely obtained.

The transformation of the ferrite occurring at 800°C was
studied in some detail for alloys 14(30Cr-13Ni) and 3A(18Cr-2Ni).
Alloy 1A(30Cr-13Ni) was within the (austenite + sigma phase) field
at 800°C, whilst alloy 3A(180r-2Ni).fell within the (austenite +
alpha ferrite) phase field. The alloys were solution treated at
1150°C to equilibrate the.structures prior to aging.

In the case of alloy 1A(30Cr-13Ni) the resultant micro-
structure was two phase (a_usi':enite + dglta ferrite). Upon aging
the delta ferrite decomposed to a cellular structure of austenite
+ sigma phase. The sigma phase initially nucleated at the
austenite~-delta ferrite grain boundaries, and eventually formed an
envélope of sigma around the delta ferrite grain,Fig 33(c). The
remaining ferrite then transformed to the familiar cellular
structure of (austenite + sigma phase) and consumed the remainder
of the delta ferrite, Fig 33(d). This was due to the sigma phase
decreasing the chromium content of the delta férrite to such a level
that further formation of sigma phase was not poséible unless
accompanied by the formation of new austenite which itself was dep-
leted in chromium. The composition of this remnant delta ferrite
therefore was such that it transformed to equilibrium (austenite
and sigma phase). The phases eventually coalesced to form a
microstructure of primary austenite and a dispersion of new
austenite and sigma phase.

For alloy 34(18Cr-2Ni) the 1150°C solution treatment resulted

in a microstructure that was single phase ferrite. Upon aging for
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10 minutes at 800°C this alloy precipitated M23C6 on the grain
boundaries. After 1 hour aging a further phase, identified as
austenite,nucleated at the ferrite grain boundaries and was
closely associated with the M,5Cc. The M2306 was probably
providing sites that are denuded in chromium which would promote
the nucleation of austenite. In the vicinity of the grain
boundaries the austenite again formed a cellular type structure with
" the M2306(39)' After further aging for 20 hours at 800°C the
austenite began to grow as laths into the ferrite grains. There
was evidenqe that the M2306 aftér long aging times began to
redissolve. The reason fof éﬁis is that it is possible that M23C6
is not an equilibrium phase, and that the chromium partitioned to
the ferrite whilst the carbon partitioned to the austenite. This
would undersaturate.the.ferrite with respect to M2306 which
consequently dissolved. This re-solution of the M2306 after long
(16)

aging times has been observed by Lismer et al

5.1.2. The Attainment of Equilibrium

It is well known that the Fe-Cr-Ni alloys, at temperatures
below 900°C,are slow to reach equilibrium. This has necessitated
the use of long aging times together with the use of prior cold
working to.accelerate the approach to equilibrium. Unforturately
the use of cold working led to a very fine structure which made
it difficult to carry out quantitative micro-analysis. It is
essential that equilibrium has been reached before micro-analysis is
carried out since the compositioﬁs of the phases will not be on
the phase boundaries until equilibrium is reached. For this to be
the case the composition of a particular phase must be uniform

throughout the grain. TFig. 23 shows a seriés of elemental X«Rays
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scans across an austenite grain for iron, chromium and nickel. It
is élearly demonstrated that within experimental error the element
composition across the grain was constant} thereby confirming that
the alloys had indeed reached equilibrium. Micro-probe analysis
on a series of speciﬁens from alloy 3A(18Cr-2Ni) used to study the
transformation characteristics at 800°C are given in Fig.2l (a)
for the nickel content of the transforming austenite with time.

In comparison,the volume fraction of the austenite is shown in
Fig 24(b). It can be seen that the nickel content of the austenite
phase rises to a constant value after s 20 hrs. This could lead
to some difficulty iﬁ in£e;pretation since the implication that
the concentratién of elements in one phase was in equilibrium
must dictate that the second phase is also in equilibrium in a

two phase system. If this were the case then there would be no
further change in the constitution and the alloy would be in
equilibrium. Cleariy this is not the case since the volume
fraction of the austenite phase continues to increase for up to

~ 200hrs.

