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. ABSTRACT

The alpha to sigmavtransfornanion in,en eouiatomicv
*ironmnanadiun alloy and six ternéhj*ﬁlloys based on‘iron;f
vanadium‘hés heen)injestiéated'bylnesistivity, X-ray
Adiffraction and:metallographic techniqnee.‘:vnrietions of
electrleal re51st1V1ty w1th temperature suggest that ordering
of the atoms plays an important part in the transformatxon.
Isothermal transformatlon studles useng electrlcal re51st1v1ty
methods show that small percentages of ternary alloylng
‘elements only affect the TTT curves to - a small degree. The
Aourves suggest that ‘more than one possmble mechanism of the

' transformation occurs.( Metallographic;reeults indicate

that there is no difference in the morphoioéyvofAthe“pfoducf'
nhase over the tempefetnre range inveetigated;_ These results:
suggest that the. transformetlon has some of the metallOgraphlc
ﬁlcharacterlstlcs ox a massive- transformatmon. Accurate |
lattlce parameters of both the body centred cubic and sigma‘
structures have been determlned for the blnary and ternary
alloys. They do not show '’ any systematlc changes with ternary~\
alloying addltlons.‘ Llne broadening 1n the X-ray powder
dlffractlon photographs of certain of the ternary alloys

suggests that they may be capable of‘deformation.
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(i)

INTRODUCTION AND ORIGINS OF WORK

" The sigma phase is hard and brittle, and non-magnetic
at ordinary temperatures., Its structure is tetragonal

with 30 atoms per unit cell.

Under certain'conditions brought about by variations
of composition and heat treatment the sigma phase may .
precipitate in heat resisting and domplex steels of both the
austenitic and the ferritic type. ‘This.can cause inferior
mechanical.properties.leading to failure, Consequently the
mechanism anﬁ conditions of its formation and the various |
aspects of ﬁhg kinetics of its precipitation are of
;onsiderable inte;est. Furtherﬁore alloy sigma phases are
bfitple whereas the structurally similar B-uranium and Q-uranium
with small alloying additious is relatively ductile gnd

may be drawn into wire,

-In theoretical metallurgy the fundaménfal reasons for
4the-existence ofia sigma phase in”bihary aﬁd ternary alloy
s&stems constitute an important problemn, lThe pqsifions in
the Periodic Table of the constituent atoms in alloy sigma
phases governs the particular positions ocbupiéd in the
structure; The felétioﬁ between these facts, fﬁe brittleness
of alloy sigma phases and the‘ductility of BU.is not
understood, . The work in this thesis is an attémpt‘to

investigate these problems.




(11)
Previous invéotigators have studieaithe bce =+ o
‘transformatioo in iroh#éhfomium allojs and havé‘foﬁnd it to
bélveiy 81uggish; The;outhor has not»beon able to find
any pfe;ious work on the kinetlcs of the transformation in
the iron~vanadium systeﬁ.i Larly experiments by the author ::"
in both these alloy systems showed that the transformation ln‘

the 1ron—vanad1um alloys is more rapid and‘hence is more suitedv

to the available laboratory conditions.

In the present work the bco + O transformatlon in an
equiatomic 1ronmvanadium alloy has been studied by means of
electrical resistivity, X-ray diffraction andwmetallographic
‘teohoiQﬁes;V The effects‘of'six~separétejadditions‘on thé
foxmatioo andAétability:of the sigma phase}in this'alloy hové

also been investigated'using the same techniques.

In the first three chapters the present. knowledge of the
sigma phase is revieved. followed by‘a detailed déscription n
of the past work on the bec - o transformation in iron-

chromium alloys and a review of the theoretical considerations.

inAsuoceeding coaptets the developmont of apparatus haé
been.ﬁroood aloné,vith\gpecimen preparéﬁion and fabrioatiohaj
J$his-is followed by the results and'oldiscuSSionuof the
rgsults.io~térms of a possible model for tﬁe tiaﬁsformation;

, Some'suggestions for future wo:k have also been proposed.




CHAPTER ‘1

REVIEW OF PREVIQUS WORK

I THE SIGMA PHASE
Intrbduction

The hard,brittlé and non-magnetic ironmchrémium sigma
phase was first reported by Bain in 1923 (1), Although,
initially, ﬁye{§xi§tence of thig sigma phase was
contr;&iéted by other workers (3), probably-because of thé
véry sluggish nature of its formation, it was later
adequately confirmed by several investigators (4,5,6). Since
its discovery new sigma phases have been reported in many

binary and ternary alloys of the transition elements (7,8,9).

Occurrence

All the currently knawn binary o-phases are shown in
Figq (1). Each rectangle represents a binary system; the A
components on the left beloﬁg tq'th% Vs Cr and Mn groups
and a;e bod&mcentred cubicy tﬁeiB components on the right‘.
are either face-centred cubic or close-packed hexagoﬁal |
and belong‘tp-the Mn, Fe, Co, Ni and}Cu groups. The bar
indicatgs‘tgé approximate composition ranges of thelomphggeso
In so%e cases a doﬁted line is used to denote an uncoﬁfi;;éd
report of a o=-phase, Technetiunm aﬁdkrhenium are shown in
ambivalent positions, acting ss either A or B;for reasons
to be discﬁssed later. The curreﬁt;y known ternary o-=phases

are listed in PFig. (2).




Nb

Ta

Re

Tc

v
Mn
Fe
Co
Ni
Tc
Ru
Rh
Pd
Re| |
Os
Ir
Pt
Au
u
ak B

100

Ocenrrence of sigmia phases in binary svstems of teansition metals,

ig. 1

Termary Sigma-Phase Studies

Temp. of Temp. of
System Ref. Secuon, C System Ref. Section, ' C
Two st Period + Growp V: C. N. und B Additions:
Mn-Fe + V 1 1000 Fe-Cr - C 12
MnCo + V | 1000 Fe~Cr, Ni) + N 13
Mn-Ni + V 1 1000 Fe«Cr,N1) - B 14
FeCo + V [} 1200
Fe-Ni + ¥V | 1200 Al S1. amd P Adkditram
Co-Ni - ¥V 1 1200 FeV S 15 1174
Co v« & (] 1ms
Two st Period - Group VI N V.S 14 117
Fe-Co + Cr 2 1200 Mn Cr - &1 [N L]
Fe-Ny + Cr K} 650 Co-Cr « & I8 117s
Co-N1 + Cr 2 1200 Ni-Cr + St 15 [IRA
Mn- Fe - Mo 4 1240 Fe-Nb « S 16 1000
Mn Co 4 Mo 4 1178 Fe-V - Al 18 1178
Co-Cr - Al 15 1178
One 1zt Pertod + Two Group V1. Fe Cr - Al 17
Fe + Cr Mu h] ) 1300 I8
2 900 Ni-Cr » P 19 1080
6 600
Co + Cr-Mo 7 1300 2xi and Mrd Perxds
] 1200 Re-Mo-Hf 20 2000
9 XY Re-Ta-W 21 2680
Nt ¢ Cr Mo 10 1250 Re-Ta- Mo 2 1000 & 1500
2 1200 Re- Mo-W 22 1000 & 1500
Y N Re-Cr-W 22 1000
Fe + Cr W 6 &0 Os-Ta-W 22 1000 & 1500
N Cr W 9 0 Re-Ov W 22 1000 & 1500
One \vt Penid - Group V30 Group VY Miscellaneou«
Fe ¢ V t Cr " T Nb Al Ty 2 1200
Ta-Al S 24 1400

Fig.2




Crystallography

| The crystal structure of the o-phase has been carefully
determiﬁed'for séverél repfesentative alloys (10,11,12), TIts
structure is tetragonal belonging to the space group
Dih - P“z/mnm and containing 30 atoms per unit cell° - The-
oc-phase has & characteristic powder diffractlon pattern° It
contalns a group of about 8 strong llnes with SpaClngS close to
2As only a few very weak lines at larger spa01ngs,.and a.few
weak liﬁés with spacings in the range 1.8 to l SK» These
general features are not unique - to the q-phase as 31milar
powderx difﬁfgction patterns are givenfby other phases, such as
the p-phase "(13,14,15) and the~§hases designated &, P and )
R (16):

The structure of the 0~phase 1n péojectlon on the (001)
plane 1sAsgovn as Flgo-(T)c It has been pointed out that the
sigma étrggyyre is similar to that of B-uranium (17) and may
be regardedfas a simple-iayer'structure Fig. (3). Two hexagonal
nets at rlght angles form the main layers and in between
these layers are the sub51d1ary,ior diamond net layers°
Atoms Of‘Suéééssive diamond net ia&éféiare placed.abo;e:énd
below the holes of the main la&éésg They have close conﬁact
with eéég other 1n the [o01] directlonkformlng stralght rows

perpendlcular to the layers, The stacking sequence of the

laygrs is ABACABAC, where A signifies a diamond net layer




teemveamecnremem=ad

A-type layor (unit cell shown by broken lines).

C-type layer (unit cell shown by broken lines).

Fig. 3

7
EN O Atoms in A-type layers

@ Atoms in B-type layers
C\*& Atoms in C-type layers

do

View of unit cell along fourfold aiis.
Key as for Fig. 10.

View of unit cell along (410) planees.




and B and C hexégonél net layers, Fig. (3).

Recently Frank and Kasper (43) have shown that complex
alloy structures, inéiuding the sigma and related phasés, méy
be considered to bé deférmined by the geometrical requiréménts
for Sphére packing. -A‘characteristic of this class of
structures is th#t fetrahedrél groupings oantoms occur
everywhere in the structure Fig. (L4). Prank and Kasper (L43)
have discussed the geﬁeral‘principleé regardihg the combination
of these polyhedra into full structures as well as the

nature and stacking of the layers termed "Kagomé-tiling"

Fig. (5).

Td facilitate the depailed discussion of the sigma
"structure, the model of its formation from the body-centred
cubic structure and its brittleness, the general principles
and definitions laid down by Frank and Kasper (43) have been

outlined in the Appendix,

In accord with the notation of Frank and Kaspér, fhe
borders of the Kagome-tiling pattern of Fig. (5) together with
the rows of atoms (L per tile) normal to the plane represent
"the major skeleton of the o~phase. Atoms at the tile
corners are l5-coordinated and those in the tile edges and
in the vertical rows are lh-coordinated. Alternate layers

have the same Kagome-~tiling but are rotated 90° relastive to
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N,

one another, There is no connection between the layers

in the structure of the skeleton,

Frank and Kaspér also point out that the Kagomé-tiliﬁg
may be dissected into hexagon strips termed right-handéd
R Fig. (6a) and left-handed L Fig. (6b). The vertical rows
of triangle pairs are designafed P. Two interesting featurés

become apparent when the layers are analysed in this manner,

Firstly the sigma structure may be described in terms of
R, L and P. It can be seen from Figs., (6ab) that the
relationship between the two contiguous L's is plus while
that between R's is minus, where + means a positive
displacement beﬁween adjacent strips and ~ & negative
displacement. If, on the other hand p is placed between
either of these pairs the sign is reversed., It follows that
p must never lie above p. These conditions must be fulfilled
if the coordination relationships bepyeen atoms are to be

satisfied, The sigma structure may thus be described

p|L.Lp|L.Lp
cf + =] + -
- | RpR. | RpR.

Secondly the Kagome~tiling pattern of the c—phasé
s .lows certain types of mistakeé in the sequence of vertical

strips without changing either the ﬁﬁﬁber or distance
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of unit cell shown in fig. 1.

of net into left-handed hexagon strips.

Fig. G

0 layer

+ 3¢, layer of unit cell.shown in fig, 1.
ght-handed hexagon strips;

of net into right-
from Z

m Z

w

.....

ng net deri

Heavy lines represent division
avy lines represent division

(b) kagomé-tili

He

(¢) Kagomé-tiling net derived fr




between the nearest neighbour atoms . These faults

termed sequencé faults are therefore expected to be of low
energy and thué might occur frequently in o-phase alloys.
Recently Marcinkowski and Miller.(33) have observed directly
by means of transmiséion électroh‘microscoPy a number of
these predicted sequence faults in (FeCr)o lying on the (100)

‘and (010) planes.

The three basic sequence fauits-ﬁhich can be produced on
the (100) plane, R)R2R3 are shown in Fig. (6a). The letter
0 designates the origin of the disPlacement while the tip of
the arrow @enotes the terminalppoint of the displacement. 1In
an analogous way the faults in figg (6b) may be described
LiLoLs, ‘The schematic model of the manner in which an
le=fau;t is fofmed9 shown as ?igo (85, is due to Marcinkowski
and Millerﬁ(33)o They also shév thaf'in addition to the
three basic sequence faults it is posgible to combine
several faults. This may lead %o eit%er an increaée in the
strain associated with faults and consequently multiple
sequenée’faults woula in general'bé'uﬂstable in the o¢=phase,

t

or the faults would annihilate one anFther°

Fig. (9) shows the sequence. faults and Fig. (10) that the
faults lie nearly at right-angles to the a (bcec) boundary. .
In many cases the faults terminate there thus growing with it;

this can be seen just above the crack AB,
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Alﬁhdugh extensive faulting was observed no instances
of glissilé dislogatiéns were observed, only fixed
dislocations. Conseqﬁently9 Marcinkowski and Miller (33)
propose that the faults formed do so thermally as a result
of the transformatlon of a+ag and not by the motion of gllSSlle
dlslocationso‘ However, very recently evidence has been put
forward to suggest that conventiocnal deformqtion modes can
operate in the sigma structure under'favourabie conditions,
The evidence for this viewpoint will be -discussed later in
ﬁhe section dealing wiﬁh the meéhaﬁicai p}operties of the

0=-phase,

"Ordering in Sigma Phase Alloys

Sincg both binary‘and terna%y\?%phéses are stablé
over a very wide.range of composition‘it-is unlikely that
" there is complete ordering of the atomé into definite
positions. iﬁAis-also unlikely théﬁﬂfbe?e is equivalence
of atomic sites as in & solid éolu?ion° It ié probable
however that theré ié an ordering ;f atoms in the sense that
there are prefewences for a given klnd of ‘atom for certain
of the crystallographlc sites in the unlt cell, Considerablé
1nterest has developed as to the nature of this ordering
since it helpéhto'provide a clarification of the influences

of atomic size and the electronic factors on site preference,

Bergman and Shoemaker (10) gsing powder and single




To

erystal meay diffraction methods_were unable to reach any
reliable conclusions regarding the distribution of atons
among the various positions in either (FeCr)o ﬁr (FéMo)o°
However, the results did indicate that there was a strong
tendency towards ordering, with iron atoms occupyipg exactly

the same positions in the two alloys. A significant

‘contribution to the problem was made by Kasper and Waterstrat(31)

'who found definite eﬁideﬁge fgr ordering from a neuﬁron
difffdction'study'of:(Nif)o k%e&)d'and (MnCr)0?>‘0hlthe basis
of ﬁhese results, combinéd wiﬁh those of the Xara& studies on
(MnMo)o (35) (CoCr)o (36) and (FeCr)s (10), Kasper ﬁnd
Waterstrat (31) proposed ﬁhé“following generalisétidn about
the nature of the order in binary o-phases containing first

long row elements and also molybdenum.

It is recalled that éieménts to the left of manganese
(V,Cr;Mo) are designated A and those to the right (Fe,Co,Ni)B.
The generalisation in terms of crystallographic position of

the unit cell is,

Siié Atoms per site Coordination No, Atom types
AT ‘ 2 ‘ 12 A

BII b 15 A B
CIII 8 1k Mixed
DIV 8 12 S A

EV 8 1k Mixed




Although.there did not appear to be any complete
correspondence of a position with a kind of atom for all
positions for any given o-phase, there was correspondence
generally for positions I, II and IV, The accommodation
of varying proportions of the component atoms in positions
- ITI and V exPlalns the ex1stence of a wide range of
composition. The authors also nade the 1nteresting point that
*therelis a correlatlon'of the scheme of orderlng‘w1th
coordination number. The B atoms (I and IV) occupy those
" positions of lowest coordlnatlon, namely 12, Wthh corresponds
tO'a'slightly distorted regular icosahedray the'A atoms occupy
the positions of highesﬁ coordination 15 and the two positions

of intermediate coordination number, 1k, have mixed occupancy-.

" Fig. (11) 1ists tho;o;éof schemes which havéobeen
dotocted oxpe:imentall& for—vorious o=phases, .Tho kasper
scheme, which applies to_@osﬁﬁof the oephases_exoopting
(CrRe) suggesté the importaﬁoe of the chemicalugaooro of
constituent atoms in o;phaseMorder; bﬁt beoausovof;fhe
characteristic variation of atomic size associatédsﬁith the

tran81tion elements of each’ long period, the 1mportance of

the SLze effect in orderlng becomes very apparento‘

Spoonexr and Wilson (37) have surveyed the nature of
ordering assoclated with-each crystallographic siteq To

avoid confusion A and B type atoms will be termed X and Y .
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respectively in the ensuing discussion.

Site A (000); CN1l2 : occupied mainly by Y atoms except for

(MoIr)o and (CrRe)

o

¥y ® ry except for (CrMn)o and

(CrRe)o; independent of e

Site B (x,x,0); x = 0.3981; CN1l5 : occupied mainly by X atoms
except for (MaCr)c and (CrRe)o and (MoRe)os r, <'ry for

{(CrMn)o and (CrRe)o,

site ¢ (x,y,0); x = 0. k632, y = 0.13163 CN1h4 s occupied by X
and Y atoms but X atoms predominate except when Y. = Mn or Re;
domination by X increasesiwith n,s3 site equally divided when

¥ = Mn ox Re.

" 8ite D (x,y,0); x = 0,7376, ¥ = 0.06533 CN12. : occupied

-

mainly by ¥ atomss rxf>.ry except for (CrRe)s and (CrMm)o.

Site B (x,x,2); x = 0,18233 z = 0.2524; CN14 : occupied

by X and Y atoms, Y atoms predominate for large n

The fact that A and D éiteé &fe usually filiéd by Y
atoms having spaller radii suggestS'the ordering requirementé
of size and chemical n@tureo Similér factors gqvérn the
£illing of the larger B siteég In particular whe;'the larger
atom is =& Y%type as happens in (CrMn)o and (CrRe)o, the
majority of B sites are filled by Y atoms. The size factor

is not apparent in filling up the intermediate C and E sites,
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except for large velues of ng.  (The total number of
valency electrons in s and d shells of the binary

constituents, )

The phases containing Mn or-Re are always dist?nguished
by the mixed nature of.the filling in C and E sites.
Wilson (38) has ﬁointed out that the exceptional phases
(CrMn)o (MoMn)o (MoRe)o and (CrRe)o in which the X and Y
atoms come' from groups VI and VII of the periodic table show
marked similarities in their“ordering schemes. However, this
asﬁéct=is much' less appéréntzfor oc=phases whose atéms
‘come from different groups o£ the periodic table., Spooner and
" Wilson (37) have also: polnted out that the effect of an
. increasing valance electron contrlbution per atom can be

estimated-by cpnsidering the following series of caphaaesa

i; beRe (6.1) 3 VFe\(ﬁ}é)V;ngOS (6.2) 3 NbIr (6.6), VNi (T.1)

. 2, lMoBQ (6.55) ; CrMn”(6L75y : MoIr (6.85) ; MoFe (T7.0) 3
MoCo (T.2).

““:In series 1 the X%atom,has 5 valence electrons. and ;n
series 2 it has 6 valence electrons., The average number of

valency electrons per atom of the

4
i
f
1

unit cell is given in
brackets. As the number of valency electrons per atom
incresses in each series the order approaches the‘simplest

‘form in which Y atoms fill A and D sites only and X atoms

| : \
\
\\




11,

£1i11 B, C and E sites only. Wilson and Spooner (37)
concluded from these results that a éomplex scheme;taking
into account,size effect, the electronic.factof agd the
chemical factor, governs the ordering of sigma phases. As
already pointed out the stability of the phase and-its
composition range would aléo seem to depend upon:sﬁtisfyfng
the~ordering requirements since the only ¢ phases reportéd
‘as being randomly ordered are (CrOs) (CrRe) (52) and |
~(CrRe) (52,26), Waterstrat and Kasper (52) suggest:that the
random distribution in these three alloys is duettg the
~opposing influences of'atomic size and electronic?étructure
Vﬁich'servé“tO'disrupt thé‘eptire’ofdering teﬁdegéi. If
*étomiﬁ“s%Ze'determines thg_sécupancy of the ;;fesiit would
be expected in (CiRu)é and (CrOs)oithat the smaliér atom
Chfﬁmium would be found in the CN1l2 positions. ‘But if Ru
or Os should be found ih these sites a periodic fe}ationship

would be dominant since both are in the iron group.

Spooner and Wilson (37) disagree with the Kasper
gnleaterstrat randon é}dérihg scheme for (CrRé)ciénd their
érdering scheme is shown in Fig. (11l). PFurthermore the&
offer an explanation of the random ordering in (CrOs)g

and (CrRu)U.as follows..

(¢] 0 ’
Since r = 1.28A and r, = 1.34A the Y atom.is larger

Gr Os
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than the X atom so Egat normal requirements.(smaller atom
and type Y)-forfilliné A and D sites oonnot be satisfied.
In this respect it is similar to the (CrRe)o order scheme
of*Spooner and Wilson (37) Using thié‘soheme asﬁa‘model
the B sites would be filled by Y and X atonms and smnce the
number of valence electrons.per atom is only 6.6 for the
composition-used (OsCrz), it is expected that C ohd E sites
would have mixed occupants. Thus the presence of order
might be difficult tokdetect and in fact Kasper and
Waterstrat (52) state that their measurements were not
aoéﬁrate»enough to detéoﬁ'small amounts of drderiné. Similar

arguments apply to (CrRu)o since Ru and Os belong to the same

group in the periodic table.

There have been seﬁor&l reports that an ordefmdlsorder
tronsxormatlon takes place in some sigma phases..:;Pearson
and Hume Rothery (hT) reporﬁ a heat of transitionmin (MnCr)
at 998°C. Kasper and Waterstrat (31) confirmed that the
high temperature (1100°C) degree of ordermng in (MnCr) was
legs than that in speclmens annealed at 850°C, However it
wvas not confirmed that an orderadisorder transmtlon
occurred.' Marcone and Coll (23) detected ohanges in
hardness, electrical reslstance and volume in (CoV) at
~550°C, They point out that the ratio between the postulated

disordering temperature and the melting temperature is found
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to be 0.53 which is in reasonably close-agreement with the
prediction of Oriani (48) when an order-disorder

transformation is observed,

_Electronie: structure

"Measiurements Of ‘specific heat (21) snd-electrical-

regsistance (22,23,2h)<indicete“that¢the‘U~phase*iS"likely to

"be an almost  full zone structure. Theoretical support for

this viewpoint comes from Rocher and Friedel- (5h), whose

nodel of the electronlc structure predicts  a- very hlgh

"electronic density- at the Fermi level for-a- dnband fllled up

to more than oneuthlrd.‘ Also the Brillouin- Zone tveatment

‘indicates the- existence of a full first zone- able ‘40

accommodate 1. T2 electrons per atom (20), and a second zone

L' 'v

able to accommodate ‘6. 97 electrons per atom (10; Bergman
and Shoemaker~(10) po;nt out that it is doubtful_lf the
average valence of the metal atoms in the o-phase can be

S

as ‘high as 6'97“"'Inetead‘.they suggest that the ectual valence

‘is closer to-5;76" (a value obtained by treatment of inter

atomlc dzstances (10)) ‘than it is to T and that - the second

zohie remains incompletely filled.,

Specific Heat

Hoare and MatthewsA(Ql) have deduced from specific heat

measurements of (PeCr)d that the density of states at the
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Fermi level is of the order of 5.7 per electron volt per
atom, They measured“the‘heat“éapacity'o?"both“ﬁhe alphs
(bec) and o-phase in a Lh,1% FeCr alloy between 1.8 and
eeh?Ko The interpretation of the results is basedjpn the
assumption-thaﬁ the lattice and electronic contributions to
"the specific heatiare:pfoééftonal to T3 anda T respectively.
It follows that - |

Cv = YT Lt + BTa
. electronic lattice

and that a plot of Cv/‘I‘sT2 should-give a shraight line; from
the intercept the value of y, the electronic heat coefficient,
may be determined, while the slope yields 8,5 the Debye

témperature.

The results for the FeCr bce phase and also pure iron
are shown in Fig. (12a). The graphs indicate that the
lattice contribu?ion'tb“ﬁﬁegspecific heat is small, and %that
thé difference betwkén ﬁhe.pure iron and alloyViﬁ the

phase is only slight.

vfor the.cmphasg~ma§§:ié;é the method usuélly¢emplpyed
to‘distinguish‘betweeﬁ the electronic and lattice components
cannot be used since éimilar treatment of the results
prbduces a Cr/T:T? curve with a negative slope and therefore

negative values of the:Debye temperature Figc (13)a Hoare
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‘ and“Matthewsj(el);point‘out'that“if“it*is'assumed“tq&t the
whole of the observed specific heat ié electrohic in origin,

then 1ts magnltude ls 8reater than has prev1ously been

observed for any metal or alloy.

Furtherﬁprogresé‘in“the undérstanﬁing"of“the"b}nd

' structufe“of*the@sigma“phaSE"must“depend“tO“spme extent on
-'jéﬁjexplanation of “the high'densityfof“statés;*aqﬂ thé
&eparture from linearity of the CV,/T:T2 plot observed by

Hoare and Matthews.

E;géﬁrical resistance’ | |
‘nﬁapper (22), Kazaqstév (2h)§.and-Marcone agducgll (23)
have“reported"that‘c_phaﬁes'have high values of ?esistance at
room temperatures and-g;ééla negative temperaturéicoefficient
6% fé51stanceo At very low'fémperatures some sigma phases
gécoﬁeAsupercondﬁcting and*Figo (1h) summariséSfthé 6urrent

data° the Umphases aré labelled F (ferromagnetlc)9 S (super=

conductmng) and N (normal to 1 K)

'ﬁThe'relationshipsﬁbetween:the critical teﬁﬁerqﬁure (Te)
%pd{(a)‘number‘of*valéﬁée_elé%trons per atom,'(b) mean
atomic volume and (c) aeﬁsiﬁy of electrons are shown as

Fig, (16).

The Tc versus average valence electron/atom plot shows

a pronounced maximum at 6.7 and all a;phaséa except
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_(QNbAﬂ)é,vwhich ié reported as héfingla‘broad superconductive
transition (55), fall‘in the viéinitj of this*haximum.

The plot of Tc versus mean-atomlc volume shows a broad
dependence centerlng upon 1533 to‘IGZS p?¥ atom." .The‘

combined parameter of volume and valence Fig. (l6¢)“sh0ws-5
range of 0,37 to 0.U5 elﬁctfonlz' with the higher Te associaféd

with the largér values,

It has been suggested‘(62) that the ekistencé of a peak
at 6.5 in the Tec versus e/a ﬁlot ié connectéd with,exispence-
of a peak at this electron céncenﬁration_iﬂ ﬁhe dénsity of:
states at the Fermi surface. ‘Theofetical-support for this
viewpoint héé been put forward by Rocher and Friedel (54)
who suggest that the superconducti#ity of thé c-phase is due

‘to a high density of electron states.

Magnetic properties

At room tempeféture all o-phases are'non—magnetic'but
at low temperatures some become ferromagnetié._‘Nevitt and
Beck (25) méasured the Curie températufes of all thé binary
and geveral ternary 51gma alloys: formed by flrst long period
transition elements. Fig. (lT) shows the graph of Curle
temperatures of binary alloys contalnlng Cr and‘V plotted._'
against atomic number of the ofﬁer component element in
each alloy. The dashed curve expresses the variation of

saturation magnetic moment with the average atomic number for
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the ferromagnetic elements of the first long period and their
alloys, The similarity of these curves is in agreement with
the relationship between Curie temperature; 0, and

saturation magnetic moment, I,, for ferromagnetic substances;

@algy {27).