It is thought likely the explénation of this apparent

contradiction lies in the fact that the partitioning of nickel

in this particular alloy is quite small. It is probable that the
partitioning of the nickel is assymptotic and reaches a value quite
close to equilibrium relatively ouickly and that the quantitative
analysis technique is not sufficiently accurate enough to detect
the further small changes of nickel concentration with time,

5.1.3 The Isothermal Sections of the Fe~Cr-Ni Ternary System

The experimental evidence on the constitution of the Fe-Cr-Ni

system has: been presented in the form of isothermal sections,
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Figs. 25~30, for temperatures ranging from 1150°C to 650°C. There

are two basic forms ;f the isothermal sections:-

1. At 950°C and above the diagram consists of two single phase
fields of austenite and delta ferrite with a two phase region
between them, Fig. 25. This general form persists to the solidus
and is in good agreement with the most recent review of the
Fe-Cr-Ni system by Rivlin and Raynor<9). The broken lines
in Fig 26 repfesent the position of the phase boundary at
1100°¢ according to reference (9).

2. At 900°C and below sigma, is also present as an equilibrium
phase whiéh compliéatés %he diagram. The form of the diagram
remains the same down to 650°C, the most important point being
the tendency for sigma to be staﬁle at lower chromium levels
so that the (austenite + sigma phase) field extends further
towards the iron-rich corner of the diagram as the temperature
decreases. The broken lines within the two phase fields are
experimentally determined tie lines and conform well with the
geometry of the two phase fields.

5.1.4., The Effect of Fourth Element Additions

The microstructural changes occurring with the addition of a
fourth element to the base Fe-Cr-Ni alloys have been investigated
using quantitative microscopy. In the first instance the austenite
forming elements:~ manganese, copper, carbon and nitrogén and the
delta_ferrite/sigma phase forming elements:~ silicon, molybdenum,
niobium and titanium were added in various amounts to study their
effect on the constitution. Temperatures of 1050°C and 800°C
were chosen such that the alloying effects could be studied at
the high temperature (austenite + delta ferrite) region and the

low temperature (austenite + sigma phase) region. The equilibrated



alloys were examined to determine the change in volume fraction
of the delta ferrite or sigma phase as the amount of the fourth
element addition increased.

5.1.4.1. Austenite Forming Elements (Mn,Cu,C and N)

(a) 1050°C

The general effect of the austenite forming element was, as
would be expected, to reduce the amount of delta ferrite, but the
copper additions had a non-linear effect on the amount of delta
ferrite. At an addition of 7.5Wt%Cu the microstructure contained
a copper rich phase generally found at the grain or phase boundary
triple points. ThisAmuép ;e due to the solubility for copper in
this alloy being‘exceeded and could accoﬁnt for the severe hot
shortness found in these types of alloys with relatively high
copprer additions. This would suggest that the solubility of
copper is somewhat lower than is generally believed for these
alloys, although it is known that chromium additions will reduce
the solubility of copper in Fe-Cr-Ni alloys.(89)

Additions of carbon had a relatively large effect in
reducing the delta ferrite content, but this was complicated by
the precipitation\of M2306’ which is quite clearly seen in Fig 39.
The amount of carbon and chromium that is combined as M2306 must
be takgn into account when a quantitative analysis of the effects
of alloy additions is performed. The graph sho&n in Fig. 55
indicates the reduction in the volume fraction of delta ferrite
versus the bulk addition of the austenite forming elements. The
erratic effect of copper is clearly seen.

(b) 800°C

The effect of the alloy additions at 800°C is summarised

A



in Fig.56.. It is apparent that at the lower temperature of 800°C,
manganese becomes a sigma forming element above ~ 3wt% alloy |
addition, which can also be seen from the microstructures in Fig.41,

Nitrogen is clearly a strong austenite former but the addition
of carbon which was made to a base alloy that was within the
(austenite + sigma phase) field at 800°C, shows an inflection in
its effect of reducing the sigma phase content. The carbon
clearly stabilizes the austenite phase but is again complicated
in interpretation by the precipitation of M2306'. Due account must
be made for the carbon and chromium tied up as M23C6 when
calculating the nickel equivalent. values.