The ternary alloy data of Nevitt and Beck (25) does not
conform to this simple correlation since there is a general
lowering of the Curie temﬁerature when a third element is
added to any one of the binary alloys (see Figs. (18,19)).
Nevitt and Beck interpret this behaviour in terms of a
relstionship proposed by.Bethe (27) which predicts:thatAthe
alignment of magnetic momenfs Pf neighbouring atoms is
pafallei or anti-~parallel dépending on the extent of.the
overlap of the charge distributions of the parﬁiaily filled.
d~shells of the transition metals. The overlap of the
adjacent 3d shells is éhanggd wvhen one transition_elgmént
is substituted for another on a particular site. The
possibilities for ferromagnetic coupling in a éivep.lattice
caqrbe analysed qualitétively,‘wﬁen the interatoﬁic‘SPacings
arémkﬁoﬁn, by substituﬁing Néel's values for tﬁe-3d-shell
diameters of the elements into the Néel criterion for positive
exchange coupling: d-2f > 1.052 where d:is the distance between

atom centres and 2r is the average diameter of the 3d shell,

Nevitt and Beck (25) deduce that the substitution
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of manganese atoms for iron atoms on certain of the lattice

"sites in (FeV)o and (FeCr)o results in a decrease in the

number of positive- exchange couplings in the lattice,
because positive Fe-Fe interactions are replaced by-anti-

ferromagnetic Fe=Mn, Mﬁ%Mn'andan—V couplings, Although this

'is & satisfactory explanation for manganese additions it does

“not explain the dépression of the Curie temperatufes when

the ternary addltlon has a smaller 3d-shell than the original
atom, Such a depres51on 13 observed when Co is added to
(Fev)o*9 (FeCr)o: (MnV)a and (MnCr)o, and Ni to (CoV)o°

Analysis of these addltlons 1n terms of the Neel crlterlon

~guggest that there isfanéingrease rather than' g Qéérease in

number of possible positive 3d-shell exchange intéractions;

a result which is contférj to experiment.

An alternative explagation based on prev1ous work by
Shull (29) on hexagonal (CoCr) solid solutlons has~been
proposed by Nevitt and Beck (25). A transfer of:electrons;
;mong certaip atoms is:suﬁposed to take placg'in éigma
alld&s and the resulténé decrease in magnetic mbﬁéﬁt of the

structure is reflected in a decrease in Curie temperature,

Nevitt and Beck (25) also investigated the Curie
temperatures of (FeCrMo)o and (CoCrMo)o 8s a'fungtion of
composition. They found that the Curie temberature

depended on the concentration of Fe and Co which suggests
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that the number of ferrogagneﬁic atoms iﬁ the structure
is an important factor. Furthermore the-lattice expansion(
‘caused by the addition of Mo had no effect on the.Curiev
'temperaturéa" The authors propose that Mo addltlons
'produce two mutually compensating effects: an increase in
the number of p081t1ve 1nteract10ns_due to the increased
interatomic aistangeé and a decrease in the number of
positive interactions due to the substitution of strongly
-negatiVE'Fést5 Cr;MO"aﬁd Mofﬁq interactions for some of
""the positive Fe-Fe, Fe-Cr and-érpdr 3d shell exchange

couplings,

Parsons - (30) has measured"the'mean magnetic moment

per“axqm"EB‘of“(FeVicjand‘its variation with composition.

tThe"reSultS“(Fig;'20)):shOW‘that there is a decrease‘in
A' magnetic moment and Curle p01nt w1th incr3351ng vanadlum
‘content, hence conflrming Nev1tt and Beck's postuiate that
themmagnetlc moment 1ncreases with 1ncrea51ﬁg cong@ntration
of the magnetic element in thls case Fe, Parégﬁé also
points out that a llnear extrapolation of the curvm of
magnetic moment versus composmtlon goes to zero moﬁcnt atv
. a comp031tlon cprre3pond1ng to about 53%V although the
comﬁosition limit of (Fev5d is about 5ST%V. F?aﬁiiand
Kasper (31) have also reported that a 60%V (FeV)c showed

no ferromagnetlsm even at k4, 2°K
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TwO'interprétations"of'these results are“proposed by
Parsons; ‘Firstiy, if the magnetic momént of'th; o~phase
~vis due to a net unbalance of positive aﬁd neggtive»spins
“in"a'common'd‘band;‘then‘there'is a'redistributjpn of
“spins in-the band as the composition changes,‘;eading to
" & balance-of spins at 53%V; the‘phase does not however
"cease to be stable at this point. Secondly, there is a
"fefrimagnetic'arrangement of magnetic ions in the structure

which- alters with composition. Parsons favours this
"interpretation as more probable since the curves of inverse

"susceptibility against temperature above the Curie point.

~are slightly concave to the temperature axis.

" Mechanical Properties

The work of Bain and Griffiths (2) not only showed the
existence of the o-phase but also deScriBed many of its
characteristic-features. Chief among these are the extreme
hardness of the o-phase ‘itself and the emb}ittlg@gnt

associated with its preSénce|

Lena (32) has rev1ewed the occurrence and effects of
owphase formatlon in comﬁercmal alloys. He p01nts out
that the magnltude of;thg@effect which the o-phase may
have on theﬁmechanical properties of stdinless steels is
greatly dependent not onlj.on the a@ount pre#eﬁf;~but also

on the particle size and distribution,  'Im geﬂefal, sigma




increases the notch sensiﬁivity of aii stainless steels

and the impact test is a. more sensifive‘indicatOr‘of its
preééncé than - any other ﬁéchaniéal;prope}ty; When sigma 
envé;opes'grain boundaries, thé ductilitj éﬁ room
teﬁperaturé is greatly.reduégd, but at Qlevaﬁeﬁ femperatufes
it is not so pronounced. Levin et al (565(57) have oBserved
above 450°C to 50060 a shéfp increase in the plasticity of
(FéCr)d, a condition which 6ften permits the use of sigma
containing steels at high temperatures.;Well dispersed

sigma may increase téﬁsile strength but the possibility of
using sigma as s ﬁatrix.strehgthener fof-hiéh témperature
service ﬁas been discountéd becaﬁse it causes cracking and.

decfeases-both fatigue and creep strenéth.

It has been supgesteﬁ (33) that the high hardness and
brittleness of (FeCr)o is due to the dlfflculty in nucleatlng
and generatlng gligssile dxslocatlons. Thls dlfflculty
is said to arise from the work that the»dislocations may
have to overcome due to the ordering forces betwéén the
atoms. More recently Kitchiﬁgman.(3h) has discussed the
brittleness of the c;phase and the ductility of the
structurally similar p-uranium in terms of'fhe brdering'
and coordination numbers of the atomic positions.in the
sigma structure. Both of the above v1ewPoints are dlqcussed

" in detail in’ Chapter IT.




22,

The hot hérdhess.behavioﬁr of-(FeCr)c has recently
heen investigated by Tédmon and Westbrook (58). The
hardness minimum seen in- Flg° (22) is commonly found in
compounds existing over a w1d§ range of comp081tlons‘

ince the stoichlometrlc comp051t10n represents a mlnlmum
concehtratlon of" structural defects, But in the~case of the
highly complex sigma structure three of the five crystallo-
graphic sites have a deflnlte preference for one type of atom
whereas the remaining tyq sites may accommodate elther atom
types. Consequently, T;amon“and‘Westbrook suggestiyhat no
structural reason is app;renpffor the observed hardhess
‘minimum. Two other pos?ible*eXplanations are proﬁééed by

these authors.

‘Firstly the fault‘st;ugture observed by Marcinkowski
and Miller (33) may act in an analogous way to domain
hardening in simpler strictures and an explanation ﬁéi be
found if the size of the fault étruéture or its energy are

composition dependent,

Secondly, the structure or mobility of dislocations
in the o=phase may be affected by electronic factors which

will be composition dependent,

‘The point which lies significantly off the curve in

Fig. (22)Vrepresents an alloy which has a higher carbon
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level than the others. Tedmon and Westbrook suggest that

it might be due to hardening by interstitial carbon atoms.

MSeveral authors (59)(60) have observed sdmer
témperature dependent structural changes in the omphase which
in most cases have been attrlbuted to a change of order.
Although Fig. (21) also‘shdwsfdn anomalous behavmourrln hot
hardness the effects we;e:hot‘reproducible and Tedmon and
WEStﬁéook'proposed thatytﬁis behaviour arises from the
méchaﬁical anisotropy of tﬁévma%erial and not the state of

order.

;in the same inveséigation slip markings were 6dserved
‘at the edges of some indentations Figs. (2k,25) suggestlng
donventlonal deformation mddes can operate in the usually
brittle sigma structure. The operative deformation mode.

or modes were not identified since the orientation of the

crystals showing deformation patterns could not be-found,

Radiation damage

~Spooner and Wilson (61) have investigated the effect
of fast neutron bombardment on the structure of some g-phase
alloys. Radistion damaée consisting of (i) line broadening
(ii) changes in unit cell dimensions and (i1i) disordering
was observed. The magnitude of the effects depended on

the total fast neutron dose,
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The liﬁe“broadéning is attributed to clusters of
point defects and the changes in unit cell dimensions to

disordering of atoms of different radii.

" Theories of Sigma Phase Formation

Several attemptis have been made to rationalise the
occurrence of sigma phases in transition metal systems, on
~the basis of the regularity of thefcccurrenée of the phase,
“and of the-systematic shifts iﬁ compogition., Most
“investigators haveAattributed'these regularities(to either
electronic-effects {39,40,41) or close packing of}spheres
'(h29h3$51)° On the other hand Haworth (Lb) conci£des that
the “occurrence ' of o=phase cannot be predicted from normal

intermediate phase considerations.

\ﬁhat og-=phases migﬁ£ ?Quelectron compoundé»wag:;irst
suggested by Sully and Heai‘(FS)o Sully (39) 1ater pub1ished
a gqualitative formulatlon taking as a basis Pauling s theory
of the electronlc structure of the tran51t10nlmetalso He
proposed that an exchange of electrons can occur betﬁeen
bondﬂgnd atomic orbitals so thé latter are filled to thg
exteéﬁ permitted. Since the number of vacancies §§ries
framlgne‘trénsition metal to the next, the ratio of atoms
to léctrons in excess of those required to £ill the 3d
vacancies varies with GSﬁﬁésitiono Two electron g‘Atom

rétios were calculated de?énding on whether or not the
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hs electrons contributed to the bonding: When-kUs electrons
were included in the bonding the excess electron to atom

ratip wvas R.25 and without 4s electrons was 1.7T.

Whereas Sully used binary sigma phases Rideout and
Beck‘et al (16)'ap§roadhed the'éorrelation of sigma phase
"boundaries in ternary ailoys, They used a slightiy different
"approach énd‘proposed that the important factor in o phase
formation is the number of electron v&cancies per atom.

i

The electron vacancy nﬁﬁbers; NV’ were originaily taken
from the Pauling theory, but were later modified emplrlcally
in order to brlng about better agreement with data for the
?pggg‘ln certain ternary systéms, For alloys, Ny ﬁéé
gglgu}ated from the electroﬁdvacaﬁcy numbers of the‘components

a&s followsg

Ny = L.66 (Mo+dr+V)+3§2(Mn)$2?2(F§)+107(¢o)+146(Ni)A

where the symbols Cr, Mﬁ etc, stand for the atomic fractions
of the corresponding elements in the alloy. On this basis,
,é*reééonably constant valﬁe*owav = 3.4 was obtained for all

the ‘sigma phases studiedi

' Rideout and Beck et al (16) have pointed out that the
two gpproaches of themselves and Sully may be related quite

simplyé That is, the ngmber of electron vacancies and the
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number of excess ponuinglelectrons are virtually‘the same
criterion; and hehce-draw comparab;e'conelusions° Almost
simultaneously ElOQm end'Grant (o) showed that a similar
criterion'can“bé'defeioped'without‘making reference to the

Pauling theorj,f %ﬂéin_ﬁreétment is based on the assumption

tnet'the'ompnase‘COmpositiOns are largely determined by a

‘prefenred electron nunber‘of 210 electrons per unit cell or

seven’per atom.

All these early attempts to show that the oaphase might
be understood as an electron compound were substantlated

by experimental results obtained with the transmtlon ‘elements

'of the'first'long'period° \ AS'the new sigma phases were

discovered between- tran31tlon elements of the three long

periods, the theoretical 1nterpretatlon became confused

IGreenfield and -Beck (7) carried out an extensive investigation

to prOV1de the necessary experlmental data, for a revaluation
of the electron compound theory° Firstly they ase}gned to
the e;ements of the second and third long neriods e;ectron
vacanef‘numﬁers corresponding to those of the‘firsf iong periode'
But found no correlation between theory and experlmental
results° | Secondlys they a891gned dlfferent eleotron

vacancy numbers to the eecond and third series on the basis

. that there is no complete analogy among the elemenfs of the

three transition seriés, but again found no correlation.
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The electron’ compouﬁd concept using- Paullng s theory has
been serlously weakened by the fact that it does not- apply
to a large:number'of'the‘presently‘known oephaseso Further-
more , studles of the Curie temperatures (25*305eof these
phases do not support the electron compound: hypothesis,
and Nevxtt and Beck (25) conclude that the- 31gma structure
cannot be a331gned a Paullng sub=band of-its- own with a
characterlstlc numberjof~e1ectrons indeperndent of composition.,
Ehé problem of the ompﬁeSelﬁes been further cbmﬁlicafed by the
dlscovery of (NbAl)o and (TaAz)o (49) which demonstrates that
the phase is not restrlcted to systems in whlch both components
ere transmtlon metals hav1ng.partially filled d;electron
i;Qelsg Also there are absences of the 51gma phase in certain
e&etemso However, Knapton (8) has p01nted out' that searches
for the phase may,havéffeilé@ to detect it and;that Surveys
on annealed specimensi(7)*ﬁay actually relate;%bzﬁlybys in a

non=equilibrium condition.

The extent to which packing consgderatipns ip;coptrast
tp\other faectors determine the choicelbf etrue#é;e‘cannot be
?eadily ascertained. TFrangfend Kasper (h3) cieim.that?
packing considerations are. of primary-importanéegand that

electronic factors may be operative in'seieétihg between

alternative structures that satisfy the packi'n?g"requirements°

The problem concerning the association of different component
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elements with the different coordinati§n or ordering is well
known in the case of the Laves phase structures, but in the
sigma phase there are %arying degrees éf order according to
the combinations of elements and no direct correlation with
the usual atomic raaii can be made, However it has been shown
that the lattice parameters and interatomic distances may
be calculated to a good approximation by considering the

c-phase in terms of close packing of spheres.

It is recalled t#at the 1nteratom1c dlstances in the
horizontal layers of the 51gma lattice, which determlne the
a;ﬁarameter are mostly governed by the sizes ?f the individual
atoms. The distance between atoms in the E s?tesg’which form
the vertical rows is glven by dEE = ¢f/2., It ié a
characterlstlc feature of the oc-phase that this dlstance is
much less than the sum ‘of the radii of the atohs in these
sites. The nature bf'thﬁgﬁE~bond, between E--»Ei*é.toms9 is
unknown(but it is extremely 1mportant in determlnlng the value

of c.

Stuwe has demonstrated that the lattice parameters are
simply related to theigygyage atomic radius of the component

atoms by the following equations,

& = 6’85raverage ¢ 3°57raveragé

B
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Ths variation of the a=parameter with composition fits the
above’eqﬁatian well except in the casé of u=phases containing
Sis .Stﬁwe suggests that electronic interaction may be
respon31ble for this effeet The c=parameter and its

»varjabion with ooncentratlon can be better described by giving
atoms in the EmpositiOQS‘gn‘“effective" cobrdinatibn‘number
L instead of 1L whichnwouid mean‘that they aréﬁin direct

contact only with each*btﬁero

: Mére_recently Shoémékerland Shoemaker (Sl)upgveﬁghown
ﬁhap interatomic distgnggswmay be calculated to~a good
approximation as the suﬁ.bf*ﬁhe characteristiéiétomic rédiiq
Two radii, one for majof;}igands and one for minor 1igan¢;are
sﬁécified for each atﬁﬁ eiéeét in the case of CNiQIﬁherg only
a minor ligand radius lS‘Qpeleledo: The equaﬁibn formulated
enables interatomic dlstances to be predicted within 0, OlA

r = 0,1 (CN) = 0,24

o

where CN is the coordlnatlon number (12, lh 16) and A = 1

for~major llgands&and. O for minor 11gandsu

vAléhough this rule-can also be applied torofher inﬁermefallic
compounds (P, R, yand u phééés) as well as thékLaves.and
B=tungsten phases bettey agreément is achieved using the
modified rule of Shoemaker and:Shoemaker (51). The modification

is to consider the radii as linear functioné>pf the weighted
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average of the Pauling CN1l2 radius of the two kinds of atoms,
with the radii weighted according to the overall chemical
composition of the alloy.  For exémple,

M N ooot R = (m reN12¥ 4 n.memi2¥ 4 L..)/(wn+...).

The interatomic distances may be predicted to within

Q
0,06A with this modified rule. .

Although these two relationships are of a purely empirical
nature they are a consequeﬁce of geometric cénsiderations
involved in the packing of atoms oflsomewhat different
sizes, TFurthermore this treatment gives explicit recognition
to the ideé.that major and minor radii for a éiven etom can
“be expectéd to be different and also that this difference
may have some connection with features.of electropic structure,
such és.existence of strong bonds in the major-ligand

direction (50).

Sigma phase stability has been discussed so far in terms
of (a) the valence electron concentration (VEC); (b) the
electrochemical fﬁctor, strongly related to the transfer of

electrons; (c) the size factor or geometrical factor.

With the valence electron concentration concept the
guestion of which valencies have tobe applied arises.
Several systems have been proposed besides the usual

chemical valencies, "Metallic" valencies have been put
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forward by Pauling on the one hand and by Trosf (80) and
Engel (81) on the other (see Fig. 26). In some cases the
.valencies‘deduced have different meanings dependent on the
combining element concernédo lThus, the normal valencies
refer to compounds with hydrogen or oxygen,while the
metallic valencies are established mainly on the interaction
of atoms within the element in the solid state itself, or

in metallic solutions taking into account the magnetic
behaviour (Pauling) or the orbital constructions of the

bands (Trost).

That geometrical arrangement alone does not lead to a
definite conclusion has ﬁlready been noted (Frank and Kasper).
This is not unexpected since it is known that solid noble
gases have the séme structure as typical metals, a cubic
or hexagonal close packing and besides the different atomic
size there is a marked difference in the nature of the

chemical bond,

Phases related to Sigma
The o-~phase can be considered as one of a sequence of
alloy phases closely related in structure and occurring in a

relatively narrow electron -concentration range between
the ¢hromium group and the manganese group. The sequence,
comprising the structure tyﬁes 6, P R u and x{aMn) is

arranged schematically in Fig. (23) from left to right in
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order of increasing average electron concentration,

The chi (x) phasé is isomorpous with alpha manganese
and is body Centrgd cubic with 58 atoms per unit cell,
Coordination polyhedra corresponding to CNl?sx;S»and 16
occeur in the structuré° The phase appears in\lT‘binary
éyétems of transition metais and in every caég the A
ébmponent is from the scéndium, titanium, vanégiﬁmfgr
chromium group, wher?és tpgyB component is either
te¢hn§tium or rheniu% ig 1> of the systems, andlbsmium in
%he femaindér° Expe#@#éntal studies (6396h)$bf orvdering in
ﬁhe X phase have pro%ided support for the hypoﬁhés§§ (65,66)
that the atom having.the larger radius, invgriabi&zan A
atom, is found in sites surrounded by 16 folﬁscdordination
polyhedra (large volaﬁé) whilst the smaller Bfgtqm occupies

the sites CN12 and Cfilf"f'(sx_lﬁall-volume)o

The (MoCr Ni) P-phase Eéf) is primitive ox#hpfhomhic
ﬁith,ﬁG atoms per unit-céLLQ it resembles a éig@a phase cell
with an almost dduble@'bAg#iso As exyectedgsthél;gﬁge
molybdenun atoms'exhi?itna;preference for siﬁes of
ﬁigher coordinationn“ Th;y share the CNLh siéés with chromium
but seem to be the sole occupants of CN15 and CN16 sites.

The CN12 sites are occupied by nickel éﬁbmS‘in definite

preference to chromium atoms (68),
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The»(MoCrCo) R phase (69) has rhombohedral symmetry with
53 atoms per cell. As in the P phase 12,14,15 and 16
fold coordination polyhedra océur° The sites having the
larger Qolumes CN1L, CN15 and CN;6 are favoured by molybdenum
atoms. Shoemaker (68) has reéently applied neutron diffraction
~techniques to (MoMnFe) R to determine the extent of ordering
in the CN1l2 position; Oply'a slight preference is shown by
iron atoms for these sites %Q competition with manganese

atoms,

The ﬁ phase structure contains 13 atoms in a rhombohedtal
cell., As in the Pléﬂdkﬁéph;ses, 12,14,15 and 16 fold
eoordination»oécufo"Kas;er (70) reports that iron or
cdbglt atois ave found in positions with” CN 12 (icgsahedral
surroﬁndings) while the 1arger tungsten or molybdeAum atoms

o 1
have the higher CN values.,

Rideout and co-workers (16) have found the M phase
to occur over an extended range of cémpositions in the
ternary systems (ﬁéCqMo) (Fél\:I:‘LMo)° The &elta (8) phase
was discovered in the MoNi system by Ellinger (71). It has
recgntly been assigne& an arthﬁrhombic structure with spsace
groﬁpsaAPQ;QQQQn(GB)Q, The ordering of the phase has not been

studied up to now.
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II THE FERRITE > SIGMA TRANSFORMATION

atroduesson
Most sigma phases form by eiﬁher a péritectic or
"peritectold reaction (see Fig. (27))., In the case of
(FeCr)o and (FeViG, however, the phase forms from a body
centred cubic sqlid solﬁtion° A;though'both of these
alloy sys#ems have received eonsiéerablé attention from many
inveétigators there is a dearth of information about the
bece *> Oltransfgrmation in FeCr and almost none in FeV.
Consequentl& the present investigaticn“has been de{oted to
the factors affecting the formatiohvaﬁd(stability of the

sigma phase in these two alloy systems.

The eqﬁilibrium diagrams of FeCr and FeV (Figs§ (28,29) are
similar; a continuous series of solid éblutions exist as the
o phase aﬁ high temperatures; a closed y loop extends to
12% Cr and 1.2% V; a sigma phase field, centred on the
equiatomic ratio with a beak at ~815°C FéCr and 1234°C
FeV, is stable down to room temperatgre. The only
fundamental difference is the recen%~rgport by Williams (72,73)
that (FeCr)s undergoes an eﬁtectoid ﬁraﬂsformation to
a + a';a chromium rich solid solu%ion (see Fig. (30)). This
viewPoint has recently rgceived theoretical support from

Kubaschewski and Chart (T4) who assesséd the known
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thermocchemical data oﬁ the formation of o and o phases in
FeCr and arrived at a egﬁgctoid decomposition of L60° + 50°C
which/is in fairlyigoéd agreement with the measured value
_of Williamg ~520°C.. Im the.light of this work it is not
unlikely that the (FeV)o migh£'undergp.a‘§imilar type of

decomposition,

An impértant point to note abogt the FeV system is
that due to the intense reactivitg of vaﬁadium at high
temperatufes some of the details in the equilibrium studies
may not be representative of pure binary alloys. Pearson(75)
has reviewed the effect of‘impurities on vanadium and these
will be discussed later in terms ofvthe tranéformation

studied.

Kinetics

The a + ¢ transformation in pure FeCr alloys is very
sluggish. L Jette and Foote (76) report that a 49.4% chromium
alloy in powder form, with no prior coldnworks t00k1225 hArs.,
at 600°C to transform but the same powder aftér being
cold worke&'in an agaté mortar trénsformed to sigma after
only 24.hrs. at 600°C. In the ﬁase“éf FeV alloys the
transformation times afe much shérters the o=phase forming

in a matter of minutes.

The effects of compositﬁon9 temperature and cold working

on the rate of formation of GmphaSe in ironmchromium alloys
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have been investigated by Duwez and Martens (77) ﬁsing

magnetic and electrical resistance techniques.

An Fe-$5a3%‘Cr alloy, which is locéted at the centre of
the gmphaée fieid, was used to study the effect of
temperature. The results are shown as Fig. (31), the
percentage sigmatransformedplottedragéiﬁst time at various
temperatufésoA Duwez and Martenslgonclﬁd; from the "S" shape
of the cu%vea that the reaction i; takiﬁé place by
nucleatioﬁ and growth, When\the fésﬁlts are plotted as
time necegsary for 50% transformatégﬁ;v§§sus the reciprocal
of the ab%blutévﬁemperature it can be seen that at 725°C
the time for half transformation is g.miﬁimum increasing
shérply as -the temperature approaches the equilibriun

temperature for o and ¢ (820°C),

Isothermal tfansformations were also carried out on
20% and 95% cold worked samples. ?h?wresults are compared
with the é?;ess‘free samples in Fig, (32); They have
nearly the same‘shape as the curve for the annealed
specimens but are displaced vertically. Thus the main effect
of cold work is to accelerate the formation of sigma but
not to Ehange the temperature at wﬂich the formgtiop is

b

a maximuml(725°c)o

From a practical point the time necessary for half
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of the o phase to transform to o is about 45 hrs, for
-énnealeﬂ alloys, 4 hrs. at‘EO% and 20 mins. for 95% cold work;
Values of the heat of activatiop for .the transformation weré
calculated from the slope of the straight line portion of

the curves in Fig. (32).

a(annealed) + ¢ 80,000 cal, per mol.
a(20% cold work) - ¢ 63,600 cal,. per mol.

a(95% co6ld work) =+ o 42,700 cal, per mol.

The inverse transformation (from sigma to alpha) was
also studied by Duwez and Martens (T7). Their results, which
are shown in Figs. (32) and (3k4), alsd.léaé them to conclude
that the transformation is by nucleation1and growth and that
the‘reaction is relatively fast; at 850°C (30°C above eqlb.,

temparature),it takes only about 3 mins. to reach 50%

" transformation.

A range of alloys was isotﬁerma&lyAtreated at 650°C
to establish the effect of chromium cqpqé#tf&tion on the
transformatipn° ~Similar curves of perceﬁ£§ge transforﬁed
versus lég ﬁime were obtained to those inlf‘ig° (32). Fig.(33)
shows the time to 50% tfaggformatiog versus chromium content
for both annealed and cold worked samples. The top
curve in Fig. (33) indicates clearly that the rate of

formation is a maximum when the alloys contain from h43.5
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.to 45,5% chromium and decreases very rapldly as the chromium

is elther decreased or increased,

A more detailedvstudy of ﬁhe o +10 transformation in
iron=-chromium alloys was made by Bastien gﬁd Poméy (78,79,82)
(see Fig. (36)). They used severalltechﬁiques to study the
transformation including hardness, dilatoiﬁetrys electrical.
resistance and magnetic measurementgg__They noted that the
¢ phase increased in hardness prior to thélformation of any
0 ~phase., This was attributed to ordering in-t@e solid
solution, Although unable to confirm this interpretation by
X=ray methoéss the structure factors aré ééo close, other
experimental techniques lead to a similar conclusion. "Two

reactions were distinguished (see Fig. (35)).

o + ap  Lk80°C ..

o
ap . 600°C

d
Isothermal studies of the o =+ o transformation revealed

three reactions;

(1) oy > o 750 - 650°C, Q

25 Kcal. per mol.
(quenched- 1100°C) "

(11) oy > ap > 0 550 - 650°C
(quenched 1100°C) (partially - @ = 70 Kcal., per mol.
ordered) :
(1i1) a SN ag =+ o U5 - 500°C

(q%enchea 1100°¢C)

Q 30 Kcal. per mol,

-1
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A metallographic investigation showed that the signa
tends to form at the grain boundaries and only occasionally

in the middle of a grain. No difference Was noted in the

shape of precipitate formed by the three different reactions,

By traversing the o/c boundary Pomey (T79) was able to
show that o and ¢ grains have the same eomp031tlon and
consequently there is no long range. dlfqulon during the
transfqrmationo ‘It was also noted that cracks form in the
sigma phase during the transformation froﬁ.the alpha phaée,
More cracks form on prolonged annealing bﬁt when’reannéaled

at 1100°C in the-alpha phase the créckQ‘SQal up.