.The effect of the copper adaition at 800°C again changes
from a delta ferrite stabilizer at the lower additions to
essentially a neutral element at the higher levels of addition.

' The results at 800°C suggest that manganese would be unsuitable .
as a substitute for nickel in the commercial austenitic alloys
because of the tendenc& to promote the formation of sigma phase.

It is not known why copper reverses its austenite forming
capability as the copper content increases, although its low
solubility will in any case limit the amount of copper that could
be safely added without causing hot shortness.

Both carbon and nitrogen have large effects in reducing thé
amount of delta ferrite and sigma in the alloys which is advantageous
when the stability of the austenitic structure is important. There was
no detectable formation of ﬁitrides at 1OSO°C or 800°C which may well

have distinct benefits by not reducing the contents of other elements
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from solid solution, whilst at the same time stabilizing the
austenitic structure. On the other hand z relatively small
addition of carb?n promoted the precipitation of M23C6’ which

in itself reduced the amount of chromium in so0lid solution and this
could affect the corrosion resistance of the alloy. It is well
known however that the precipitation of M23C6 on the grain
boundaries enhances the creep resistance of the alloy and that

M23C6 is precipitated deliberately in the austenitic creep

resisting alloys.

5.1.4.2. Ferrite/Sigma Phase Forming Elements (Si,Mo,Nb and Ti)

(a) 1050°%C -

At the higher temperature‘silicon is a very effective delta
ferrite former producing a change in volume fraction of the delta
ferrite from O.4l to O.74 with the addition of 3.?5Wt%Si. The
potent effect of silicon as a delta ferrite former would appear to
be linear, as shown by the straight line relationship between the
change in delta ferrite content and the Wt%Si addition, Figs. 57,58.

All the other elements were less potent as delta ferrite
formefs than silicon, although their effects were complicated by
the precipitation of carbides and in the case of the niobium
additions, by the formation of Laves phase,FeaNb,which is clearly
seen in Fig. 48(c). The general effect of the formation of
carbide and intermetallic phases will be to reduce the effective
amount of the alloy addition in solid solution, and also in the
case of carbides to reduce the level of carbon which in itself

will have an effect on the constitution and microstructure. Thus,

the effect of carbide precipitation is two=-fold in reducing the

effective delta ferrite forming capabilities of the alloying



additions and the effect of the carbon itself in stabllizing the
austenite phase whilst‘in solid solution. These effects are
represented in Fig. 57 by the apparently poor delta ferrite
forming ability of the carbide forming additions.

(b) _800°%

At the lower temperature silicon, whilst still having a
constant effect with alloy addition, is a somewhat less potent
sigma phase former than ferfite former. Both molybdenum and
titanium are effective sigma phase formers after the effect of
carbide prgcipitation‘haslbeen taken into account. The
precipitation of a Laves phase in the 2wt%Nb alloy was not.
detected at this temperature which would agree with the tendency
of LLaves to be a high temperature phase and to be unlikely to
. precipitate in the presence of sigma phase. Nevertheless the
sigma phase forming capabilities of niobium are small when
compared with the other sigma forming elements such as moly-
bdenum and titanium.

5.1.5 Nickel and Chromium Equivalents

In order to quantitatively assess the effects of the alloying
elements on the constitutiqn,,in terms of nickel or chromium
equivalents, the effects of nickel and chromium must first be
determined. These effects have been calculated using the isothermal
sections of the Fe~Cr-Ni ternary diagram so that the potency of
eithér austenite, delta ferrite or sigma forming elements may
then be determined. The method used compares directly the amount of
an alloying element with the corresponding amount of nickel or
chromium necessary to produce the same change in the microstructure.