Andersén and Jette (83) have investigated the micro-
‘structure of iron=chromium alloys with silicon - -additions
which accelerate the o + o transformationo In slowly

cooled alloys, well within the o + o boun&ary the o occurs in

patterns suggesting s eubectic, Figo((BT) (1)) shows t%he
Veu%ﬂutoxd“'to be partly coarsely lamlnated and partly globular
mottled, In other annealed and slowly cooled alloys, the
laminated structure is entirely~absent and the sigma appears
in an irregular distribution of sharply ébrnered-elongated
areas Fig. (37(2)). These areas all eéntﬁin a more or less

mottled structure,

Quenched and aged specimens, whose compositions are




4o,

located near the phase boundary between the o and o + ¢
regions have structures not unlike martensite Fig. (37(3)30
Anderson and Jette also noted that alloys in the sigma phase
were hard to etch but when deeply etched produced a
distinctive corrugated striucture with rarely any indication
of grain bogﬁdarieso Occasionally the corregations form a

distinct reétangular Widmanstatten structure Fig. (35(5,6)).

In the case of the iron-vanadium system Beck and Phillip(8L4).
hﬁve noted ﬁhat the body centred cubic phase orders before
practically ﬁny of the stable sigma is formed. Using
chromium radiatipn three supernlatticé lines were observed
(100)u9 (111)@ and (210&0 It was aiso noted that there is a
slight decrease in the lattice parameters when the phase is
ordered. No other work has been published on the a > o
transférmation in iron-vanadium alloys.

‘The erffect of alloying additions on the formation of (FeCr)e
and (FeV)g

Carbon, Nitrogen and Boron: These elements do not show
any apprecigblehgolubility in the siéma phaseoé Instead they
form c.a.rbi.dés9 nitrides and borides with.the element having
the lower afomic number in a given transition series. This
is in accordance»with the assumptio£'f85986) fhat bonding
strength beéween‘; transition metal (Me)‘gnd one of the

non-metals carbon, nitrogen or boron (X) decreases with
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increasing atomic number of the transition metal in a given

transition period.

In the metal rich part of the FeCrC system 15 - 43 wt%cCr
Shortsleave and Nicholson (87) found that Cr = rich
(CrFe)23 Cg carbide is formed thereby lowering the amount of
Cr available for o formatiqno The higher the carbon éontent
of the FeCxC alloy the higher the toﬁal Cr content which is
necessary fér (FéCr)U to be formed, Ihe‘effect of nitrogen
on sigma formation in FeCrNi steels‘ié_aééiagouss Cr = rich
nitrides being formed (65)(83%‘Aronss§ﬁ ﬁﬁa Asselius (89) have
shown that & Cr - rich boride (CrFe),B is formed when boron
is added to:FeCfguand that above B%Biné siéma is formed.,
Lattice parémeter measurements of an FeCr 54/46% alloy with
increasing boroﬁnéoncentration showﬁéﬁ%t"the 'a' axis of
(Fecr)d-decéeases and the 'c' axis incréésesa Aronsson
and Asselius suggest that the differences in lattice
parsmetersare not due to solubility of borén in (FeCr)o but
due solely to the variations in iron content caused by chromium

being used to form borides,.

There are no reports of any studies of the gffect of
non-metals on (FeV)o formation, prevérs it is probable that
the results described for (FeCr)o are applicable %o (FeV)o and

that V - rich carbides, nitrides and borides are formed which
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have the effect of lowering the amount of vanadium available

for sigma format%onu

‘Silicon '

‘Following the work of Jette and Foote in 1937 (76),
several invéstigators have studied the influence of silicon
on the formation of ¢ phases. The indications sare that
silicon shows an extensive solid solubility in binary sigma

3
phases of 3d elements and extends the stability range of the

sigma phase,

Andersén énd iette (90) carrieé‘oué‘%n X=ray investigation
of the FeCréi,diagram, They established, that up to 9 or 10
wt%S1i was soluble in (FeCr)o. No lattice: parameters were
calculated éihéeJ%he structure was unknown but a list of

observed sin?6 values was published, -

More recently Aroﬂsson and Lun§s$rqm1(91) have confirmed
the results of Andersen and Jette aﬁgfgngq that  (FeCr 10%Si)
is stable up to the melting point and that when the solubility’
limit ( 17%81 at 900°) is exceeded C¢ < ¥ich CrySi and
Fe - rich o phase with about the saﬁe?éiiiéon content are

formed, see:Fig. (38).

Only small changes in lattice parameters with varying
silicon concentrations were observed Fig. (39). The 'a®

values decrease and the ‘¢’ vglues increase. The unit cell
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volume decreases by 0,03% per atomic‘%Si‘which is about
half the decrease when small aéounts of silicpn ( 10%)
are dissolved in iron (92), The axial ratio'increases from

0,5181 to 0,5220 for an increase of 0 =+ 1h% silicon,

That the cell volume and "a' dimension decrease is
important since the Goldschmidt radiﬁgil;ﬁhz for silicon CN12
is greater than both iron and chromiumo_ Howevers it has been
pointed out (93) that results from structé?e determinations
of 311101des and from the solid solubility of silicon in
‘tran81t10n metals with unfilled d-shells indlcate an apparent

Si-raedius of 1. 20Ao If the rev;sed‘estlmate of 'atomic radmus

of silicon is used the cell shrinkage is quite understandable.

From X-ray diffraction measurements on single crystals
Arronson and Lundgtrom (91) p;opose}ﬁgét.éilicon behaves as
a B typé-metallocéupying mainly IV (D) positions. Also they
propose the:following distribution of atoms in (FeCrsi)

assumning that the metal atoms are ordered in the manner

suggested by KasPer and Weterstrat (31)

I A mainly Fe

11 B mainly Cr
IIT ¢ Fe .+ Cr + perhaps little Si
IV D 381 + 5Fe

Vv B Fe + Cr + perhaps little Si,
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That silicoﬁ behaves aé a B metal is in accordance with
thé followiﬁg facﬁs;'the solgbiiity'of silicon is greater in
iron (26%) (92) than in chromium (<14%) (9%); the highest
coordination numbér of silicon in any other known silicide

structure is 12,

Aronssén and Lundstrom make thé interesting point that
no silicon atoms are found in position I which is also CN 12,
However, if more @han 2 Simatoms.arnglaééd in the unit cell
the IV positions alone permit a moréigveﬁtdistribution of
the Simatomé in the strueﬁure than dées:a combination of I
and IV posi#ionsoﬂ If S5i-S1i contacts‘§¥é fé be avoided, a
maximum of four'Sinatoms per unit cell caq.occupy the
posit}ons hgving:CN 12 and this-can-only be achieved if IV
positions alone are occupied. It isjrecélléd that the

solubility limit corresponds to about;hSi?gtoms per unit cell,

Aronssqn and Lundstrom also réﬁark on some interesting
features comﬁon to both sigma and éwr(gls)vstructureso In
both of the;e stfﬂgtpre; straight rowé oftmetal atoms withl
close contagt are faﬁhd? Thésé rows are most easily
formed by the transitiég méfgls of the Va and VIa groups.
They are also found in é h;mbgf of silicide structures which
indicates that silicoﬁ might have soﬁe beneficial effect on

the stability of these rows,

Additions\of silicon to FeV have a similar effect as
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on FeCr, Beck et al (95) have observed that at least T% gi
is soluble in (FeV)o and that silicon tends to stabilise

the ¢-phase. Lattice parameter measurements (rig. (43)

show a similar trend to the (FeCrSi?iwyegglts; increasing
silicon content tends té increase “c??égc%gase *a'® and to
decrease the volume of the unit celioi ‘Itvwaé also noted that
with increa;ing.éilieon content new X=ray'diffractidn lines
appeared anq became progressively strongef; These intensity

variations were accounted for by assuming that all Si-atoms

. . r
ocecupy the IV (D) sites in the o=structure.,

Phosphorus ¢ ' :
Phosphorus has been found to have an effect comparable
to silicon in FeCr and FeV, In the FeVP system the o-phase

single field was found to contain as high as U%P at 1050°C (96).

The effect of phosporus on the CrNi.systemwhas been
investigated (97) and results show é‘siﬁiiﬁr ﬂehaviour to
silicon in ?eCro For a constant CrNi ratio an increase in
‘phosphorus content causes a decrease in th§.°a‘ diménsion

while withiq theilimits of experimegtél Q?ror‘the "e? dimension
is unaltgredq There is also a gontfaétion:of the unit cell.,

’ Agging as in the case of silicon, it is surprising that

‘the unit cell contracts when tﬁe Goldscﬂmidt radius for

) P X
phosphorus is 109A, Studies of phosphides and the solid

solublility of pheosphorus in iron point to an apparent phosphorus
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.
radius of less than 1.20A;, Since phosporus has a more
pronounced effect on lattice parameters than silicon it

is probableithat phosporus might be smaller than silicon.,

Aluminium g

Aluminium tends to destabilise the o-phase in relation
to the body centred cubic o phase. In the FeCf system
Tagaya and Nenno (98,99) found that in alloys up to 30% Crg
0:3% A% or less increased the amqunt of o<phase but a
greatér amount reduced it., In 35% Cr élloys_the o=phase could

be completely suppressed by the addition of 1.25% AR,

Similar results were found by Beck. et al {95) in the. FeV
system, Less than 0.5%A% is sufficient to suppress the
c-phasecompletely at 1175°C. No lattice parameters have been

published and no ordering systems have been proposed.

g
_.Inspecﬁion gf Figs. (LO,41) reGeél‘ﬁhé extreme nature

of the two $pposite effects of alumiﬁium and silicon on binary
u-phases, Beck et al (95) have digcussed the nature of the
effect of a;uminigm and silicon on #hg ﬁagis that the g¢-phase
may be a full zone structure. They:sugée§t that the addition
of silicon results in an increase&:talerance of the ¢ phase
,for strongly electropositive elements such as vanadium and
~éhromiuxﬁ;’ this may be due to the reigtively electronegative

nature of silicon, Beck et al go on to suggest that the
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silicon atoms may act here as facceptors",of the extra
éléctrons contributed ﬁo the system by the increased number
of vanadium or chromium atoms, Conversely, the effect of
aluminium in suppressing the a~phase may be due to its greatér

electropositive nature.,

Manganese and Nickel :

fhe effect of manganese on iron=chromium alloys of
commer01al purity has been studied by Burgess and Forgeng (100).
They noted that manganese accelerates the formatmon of the
tﬁ@hgseand furthermore the temperature range in which the
a=phase iswétable is appreciably widened By the presence of

manganese,

45% chromium 0.T78% manganese a+g T hrs. T700°C

44% chromium 5.34% manganese a+oc 1 hr,T700°C

Additiéns of ﬁptto°h°6% manganese were made to iron-
chnomidmwsi;icoﬁ alloys by Jette an¢:ﬁndersen.(101)o The
- eaffect on the lﬁﬁﬁice parameters is\small9 which 1is due in
part to the: similar atomic sizes of.ircn9 chromium and
manganese and also to the low concentratlons° The amount of
signa formed seemed independent of the concentraulon of
manganese, Up to 290% nickel additlons ‘were also investigated
with similar conclﬁsions as fhose arawn-fon manganese g

namely no effect on lattice parameters or rate of formdation
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of sigma phase. - . .

Tungsten g

Duwez and Martens (77) have investigated the isothermal
behaviour of a ternary alloy containing 43% chromium, 54%
iron, 3% tungsten, The curves obtained at various
temperatures for percentage transformed versus time had a
_typical S shape but wefe not as steep as the binary alloys

shown in Fig. (L2).

The addition of tungsten to iron-chromium alloys raises
the temperature at which a and ¢ are in equilibrium and
also raises the temperature at which the rate of sigma

formation reaches a maximum. At temperatures below the

maximumn rate, sigma forms more rapidly>in the binary alloy.

“Atomic Mechanisn

Kitchingman (34) has recently proposeéd an atomic
mechanism of the bodyacéntred cubic to sigma phase

transformation based on the concept of kagomé tiling,

It is recalled that the sigma Phéée1ééy be regarded as
a simple la&er_st;ucture of two hex?goné;féetsv(BandtC)
at right angles, éach supported by sa diaménd net (A); the
stacking seqﬁence is ABACAB. Following the conventions of
Frank and Kasper 1h3) such a layer Etfﬁétﬁ%e may‘?e described

‘in terms of the stacking of sheets éf:kééomé;tiling9'
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Fig. (44) illustrates the arrangement of atoms within each
single-sheet'of tiling and also the three sheets

superimposed,

The ﬁody-centred cubic may be regarded as a hexagonal
structure with its é'axis along one of the cube diagonals
Fig. (45). - The structure may now be interpreted in terms
of three layers in the [lli} bee direction; the stacking
sequence being ABCABC. The three layers, ABC prodﬁce one
layer of the sigma sitruecture by a telescopic movement in the
[lli@ bee. The atoms at the cehtre of the hexagonal nets

so formed are removed tO'gi#e the diamond net of the A layer

of the sigma structure shown in Fig.(46). The crystallographic

relations are

(11I) || (001) sigma

(1T0) || [1k0] sigma

In order to complete the sigma structure it is necessary
to turn alternate hexagonal layers at right angles such
that the top of a kagomé in the C layer is placéd at the

centre of a kagomé& in the B layer.

"Fig. (46) shows a network of four‘kagoméé formed-from

a sequence of A, B and C layers of the beec structure,
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Three different groups of atoms may be removed from esch
layer aé shown in Fig. (QT)n C is the obverse of B and A is
é symmetrical group formed of a half C and B, Thiee such
kagomé groups, (i.e.) twelve kagomés, fit togéther so that
their border atoms are coincident. The whole structure
consists of such groups of twelve kagoméssvconnected-together
as in Fig. ()48)u The contributién from any one layer in the
bee structure (see Figoh7b), shows that in each layer certain
groups of four neighbouring atoms, the dashed atoms, associate
togethér to form the diamond néfs connecting agomésazshOWn
by the dashed nets in Fig, (huio Three layers below this
there is & similar group of four atoms which are nearest
nelghbour atoms in the bcc structureo It is recalled that
the distance between these atoms which fill the median voids
between the crossed hexagoﬁs and form threads through the
structure is much less than the sum of -the radii of the atoms
in these sites, Kitchingman ;lso points out that in the -
disordered body cegtred cubic this nearest neighbour distance
is the sum of the respectlve atomlc radii, but in the oxdered

body centred cubic structure 1t is reduced compared with the

sum of the radii.