It is recognised that in general the potency of a particular

~element will vary with the amount added, generally becoming weaker
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In the case of Mn and Cu additions, where the addition was

large, this inevitably resulted in a commensurate decrease

‘in the Ni and Cr contents of the alloys. In order to

obtain a realistic Ni equivalent for the quaternary addition,
the nickel required,to produce the same constitutional change
as the quaternary addition was augmented by the amount by
which the nickel had been reduced compared with the base
ternary alloy. It should be borne in mind that this could
have considerably over-emphasised the nickel equivalent value,
but such an over-emphasis would only be markedly significant

where large (i.e. 8%) quaternary additions were made.
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carbon, chromium and a small amount of iron from solution,
assuming the stoichiometry of the phase to be (Cr21Fe2)06. To
quantify the effect of carbon on the constitution it was necessary
to determine the amount that remained within the matrix of the
alloy since it was the carbon that was in solid solution in the
matrix that affects the constitution.

The amount of carbon lost to the carbide has been determined
from a knowledge of the volume fraction of the carbide phase
present and the density of the individual phases. Since the alloy
used had a high percentage of chromium the density of the matrix
phases auétenite, fefrife ;nd sigma was taken to be 7.9 x 103kg.m-3.
The value was chosen because it had been found both in the
literature (section 4.3.2.2) and by the analysis of results from
the base ternary alloy work that thekdensities of the v, o andd
phase were very similar and that the value chosen represented the
higher chromium containing alloys, see Pearson(87). The density

of M was given by Goldshmidt(9o) as 6.97 x 103kg.m-3.

23%6
Jt is evident from the data presented that at 800°C the

solubility of carbon was approaching zero. The values calculated

for carbon in the MZBCG generally agrees well with the bulk carbon

addition to the alloy. Further,in all cases the carbon as M2306 at
800°c was siightly higher than that added. This must be due to errors
either in the determination of the volume fraction of M2306 or the
bulk concentration of carbon in the alloys. It is noted that the
erfor in the volume fraction was taken as a maxiumum of b 2.4%

which could account for the excess carbon given for the 800°C

sample since 1% by volume of M2306 is equal to 0.,045wt%C in the

alloy. Conversely the chemical determination of the carbon content,
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which uses the technigue of burning off the carbon to combine with oxygen,
may be giving a low value, due to the high chromium levels increasing

the fusion temperature of the material, thus giving incomplete burning

of the sample and a resultant low carbon determination.

Accepting the possible er;ors,it is clear that very little
carbon is left in solution after the equilibrating treatments. at
both 1050°C and BOOOC. It is then impossible to adopt the
approach used to quantify the effects of carbon which has been used
for the other fourth element additions. A further significant
factor is the depletion of chromium from the matrix, although the
removal of chromium éivén in Table 7 cannot in itself account for the
observed changes in constitution; It is probable that the
constitutional changes are due to a combination of effects such as
the removal of chromium from the matrix and also the carbon addition,
which will appreciably alter the base ternary equilibrium diagram,
because of its austenite forming ability.

Unfortunately because of the vanishingly small solubility-
of carbon in these alloys it has not been possible to produce a
graph of carbon content versus the nickel eguivalent. The nickel
equivalent for nitrogen however was very consistent over the
temperature range studiéd. There was very little change in the
equiva;ent valué with either temperature or the amount of nitrogen
addition, the value beingrv 22 for nitrogen additions of O to
0.074wt%. The nickel equivalent of nitrogen at 105000 and 86000 is
given in Fig. 63

5.1.5.2 Ferrite Forming Elements (Si,Mo,Nb and Ti)

The effect of chromium on the microstructure of base ternary
alloys was determined in the same manner as that for nickel. The

chromium equivalent were calculated by comparing the effect of
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the alloying additions against the relative effect of chromium,
Silicon is a potent delta ferrite former at 105000 but
has markedly less effect as a sigma former at 800°%. At 1050°C
the relative strength of the silicon as a delta ferrite former
decreases as the alloy addition increases. However at 800°C
the effect of silicon as a sigma former could be regarded as
constant, within experimental error,up to ~ 4wt¥Si. Fig 64
presents the chromium equivalent curves for silicon at 1050°C
and 800°C.
The chromium equivalent curves for molybdenum are shown in

Fig 65 and plainly indicate that molybdenum is more potent as
a sigma former than a delta ferrite former. The shape of the
curve at 105000 is consistent with the molybdenum forming a
carbide of the MoGC type and hence having a zero chromium eguivalent
up to rvIwt¥Mo. The chromium equivalent then increases sharply up
to rv 2wt%Mo before decreasing as further additions are made. This
result is consistent with the general effect that the potency of the
alloys as austenite, delta ferrite or sigma formers decreases with
increasing alloy addition.