The formatlon of the s1gma phase commences with atoms
of the diamond nets bonding wmth their counterparts, nearest

neighbours in the body centred cubicy, in successive layers.
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This is foliowgd by their movement in the [111I] bece direction.
In the final signma structure these will form the vertical

rows of E-type atoms. The tr;nsformation is cémpleted‘by

the remaining atoms in the-quy centred cubic layer bombining
to form thg kagomés of the B and C layers of the o-phase.

In the case of the B layer Kagomés this only involves mqvementg
of atoﬁS'in the [lll]bcc diréc%gén. In the case of C layer
kagomés the atoms must not only move in the [llllbéc direction
but;also‘rotate to occupy the positions of closest ngRing

between the hexagons of the B layers.

Kitchingman-describes the method of rotation_and motion
in' the [111] direction in-the bce by imagining lines of
hexagops throughout*the'strucﬁﬁré similar to the zon;s which
Kronberg (102) used to describe slip in B~uranium, The
hexggopg rotate within thgsé zones as the atoms move in the
[l}i]bc;.direction; étomshgn“dgpbsite sides of the zoﬁe
boundafy move in opposite dirééfions° This mechanism is
shown in Fig. (49). It is clear that the rotation can only
take place from one zone to ﬁhe next . as each kagomé at

righﬁnéﬁgles is formed,

C e

In Kronberg's model a similar rotation of kagomés was
brought about by the interchange of atoms from superimposed
hexagons. However, Kitchingman points ocut that this was

necessary since Kronberg's mechanism described the transition
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from- sigma to slipped sigma but in this model it is not
necessary since-the.atoms in the body centred cubic
strucﬁure.are already disPiaced perpendicular to the
hexagons in the [llilbcc direction and the rotation takes
place as they move from the positions of more open packing
of the body centred cubic structuré to the closer hexagonal
"packing, The mechanism is equivalent to a shearing and |
‘displacement"of kagomé - nets and Eoth mechanisﬁs bring about

the same rearrangement of atoms in the hexagonal planes.,

Fig. (50) shows the movements in groups of twelve Kagomes
relgting“the'atdm'positioﬁs %giphe bee strucuture to those
ig‘the*sigma“phase“structure gésed‘on the mechanism of |
Pig. (49 ); The partial long rénge'order in the bee
structufe Just before“traﬁsforﬁation to fhe sigma phase
mé& be deduced from the pértial‘long'range order of tﬁe

sigme phase shown in Fig. (51).

Kitchingman has also discussed the reasons why the
g mphasé is brittle when18=uranium whieh hasva_éimilar

structure is ductile.

It has been established that sigma phase alloys show
partial long range ordér characteristic of their
composition. Fig. (51), which is adopted from Kronberg's

model for slip in Buurahium and. shows the ofdered positions




Fig. 50
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of:the“iron and'chromiqm-atoms together with their coordination
‘numberso The slip -zone Xf énd the rotation of-hexagons within
‘the slip zone is also shown. That-atgmé in the hexagonal

‘nets play no parf in the slip othér than acting as central
subports for the hexagons which rotate about them is in
‘agreement with Kitchingman's moedel in which the diamond nets

are more strongly bonded than those in. hexagonal nets..

When slip takes place, in the case of B=uranium,
rotation of the hexagons merely rgplades uranium atoms with'
‘uranium'atoms; uranium beingﬁprégent with all three coordination
numbers, 12, 14 and lSwaccarding to the definition of Frank

and Kasper (43).,

in the case’offFéér3 rotation leads to an incompatibility
with :espgct“tO‘ordering since i#gthe case of the atom’~ |
replgcement B, D"aﬁ‘iron"atém'cﬁ'lé‘is replacing é chromium
atom~0ﬁ ;59 in other positions both atoms show CN 1lh. The
case Qf éNb“AE‘is aﬁaldgous;:iﬁéoﬁpatibility occurs injthe
replacément'c D since AR atoms of CN 1k must be replaced by
Nb atoms CN 15, “Aéain; both atoms show CN 12 but Az does not

show CN 15.

Kitchingman then proposes that uranium can exist in this
structure in three different states characterised by

coordination numbers 12, ly and 15, Similarly niobium has
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three states of CN 12,llh and 15, iron two of CN 12 and 1k,
‘chromium two of CN 1k and 15 and A% two of CN 12 and 1k,
Conseéuently Kitchingman suggests that these states may
be- assoc1ated with" sllghtly dlfferent sizes and probably
-dlfferent outer electronic structures° It has been
prev1ously suggested by Mott and Stevens (103) and Lomer
and Marshall (loh) that iron mey exist in two different
electron states in alloys in‘ord;¥ to explain certain magnetic

propérties of iron alloys.
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" Chapter IZI

- THEORETTICAL CONSTDERATIONS

I PHA@E TRANSFORMATIOES IN METALLIC SYSEEM&

s Introeduction

Previous investigapors have described the a-oc transform-
ation as a nudledtidh avand - grqwth process, Duwez and
Martens have notéd‘that the kinetics are similar to those
fqﬁnd'by Borelius (105) in the ordering of eqﬁiatomic gold-
copper'alléyso It has also been noted that the-a=phase
orders to a CsC8 structure prior to the formation of any

mph&seo The- reactlon product 0 has been showﬁ‘to have the
éame composition as the dpphase which suggests that there is
nq long range dlffu51on durlng the transfqrmat1@n§ The
géowing crystals of a-=phase frequently cr;sétﬁhé prior grain
boundéries of the parent phase Fig. (52), The theoretical

model of the atomic mechanism suggests a type of shear

mechanism broﬁght about by the movement of zénal dislocations.

Since the mechanism of the a+0 transformation is not
fully underétood it is useful ét this stage'to review the
different mecpanisms by which phase transformations take

‘ pl&ce I

Modes of Transformation

In nucleation = and = growth transformations the new

phase grows at the expense of the old by the relatively
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slow migration of the interphase boundary, and growth
results from atom by atom transfer across this boundary.

The atoms mové independently at a rate which varies

markedly with temperature. At a giveh temperaturey; the
transformation proceeds isothermally the amount'ﬁf new phase
formed increasing with time, The voiume of a transformed
region differs in-general from its ofiginal volume but its
shape is unaltered. The transformation may be accelerated by
cold working the parent phase.. Possible explanations for
this effect afe that the activation energy for diffusion may
be lowered and that the diffusion rate will temporarily
ihcrease-as a result of the temporary increase in the number

of vacant lattice sites,

It is evident that thermal activation and diffusion
play an important role in nucleation and growth processes,
However, martensitic transformations do not involve diffusion
and are dependent only slightly, if at all, on thermal
agitation;'aecordingly they are designated athermal

transformations,

The samount of transformation is virtually
independent of time. On coeoling, transformation begins
spontaneously at a fixed temperature (MS) and as the

temperature is changed, more and more material transforms
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until the temperature (M,) is reached at which the reaction
is complete. The fraction transformed at any -time during
the cooling is characteristic of the temperature providing

that other variables such as grain size are constant,

At any temperature a number of single crystals of
& new phase form rapidly within an original grain. On
cooling to another temperature these crystals usually do

not grow but new crystals are formed.

Plastiﬁ deformation at any temperature in the
transformation range usually inéreases the amount of
#ransformationo ﬁEformation above Ms may also result in the
formation of martensite even though the tempefature is too
high for'spontaneoué reaction. The highest temperature at
which martensite may bé formed under stress is the Mg. Ie
the original phase is worked in a.temperature range where it is
s’gé.ble9 above My, the resultant deformation offen inhibits
the transformation; the M_ is depreséed and the amount of

transformation at any temperature is reduced.

Desﬁite\tﬁe fact that volume changes are often,
though not invariably,small the transforming material
changes its shape; a feature which is usually recognised by

the disturbances produced on an originally flat polished

surface,
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A;though most martensitic transformations exhibit
the characteristics described there are some exceptions,
For exampie, certain martensitic tranéformations form
isothermally at a low rate whilst some nuc;eation and
growth transformations procged with surprising rapidity.
Consequently & change of shape has become the sole criterion
of . the martensitic transformation,

Further examples of the classification - -difficulties,
unless shape change|is taken as the sole eriterion; dccu:
in transformations in which diffusion controls the process;
b@t which nevertheless conforms to fhe basic geometry of a
martepsitic change., = The mest common case is the bainite
transformation in steels which forms by a slow shéar=like
transformation. It has the features of martensite yet it
cannot proéeed unless the driviné force of the transformation
is increased by an accompanying precipitation of carbides
in the new phase. The precipitations which is related to the

diffusion of carbon, controls the rate of growth.

In the order~disorder transformation in equiatomic
copper=gold al;oys the long~period superlattice forms from
the disordered cubic phase by a process of nucleation = and -
growth. However, the orthorhombic phase grows in.the form

of pyramidal plates, ana is accompanied by the production of
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surface relief effects in the manner of martensitic
transformations (106,107). Similar reactions occur in the
majority of bece.c. B phases based on the noble.metals Cu,
‘Agg and Au (108). The B phases formed by these metals with
divalent Zn, Cd; Mg, and Hg occur in the région corresponding
tq 50=50 atomic percent of solvent sand solulte° lTl}ey order |
rapidly into the CgC® structure during slow or even fast

cooling followed by a martensitic transformation (108),

The B phases formed by the noble metals with
trivalent (A%, Ga, T%, In) and quédrivalent (Sn, Pb, Si)
'ele@ents have a lesser tendency to form orderéd structures on
coolings‘énd when'prdering does-takefplape it is of the Fe A%
type, the Heuslermalloy t.ypég or‘a mofé complex type.
Accordingly9 the martgnsitic tranéférma£ion in these phéses
involve several complexities. In the Cu - Ga'(iOQ) system in
particlar the microconstituents, which invariably consist of
shapeless'areas with very jagged andiirregular boundaries,

are described &s massive.

The word "massive"™ was first used by Greninger in
1939'(110)‘t§ describe the appearancéAoffthe microstructure
obtained after quenching tﬁe hightteéﬁerature b.c.c. B phase
‘in a Cu = 9.3% A% alloy. Other examples of massivébvolumes
of a low temperature phase formed from a high tempefdture

phase. of the same composition have been reported in alloy
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systems of Cu, Ag, Fe, Zr (109,112,118).

Recently there h&é been some discussion (113) as to
whether the word massive may be applied to classify a type
of transformation, Massalski (1L09) has defined a massive
transformation as one which is essentially diffusionless
but in which, unlike the martensitic transformation, there
is no shape change or surface relief. However, Owen considers
that the word massive is a poor descriptidn cof the
transformation-envisaged since it gives the impression of
the in situ transformation of large volumes of parent phase
ﬁhe?eas ﬁhe aﬁom transfer must occur acress an interface
whichvmoveS'through each crystal separating the massive and
parent phase, Congequently he ;confines the application of

the word massive to descriptions of optical microstructures,

All massive structures are not formed ﬁy the same
transformation mechanism. Two extremes havé been recogniseds
those formed by short range diffusién (SRD) across an
incoherentnor possibly‘semi-cohefént interface with no
resulting shape change and those produced Ey ) marteﬁsitic

process involving shear.

In the SRD transformation the massive grains grow by
the movement of incoherent grain boundaries which are not
‘restricted or impeded by the boundaries of the parent

grains through which they move (see Fig. %3b,c). The surface
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of specimens transformed by SRD have been examined-but no
evidence of surface shears or other irregularities has been

found (118),

The other extreme,the martensitic transformations,
has been shown to octur in some iron alloys notably iron;
nickel alloys cohtaining between lOfand 29,5% Ni (118)., It
was ;hown that over a.wiQe range of-cooling,rates these
alloys‘tfansformed from vy to o of the same composition.,
Complete transformation was not observed in alloys with the
. highest nickel'éopteﬁt but in those with_lpwer nickel contents
the vy to massive o w;s complete, Iﬁri;fan:important feature
of‘thiS'transfgpmationvthat thezchange;égn go to 'completion
leaving no "retained austeﬁite" if thé'céoling is continued
: through‘the\ﬁecégs#ry temperature rahgé.‘;0wen and Gilbert (ill)
and Yeo (llh;ll5)'have noted from the'sur%ace relief |
structure that the masses of o are ma¢e ﬁp 6f packets
contéining a iérge number of parallel or“in some places
interlacing ghear plates, Consequentl& the transformation
is martensitic‘and the produc% ié designated &massive at’,
The shear plates do not cross the austenite phase grain
boundaries Fig, (53d) and the volumes 6f o are smaller than
the volume of a + grain but otherwiéelthe masses of a are

not related to the parent grain.

Although there wag little doubt that the masses of




Fig 53
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o gre made up of shear plates, the- 1nd1v1dual plates could not
be revealed by the conventional etchlng techniques°

Owen (113) points out that the . mlcrestructural appearance of
this type of marten51te 15 strlklngly dlfferent from the more-
familiar ac1cular forms of marten51te which consist of single
or connected- lentlcular martensite plates.embedded in a matrix
of‘retglned'parent phase, To distinguish between the itwo
general forms of hértensite'Owen (113) has introduced the

terms massive martensite and acicular martensite,

The short‘straight lengths of boundary observed in
optical microstruqtures, suggesting the possibility of the
existence of a martensific tfansformation"by"the movement
of a planar semi-coherent interface, was first studied by
’_Hull‘and“Garwoqdj(ll2). They found that the planar facets
enclosing m§ssive o grains grown iﬁ>the5 phase of a
Cu - 39% ZnJalioy to be parallel to:matékx planes of simple
indices-such;aS‘(lOO)B(lOO)Blop (1.12)B and sometimes also
coincident with the martensitic habit planes (lSS)B to (166)B

From these obséf#ations it was suggested that a "dislocation

mode of growth" might operate dhring the growth of massive o,

Owen and Wilsen (113) have suggested that it seems
most likely that the planar boundajmes develop because during
the growth of the massive constituent, segments of the low

energy, relatively immobile interface develop and become
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progressively more extensive because they move more slowly

than the adjacent high angle boundary.

In some alloy systems the massive microbconstituent can
be produced by either an SRD or martensitic transformation
depending upon the composition of the parent phase, the
annealing temperature;(apd hence the grain.size of the
high temperature phase) and the cooling raté. Since the SRD
tfénsformation is isothermal on continuous cooling a specimen
may fransform partiaily by this mechanisﬁ and then at éome

low temperature comﬁiete the transformation martensitically,

II EMPIRICAL KINETICS

From experimental studies of the kinetics of a
transforhation at & number of different constant temperatures,
a complete isothermal transformation diagram may be draﬁn;
This time - temperature ~ transformation (T=T-T) diagram.
gives the relation between the temperature, T, (plotted
linearly) and the time, t, (plotted.logarithmically) for a
fixed fraction transformed y, Normally only three curves

t

0,5 and t

of T against log‘ty are plotted, tooos, 0.95°

The valﬁes to 5 and to o5 are plotted in preference %o to

and t; since the beginning and end of a transformation

cannot be measured accurately.,

When both nucleation and growth rates are temperature
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dependent; the isothermal transformation rate will not be a
éimple function of the.temperatufe° In many reactions the
nucleation rate, which is determined by a Boltzmann type
equation, decreases more than linearly with temperature (116).
This gives a rapidly increasing.nucleatibn rate as the under-
cooling increases, The growth rafe, in contrast, is
controlled by an activation energy which is nearly independent
of temperature, and hence the rate decreases as‘the temperature'
decreases. These opposing factors fesult in the characﬁgristic
C~gshape curves of the T T diagram; fhe transformatibn ?ate
first increasing and then decreasing as the temperature falls.
Aﬁ sufficienply low temperatures, the nucleation rate may be

gso large that the nucleation sites saturate early . in the

{

reactjon. - .-The overall reaction rate is then controlled only

by the growth rate.

Isothermal reaction curves are usually interpreted in
terms of an equation due to Ayrami (117), which has been

\

shown to be a good approximation in all modes of transformation

(116).,
y = 1l - exp = (ktn) = 2(i)

where, 3<n<h
y = volume fraction transformed

t

time

e
il

reaction constant.
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-For most transformations, the value of n is independent
of.temperaure over appreciable temperéture.rénges and may be
found by plotting log log (T%;) versus log t, the s;ope giving
n, Since n dependS‘only’dn the growth geometry it should only

change when this geometry changes.

The rate of transformation is found by differentiating
equation (2(i)),

&y - —y) tP-t
I nk (l-y) t

where (l-y) is the impingement factor and nk gL gives the

rate law in the absence of impingement.

In the early stages of the transformation the reaction
rate is often assumed to be controlled by two different
activation energies, one for the formation of critical nuclei

AG, and the other for their subsegﬁént growth E As

A°
already pointed out, at suffidiently low temperatures
AGC << EA and consequently the reaction rate is controlled

by the growth rate aléne,

To calculate‘a meaningful value of EAkif is necessary
to make its determination independent of the empiricai
function f(y). Since y and t are functionaliy related it is
possible to choose t instead of & as the dependent variable.

Thé general raste equation.
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oy
= =k £(y)
may be re#rittgn
at = k" TN (y)ay

The time ty,‘required for a specified fraction
Yy = Y to transform is,

y=Y

= k1
tY = k

Al

£l (y)ay
0 :

R

The time tY to transform tq the chosen vglue of y is
measufed at a series of temperatures with all other variables
maintained constanf. If the function f(y) does ndt vary in |

the temperature range studied, the integral has a éonstant

numerical value,

Hence, ty o k"1

"But the temperature dependence of the reaction rate obeys an
Arrhenius type equation,

-B

‘ = ‘ -—é-
k = A, exp (KT

where AA may be identified with the frequency
factor for the basic atomic events, K is the Boltzmann constant,
and T is the absolute temperature.

B

Thus , ty o Azl exp (K%)
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)

i+

E
- ST
and . lntY = const. - 1ln A, + 7 (

y versus 1/T is linear if EA and AA'
4 - A
are independent of temperature, the slope being 53R

A graph of log t
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" Chapter III

* 'APPLTCATION OF X-RAY DIFFRACTION TECHNIQUES

PO THE STUDY OF METAL CRYSTALS

_Diffraction of X=rays by the Crystal Lattice

The phenamengn Qf_@iffraction arises from thg
'igteraction‘af wévésiin a pefio@ic structure., A crystal is
‘bﬁilt on a ﬁhree dimensional pattern formed by-an ordered
repetition of a sPecific arrangement. of a'ﬁoms° The diffraction
inxéfajs m@y be observedland then inte:preted in terms of -

the crystal structure.

Tﬂe essential condition which must be met if diffraction
is to.occur was formulated by Bragg and is knownAas the Bragg
Lawa Since the rigorous derivation may be found in'several
publications (108,119) only the Brégg’equation is given and
its particular appliqation to the derivation of lattice

parameters.

A = thklnSln ;) ‘- 3(1)

wvhere A is the wavelength of radiation used, d is
the interplanar distance of the planes of atoms of indices
hkl, and 6hkl is the direction in which the diffracted maximum

will occur.

The interplanar distance d for a particular structure
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can bBe related to the parameters of the structure. The

relation i1s dependent on the form of the crystal structure.
For a cubic system it is:

a =

. .a
Y(h2+kZ+1%2)
Combining this with the Bragg equation,
sin?6 = A(h2+k2+412) : - 3(ii)
Cy2
where A = TaZ ° Likewise, similar expressions are derived

for the other symmetry groups.

For the tetragonal system,

2 = 2 2 2 -
sin®8, ., = A(h%+k%) + C 1 _ 3(iidi)
A2 : A2
vhere A= pET . 6= ez

' The Powder Method -for the Determination‘of Lattice Parameters

In this method a powder of small crystals of the
specimen, produced by either filing or grinding, is packed
into a thin walled beryllium glass capilliary tube and set at
the axis of a cylindrical camera, The specimen is then rotated

- in & collimated beam of monochromatic X=rays.

The random orientations of the individual crystals in
the powdered specimen are equivalent to the rotation of &

single crystal about all possible axes during X-ray exposure.
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For each set of pianes a cone of diffracted‘xarays is produced
(see figo (54) and a series of lines corresponding to the
d&ffraction from different.seis of crystal planes is produced
‘on the_film»éurrounding the:épecimeno”‘ Each diffraction'v
line ‘13 made up of a lérge number of sﬁotss.each from &
separate crystal particle, the spbts being so closé they

appear as a continuous line,

A Phillips camera, 11.46 cm, diameter, was used for the
work described in this thesis. The meﬁhod of film loading
and measurement is shown in Fig. (54)., The point X (26= 180°),
wvhere the -incident beam entered, ié half way Between the
measured positions of lines 4, U, and 3,3; similarly, the
point Y (20 = 0°)‘where the transmitted beam left, is half way
betweeg lines 1,1, and 2,2, IThe difference between thé

positions of X and Y gives L, and 6 is found by proportion:

b

For the high angle lines,

2¢ _ 8§
T . L

where ¢ = (180° -~ 2p) is the back reflection angle.
Hence asymmetrical, lecading provides for the film shrinkage

correction without calibration,
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Debye-Scherrer powder method: a) diffraction of X-ray
beam; b)relation of film to specimen and incident

beam; c) appearance of film when laid out flat,
Fig. 54
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Thus from the measured position of a diffraction line :
op,the film, 0 the Bragg anglelpan be determined, and knowing
\A; the spacing d of the reflecﬁing_lattice planes; which
produced the line, can be calculgteQO- From equation 3(ii)
it is seen that the lattice parameters for a cubic cr&stal
systen ma.y be calgulated'for every line on thé film provided
that*the Miller iﬁdices are known. The valués calculated
for"each'reflection are not found to be the same and this
is attriﬁuted'tq'two types of error, random and systematic.
;The*random‘errdrs:decrease as 0 increéseS'and tend to a minimum
as .0 N 90°, The systematic errors show a definite dependence
oﬁ 6 and-also tend to a miniﬁum as 6 - 90‘5° The sources of
error in'the'Debye;Sdherrer ﬁhotographs are film shrinkage,
ihcorregt camera radius, specimen ecceﬁtriciﬁy absorption
and beamn divergéhcéaﬁ Good technique.can largely overcome
or correct for £he'first two errors, but the main sources of
systematic error can only be accounted for in practice by

an extraﬁolation technique.,

iﬁe éimplest mefhod is to plot véluesAof lattice
paraméte;”gggigst.cosze gnd.extrapolate th;‘ét:aight line
graph obtainead baék to 68 = 90° to obtain the correct value
of the lattice éonstanto A_more~rigorous analysis carried
out independéntly.by Taylor and %ipclair (120) and Nelson

and Riley (121) has shown that a plot of parameter versus
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sin¢b .6

‘holds quite accuratley down to very low values of 6
_and not just at high angles. Consequently it prqvides a

satisfactory correction for the main sources of error,

Whilst the above procedure is straightforward in the
case of cubic lattices the lattice constants of two and three
parameter  structures can only be calculated for every line by

use of assumed axial ratios.,

In the case of tetragonal structures; equation 3(iii)
may be solved for ?;' if a sufficientynumber of reflections
(pko) are available by‘using'the TayloraSincléir extrapolation
function, The parameter 'c' may also be calculated in a
similar manner frqm (001) reflections. Usually there are
insufficient reflections of this t&pe to carry out the
célculation in which case a method of successive approximatigns-
is used .in equation S(iii)a A value is assumedaforvthe
a#ial ratio, 'a’ and "c' are calculatednfor all the high
aﬁgle lines and gxtrapolation graphs preparea; The values of
lattice parameterebtaineain this manner are then used to
efaluate a ﬂew a#ial ratio and the operation is repeated using
this new4axial ratio, The process is continued until‘the
values of ‘a! and ‘'c' give the same axial ratio as that assumed

in order to calculate 'a' and 'e?
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Although this method is widely used it is subject to
consideréble error and final values of 'a' and ‘e! obtain?d
are strongly dependent on the initial value which is assumed
for the axial ratio., This can be a major problem in estab-
lishing the effect of éAsmall addition of a third element on

the axial ratio of a binary alloy.

A useful analytical exteﬁsion of the graphical methods
has been pr0pos§d by Cohen (122), In this method the
gsolution of the normal least squares equation yields explicit
expressions for the lattice constants. The form of the normal
equations in this method also enables thé standard deviationsg
and hence the standard errors of the lattice constant to be
calculated (123). Furthermore Cohen (122)‘noted that, using-
his‘method of calculation, the Debye camera becomes an
absolute instrument, even with fespect to film shrinkage, if
theuangles that are measured on the photographs are the

anlges ¢(180=20°) between the incident and reflected beams.

To treat the systematic errors, Cohen proposed'modifying

the Bragg relationship toy

<

A/ea = sin(0+A8) = cos 1/2 (¢+Ad)

whefe ¢ is the diffraction angle measured experimentally

and A¢ is the small angle, dﬁe to the net effect of all the
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systematic errors which must be addéd-to ¢ to make their
sum ¢+4¢ fulfill the Bragg relation. Then by sqﬁaringb
expanding the right hand term by Taylor's theorem, and
negleéting all powers of the small angle A¢ excepting the

firsty, Cohen obtained,

32
%ET = cos? 3¢ - %.A¢°sin¢J e - m 3(iv)
22
o e T3z * 3 A¢sing = cos? } ¢ = sin?p - 3(v)

as the general modified form of the Bragg relationship applicable

to experimentally measured diffraction angles.

Next Cohen expressed A¢ in the analytical form
appropriate to the camera used. Fof~the»backsreflection
Debye=Scherrer camera A¢ = K1¢, where Ko is the Drift

Constant.

From equation 3(iii) the specific observation equation

becomes
sin28 = A o + BB + D& - 3(vi)

vhere a = (h%+k2), 8 = 12, and D6 is the correction for the
systematic errors; D is the drift constant and & is the
extrapolation function which can either be those already

discussed or the ¢sin¢ function suggested by Cohen.
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If there were no random errors in the measurement of

each line U, would equate to zero in equation 3(viii),

- . 2 = \ - P
Ao, + BBy + D§, = sine, = U, _ 3(viii)

wvhere the subscript i indicates that there is an equation for
eaci‘x.line° The least sguares principle stafes ﬁhat the best
values of A, B and D are obtained when the residual in
sin?g, ZU% , is & minimum. It can be shown that this

i

condition is satisfied by the solution of the normal equations,
2 — '
AZai + BZaiBi + DXuidi = 2m181néﬁ
. 24+ B, = in?
AJa; By + BYg 2+ DJs, B, Zﬁ131n16

Afo,8; + BJB,; s, + DJs§ .2 = L5, sin?0

Thus by combining all the data for lines above 60°,
accurate values of the lattice parameters may be determined
without making any initial assumption as to the axial ratio,
Cohen's method is complétely satisfactory to correct for
all’systematic erroré provided that the angles measured

experimentally are ¢“s not 9's,

Modifications of the Cohen procedure have been suggested
by Hess (124) and Lawn (125), These workers stress the
need for the inclusion of a weighting function in the Cohen

least squares equations,



76

Hess pointed out that Cohen's method violates the
least squares principle of minimising the sum of the weighted
squares of the residuals of the quantities actually measured,
Thug the sum of the squarés of the residuals of the line

diameters nmust be minimised,

The Hess modified form of the normal equation 3(iii)
for tetragonal structures, may be written in terms of the
ring diameters S and the camera diameter D,

"A2(h2+k2 1.2

s . S _
T aoz +CQ“) +K0§=ﬁ'n sin b--cos

- 3(viii)

where % = ¢ and Kg = 1/2 K. This equation may then be

brought to the form
F = Ago + BgB + Kgé = vy - - 3(ix)
by the following substitutions

Ag = 1/ag? s By = 1/cg?

o = 3 A2(h%+x2) ; B = 3 A%n212 ; § = 3/D,sin °/D
- : 5 2 §_
Yy = 1 + cos i) 2cos 5