- Molybdenum is a known sigma phas former and exhibits a
higher chromium equivalent at 800°C which is within the (austenite
+ sigma ﬁhase) region. There was a slight increase in the chromium
equivaient after v 1wt%Mo, before the effecf levelled off towards
bwt%Mo,

Thé curves for the chromium eguivalent of niobium are shown
in Fig 66; Niobium displayed a similar type of effectlon the
constitution as did mol&bdenum except that niobium was a

stronger ferrite former at 105000 than a sigma former at BOOOC.
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The effect of the intermetallic Laves phase, Fesz, present at the
higher temperature has been &ken into'accouﬁt for the determin-
ation of the chromium equivalent for the 2wt{Nb additicn.

The effect of titanium, Fig 67, clearly shows that it was
quite potent as a delta ferrite former at 1050°C. t must be
noted however that the titanium content of the matrix has been
adjusted for both carbon and nitrogen and that the nitrogen was
somewhat higher in the titanium alloys than was found in the
general run of the alloys, ranging from .015 to .OZ?wt%N29
whilst the nitrogen content in general was below .01wt%. This may
have causéd a correc£ioﬁ tgat was too large since it is unknown
how much carbon or nitrogen will remain in solution. Nevertheless
the curves follow the same general trend of a less pronounced
chromium equivalent effect as the alloy addition was increased.

The sigma forming potency of titanium was still increasing
with increasing level of addition at 800°C, although it seems
likely that the effect will be less potent as further titanium
is added. | .

5.1.5.3. Comparison 'with Existing Equivalent Data

Since all the previous data for nickel and chromium
equivalents has been presented in the form of a single value, it
is difficult to compare directly the commonly used values with this
work. Table 1 summarises the results that have been published and
is presented as the relative tendency of the elements to form
delta ferrite.

Where comparisons can be made for the austenite forming
elements the values are given as austenite formers for this

work and are compared against delta ferrite formers which for



manganese will be a negative value. However a direct comparison of
the data for the austenite forming elements shows generally good

agreement with the published values. Manganese has been guoted

(26) (27)

as -2 and -0.5 by Thielemann and Newell s which certainly

encompasses the range of values from 1.3 to 0.75 determined in the
present work.
(28)

The value of Binder et al for nitrogen compares very well

with the nickel equivalent for nitrogen given in this work at-
both 1050°C and 800°C.

All the chromium equivalent values can be compared directly
with the fublished data and it is interesting to note that
Thielemann(26)gives the most potent delta ferrite former as
titanium, which is in agreement with the present work although
the value quoted of 7.2 is somewhat higher than suggested in this
work. Also the order of potency suggested by Thielemann(za)
is generally the same as that presented here, but again giving
values that are generally higher. The value of chromium

(22)

equivalent for silicon given by Pryce et al of 3 is in

excellent agreement with an average value obtained by this work

at 1OSO°C. The value for molybdenum, given by Binder(28> of

1.4 and that of Schaeffler(ao), De Long(21)and Pryce et a1(22)

who all give a value ofA1, are well encompassed by the range of
values present for molybdenum on Fig 67 at 1050°C. The value of
0.5 _for the chromium equivalent for nioﬁium given by Schaeffler(ao)
and De 1ong(21)is lower than the range of values obtained in this
work. The only comparison of the chromium equivalent of alloying
additions as sigma formers is the result given for titanium by

(11)

Hattersley et al who worked on very similar alloy compositions
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to those used in the present work, essentially studying the effects

of titanium on the austeniﬁe/(austenite + sigma phase) boundary in
Fe-Cr-Ni base ternary alloys. The range of values they obtained was
from 1.2 to 1.9 which compare very well with those presented in Fig 67.
although Hattersley's values are for a range of temperature.

It would appear that the results obtained for the sigma
forming capabilities of elements, is the first time that the
distinction has been made between their effects on sigma phase and
on delta ferrite. Hence no comparison can be made for the lower
temperatures used in the present work. However the potency of the
elements as sigma formers is generally less than their potency as
delta ferrite formers, the exception being molybdenum which is a
known sigma former.

For the data to be used reliably for the prediction of the
constitution of Fe-Cr-Ni alloyé'it must be noted that the values
refer to alloyé that are essentially carbon and nitrogen free, and
adjustments must be made to account for amounts of interstitial
elements present in commercial alloys. Also the effects of the
alloy additions have been determined for specimens that have been
equilibrated for long periods, and may not therefore be represent-
ative of cast or unequilibrated structures. Finally it would seem
reasonable to suggest that the values of nickel-and chromium equiv-
alenfs éan belaéplied only to alloys that are within the range of
compositions investigated in this work.

The adjustment of the bulk concentrations of the fourth element
addition for the purpose of the determination of nickel and chromium
equivalents has been made somewhat arbitarily, by deciding that
all the cérbon and nitrogen, where appropriate,is available to form

carbides, nitrides or a combined carbonitride. In most cases the
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adjustments were minimal, the most significant being that for moly-
bdenum because of the M6C type carbide that is formed whereas titanium
and niobium for a M C type carbide.

The practicalysignificance of tﬁe chromium and nickel equival-
ent values which have been presented, will enable the prediction of
phase stability with greater accuracy than previous data has allowed.
It has been established in this work that the effect of the various
austenite and ferrite forming elements, excepting nitrogen, alter as
a function of concentration. The present work has established the
equivalents of the austenite/ferriie forming elements, over a range
of compositions which cover the common levels of additions to the
austenitic stainless steels and iron-nickel based superalloys that
are commonly used as wrappers and canning material in fast reactors.
Further, at lower temperatures the distinction between the effect
of the alloying additions as ferrite and sigma formers has been
presented,which will again increase the accuracy of the nickel and
chromium equivalent approach to predicting phase stability.

5.1.6 Partitioning of the Fourth Element Additions

This pafticular section of the work was carried out to‘inves-
tigate if there was a relationship between the partitioning of
the alloy additions and the relative effects the alloys had on
the constitution. The results obtained using a microprobe
analysef with-a wavelength dispersive spectrometer are presented
in Table. 8,

Because of limited instrument availability it was only

possible to carry out analysis on 3 series of the alloy additions,
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A mass balance calculation showed that the Mn and Si values
obéained in the partitioning determinations led to total Mn
- and Si contents for alloys which were somewhat different
from the average chemical compositions reported in Table 4.
It should be noted however, that these partitioning results
were obtained by micro-probe analysis, and were normalised
to 100%. Thus they may well be inaccurate cbmpared with

the chemically analysed bulk compositions.



hser 3

namely, manganese, copper and silicon.

A partitioning parameter (P) can be defined as:-

(P) = wt% alloy in austenite ————-= - (46)

wt% alloy in ferrite

Thus the greater the difference of P from unity, the greater
is the degree of partitioning. Values of the partitioning
parameter (P) are given in Table 8,

In a1l caées partitioning tended to increase as the fourth
element concentration increased, except for the case of silicon
for which partitioning appeared to be constant above 2wt%Si, at
~—0.88. -

For manganese and .silicon the partitioning was not very
high, particularly for silicon, which, at 1wt%Si had not partit-
ioned at all within experimental error and yet had a significant
effect on the constitution. Silicon is four times as effective
as chromium in increasing the delta ferrite content at this
level of addition. In the case of manganese a similar situation
can be seen to apply, with very little partitioning, although in
all cases the partitioning was always in favour of the phase that
was stabilized by the element concerned. The results for copper
showed a significant degree of partitioning of the copper to the
austenite phase, Significéntly the very high partitioning of
the copﬁer to the austenite phase had markedly increased the
chromium content of the delta ferrite phase, which may in some
part explain the erratic effect of the copper addition, stazbilizing ‘
the delta ferrite by rejecting chromium from the austenite phase and

thereby reducing the volume fraction of austenite and increasing

: that of the delta ferrite. It is unfortunate that the
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