The equation 3(ix) is non-linear in terms of the ring
diameter and the more common techniques of least squares

computation are not adequéte for the derivation of the
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appropriate normal equations. Deming (126), however, has
generalised the Gauss solution of the non~linear least
squares problem to include the case where parameters are

present,

Basically, Deming‘s‘method consists of linearising the
observation equations by rewriting them as Taylor series ip
terms of parameter residuals, employing approximate values of
the unknown parameters, and then neglecting all powers of
these residuals higher than the first. All derivatives in
the expansion are likewise evaluated with the approximate
parameters, Therefore in choosing the approximations to be
used fér the parameters care must be exercised that the
approximations are reasonably good, or else higher orders of
the parameter residuals maf not be truly negligible. The
effect of this analysis in the case of a back=reflection
ﬁebye camera is to attach an inherent weight of cosecz¢

to each measurement,

In addition to the modification of the Cohen procedure
described by Hess a further source of variation occurs in
lattice constant data.in systems other than cubic, énd this
arises from the choice of planes whose reflections are to be
used in the calculations, 'This was first pointed out by
Jette and Foote (123),and-a weighting proéedure to make

allowance for this source of error has been suggested by
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Lawn (125).
Thus the normal equations may be weighted with

w, = w(o) . wa(hkl)
Hess Lawn

for each line measured, and the normal equations in the

- parameter rsiduals, AA, AB, AK are

SAJo2w, + ABJaBw, + 8Kjadw, = JoFow,
ﬁ;AAZqui + ABJB2w, + AK[BSw, = JBFow,
AJadw, + ABJBSw. + AKJ8Zw, = J&Fow,

The,analyticai methods of calculation can therefore be
fundgmentally more rigorous than graphical methods, but the
graphical methods have the advantage that they can supply an
overall representation qf the accuracy of the results and allﬁw
those measurements of individual reflections which appear
incoﬁsistent'with the majority of the data to be weighted
accordingly when preparing the graphs. However ; similar
procédure can be incorpor§£ed in the ‘anglytical calculations
by rejecting those data for which sin?6 residuals are greater
than an amount which is estimated from the accuracy of the

experimental measurements,

Indexing-of*Ppwder Photogrdphs

The indexing of powder patterns of cubic structure does




T9.

not no:mally present any problems, but.the indexing of two
and three parametep patterns is more difficult., The various
graphical charts can be very helpful in indexing'hexagonal
and tetragonal patterns. However, using graphical methods it
1s not always possible to index all‘the‘high angle lines

uniquely and fit must be refined by numerical calculation of

the lattice parameters,

In cases where both the crystal cléss énd'the approximate
values of the lattice parameters are known, the problem is
relatively‘straightforwérd and amounts to selecting values of
hy k' and 1 for each reflection, which when substituted in
.the appropriate Bragg equation yield values of sin?0

calculated

which agree with values of sinZ9 obtained from

observed?
film measurements., A toelerance of 0.002 between observed
and calculated values of sin?9 is usually adopted to allow

for both systematic and random errors in measurement of

observed sin?9 values,

The Computer Programme

A computer programme has been written by:Hoff.and
Kitchingman (127) to calculate accurate lattice parameters

using the different methods already described.

The data supplied to the computer consist of?the

approximate lattice parameters and the measured line
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diameter of all the diffraction lines on the powder
photograph, together with the camera cdnstants,'the waves=
1eng£h of the radiation and the code numbers, From thes¢
datea, the indexing routine carries out a straightforward
comparison procédure between the observed sin?6 Va;ueé and
those calculated from the approximate lattice censtanté
using integer values of hkl. After the first*indexing of
the pattern the assumed lattice(parameters are automatically
refined'by an appiicatidn of Cohén's least squa¢fes method
to ﬁhe_low angle data., The whole pattern is then remindexed
using these refined:cbnstantse The programme ﬁhen carries
out & Cohen least équafes analysis on the hiéh ;ngle

(6>45°) data to furﬁher refine the lattice coﬁstants and

the whole pattern is fe=indexeg‘a\secdnd time. After each
indexing of the diffraction paitern the indicesa Bragg
éngle, and input measurement of each diffractiah line are
printed out together with the difference beﬂween observed
and calculsted &alues_of sin%6 for each inc\lexedlineu AfterA
éhe pattern has been finally indexed the lattice parameters
are calculated from a least squares analysis of the high
angle data, and the programme then proceedsltp'the calculation
of the‘iattice parameters using the weighting functions of

Hessg and Lawn.

The Cohen least squares routine in this programme
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incorporates the Taylor-Sinclair or’Warren'(lQB)
extrapolation function to correct for systematic error.
This routine-also includes a set of conditions which test
the overall‘agfeement between the measurements on all lines
and which progressively reject inaccurate_or erroneous

- data as the acceptable tolérance between the observed and:
calculated values of sin%6 is reduced.from-090h5 in siﬁze'
“in sﬁeps of 0q0095fto 00,0005, The calculated lattice
‘parameters and‘ﬁheif associated standdard errors &re printed

" out after each application of the least squares ‘routine.

Wﬁen the indices of the diffraction'lihes:aréiknowﬁ these
‘ﬁéyibe"supplied ﬁith the input data and in this case the
l&tﬁicerparameterS‘aré first calculated from the-high
angle (8<L5°) data using the Cohen least squares procedure
descrlbed above, Thls and subsequent sections of the
programme are followed both when the 1nd1ces are calculated
by the computer and when the indices are supplled with the

input dataq

In the next stage of fhe calculation the parémeters‘
obtained by the Cohen meﬁhod are used as ap@roximate
parameters in the c&loulatlon of the parameter residuals
using the weighting function suggested by Hess (l2h) The

Deming (126) method is used for the solution of the non-
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linear least squares problem in the manner already described.,

The lattice parameters derived by this-procedure and their

assoclated standard errors are printed out.

The final use of the least squares method in the
computer programme again involves the use of the Hess
method 'of calculation but with the additional weighting
function suggested by Lawn (8). The lattice parameters

and their associated standard errors are printed out.

The last stage of the programme calculates and prints
out the coordinates of the lattice parameter versus
Taylor—=Sinclair function extrapdlation graphs, so that if
required, a graphical representation of the overall accuracy
of the results is available, and moreover, the parameter
values derived by the application of the three least
squares methods may be compared with those derived using
a.standard graphical procedure., To determiﬁe the
coordinates of these extrapolation graphs the values of
'a' and ‘c' in tﬁe tetragonal system derived from the
final application of the least squares method yield the

assumed. axial ratios.
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Chapter ;Y

EXPERIMENTAL DEVELOPMENT AND PROCEDURE

Introductién

The kinetics‘of a phase.Ehange are sﬁudied experim-
entall& by‘observing the change of some prbﬁerty that is a
function of concentration 6f one of the phases. Thg most
common techniques employed are electrical, mggneﬁic and .
volume measuremenﬁs° The phase transformatign investigated
in this study lends itself to any of these three techniques;
the volume change is 0.6%; the alpha phasevis ferromagnétic
and “the sigma phase is non-magnetic; the electrical resistance

of the two phases differs cthiderably.

in the present study it was decided to use electrical
resisﬁance‘measurements to invéstigate the kinetics of
o-phase formation, and use metallographic, hardness and
X=ray techniques to identify the transformation products

and measure the lattice parameters.

Preparation of Specimens

The following series of alloys were prepared by
melting in an arc furnace under an argon protective

atmosphere Fig. (55).
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Atomic %

Alloy Fe N X
FeCr 50 50

FeV 50 50l

FeVAR - - ;
FeVMn 48,33  148.33 3,33
FeVRe U 48,33 48,33 3.33
FeVSi - - -
FeVTa 48.33 48.33 3.33
FeVW 48,33 48,33 3.33

FeVZr h’8933 h8¢33 3,33

Materials supplied:

Iron lumps 99.95% Koch-Light Laboratories Ltd.

Element  P.B.M.
Cu ‘2
Mg <10
Mn ﬁ@
Vi <10
P- ' b
si ke
S 67

8h,




Vanadium granules Johnson, Matthey & Co. Ltd.

Element P.P.M,
T %00
Fe 200 Oxygen . 0.09%
Mo 50 Nitrogen 0,05%
AR ) Carbon  0,05%
Mn 20 Hydrogen 0301%
Cr 10
Ni 8"
Mg 1
Cu 1
Chromium lumps 99.999% Koch Light Laboratories

Manganese flakes " n n "
Zirconium rod  (iodide Zr) AEI Ltd.

Aluminium ingot - Johnson Matthey & Co., Ltd.
: (spectrographically pure)

Rhenium powder " "

Tagntalum rod n R

Tungsten rod " "

85,

Ltd.

n

In the argon arc melting process a low voltage high

current electric arc is struck from a non-consumable

tungsten electrode onto the metal to Be melted. The
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melt is contained in a water cooled copper hearth and

the furnace is encased in & vacuum tight chanmber.

The furnace is\first evacuated to 5x107 “mm, Hg. and
then filled with argon (99.995%)>to 12 cn. Hg;° A maximum
ofy20 gms., of metal could be melted satisfactorily with
adequaté fluidity for a homogeneous button. To further
purify the argon atmosphere a 20 gms, zirconium "getter"

button was melted before each sample,

Preparation of the iron~vanadium alloys was carried

out by a straight forward process of melting the constituent
metals into a button, and after each mélt inverting and
remelting for a ﬁeriod of three ﬁinutes using a current
cf 300 amps. In all, six such treatments of the buttom

were carried out, the arc being circulated continually to

facilitate mixing,

To produce an ingot which would require the minimum
machining a further process was necessary. The buttons were
‘remelted in a trough 3"X%"X%", again with inversion after

each run of three minutes, until a sound ingot was obtained.

Preparation of the ternary alloys required special
treatment. The ternary additions were graded into two types,
(i) melting points above FeV (50/50 At% -~ 1500°C) and (ii)

melting points below 15009C,




87.

Elements of the first type were melted with small
- pleces.of vanadium to form a master alloy which was
then diluted to the appropriate concentration by

adding small pieces of iron betweenAmeltsq The rest of

the process was as described for the binary alloys.

Additions of the second type were added to small
pleces of the already prepared binary alloy and a sound

ingot produced by the methbd already described for the

binary alloys.

In the case of the FeVRe alloy the rhenium powder
was first compressed to a small billet prior to melting

since the force of the arc tended to disperse the powder.

The FeVAL and FeVSi alloys were difficult to
prepare and despite adding excess aluminium and silicon
to counteract losses during melting the chemical analysis
showed less than 0.1% for each alloy. - Consequently
neither was used in tbe present study. It is probable

that powder techniques could be used successfully in these

cases,

Chemical analysis of the ternary FeVX,alloys was
complex since the vanadium tended to mask the analysis
of the X addition, and normal procedures could not be

~adopted, Although three analytical laboratories were

N
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tried none was prepared»toanalyée the titanium and rhenium
alloys. However, as the analysis of the other alloys
agreed with the prepared compositions it was assumed that

these alloys also had the same values.

The ingots produced in the arc furnace were homogenised

in the annealing furnace for 24 hrs. at 1350°C and 107 ®mm,. Hg.

Annealing Furnace

A furnace capable of annealing specimens at high
temperatures (1500°C) and high vacuums (10 Smm.Hg.) with a

quenching arrangement was designed and built Fig. (56).

An alumina tube 4.6 cms, diameter and 110 cms. long was
fitted with specifically designed bfass couplings at each end
Fig. (57). At the top end of the tube a ground glass
flange was fitted° A brass plate with a groove for a
nitrile '0' ring made the vacuum seal with the glass flange.
Two WesleyvCoeAlgad-thnqughs set in the plate enabled a
fuse wire to be put in circuit with a switch and 12~-volt

lead=acid batterjro A fan was placed just above the furnace

to keep the brass coupling cool.

At the lower end of the aluming tube a flanged copper

tube was fitted with access to a Penning gauge and a

Genevac rotary and oil diffusion pump. The copper flange had




Fan -

Penning gauge

T

Pump =
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 ANNEALING FURNACE |
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a recess for an '0' ring, against which a flat brass plate
fitted to make the vacuum seal. - The furnace was controlled”

to + 5°C by an Ether controllér°

The specimen was suspended oh the fuse wire and the
whole system evacuated to 5x107° mm, Hg.. After raising
the furnace femperature and annealing fqr the requisite
time at the high temperature, argon (99.995%) was bled into
‘the system through a preset‘leak valve and hand valve, when
thé system was fill;d with argon to atmospheric prgssﬁre‘
the bottoﬁ plate fell awéy; fhe susPenéion wire was fused
gnd tﬂe spgcimen dropped into the quepching mediumn. The
time intefval ffom_the introduction of ﬁhe:argdﬁ to the

specimen reaching the quenching medium was approximately L0 sees,

Specimen Fabrication

After the ingots had been homogenised at 1350°C for
24 hrs. and quenched into a mixture of ice and water, they
were machined to & &mq diemeter and 4 cmi . length. The
turnings wg}e used for chemical analysis and lattice

parameter measurements,

Normally specimens in the form of a wire are used for
resistance:methods, but in the case of ironuvanadiuﬁ alloys
cold swaging was unsuccessful probably because of the

embrittlement by nitrogen. Precipitation of brittle o-~-phase
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prevented ﬁot-swaginge " Spark machining appears to be the
only technique. to obtain wire but no facilities were available.
On the other hand no difficulties were encountered when

cold swaging the iron-chromium alloys.

Thg Potential Fall Method

| | >In ﬁhis method'a consﬁant current is passe@ through the
specimen mounted-in.seriegxwithastandard”resisténce_“ The
potential drop across the specimen is recorded.continubusly
and the stability of the current is checked by reference to

the potential across the standard resistance.

The specimen assembly is shown as Fig. (59). The
platipum.wifes used for the current (DC, 0.75 mms. diameter)
and potential leads (P, 0.5 mms, diametgr) vere spoﬁ welded
to each end of the specimen. The temperature wsas meaéured by
a Pt./Pt. 13% Rh. thermocouple (Tc) spot welded to the
specimen., These six leads were sheathed in alumina tubes
and taken out of the furnace through a brass plate via
WeslgynCoe lead—throughso. The plate had a recgés for a
nit;ile "O0' ring, and fitted against a ground giaés flange
to make a ?acuum tight seal. The flange was connected to
- #ﬁe alumina tube, 65 mm., diameter and 160 cms., long,lby an
aluminium coupling of the type shown in f‘ig° (57). At +the
other end of ﬁhe aluminé,tube a similar‘aluminium‘coup}ing

joined the system to a rotary and oil diffusion’




686G big

ATdINISSY NIAWIDIAJS

uobuy

21

!




91.

-4
pump which enabled the system to be evacuated to 10 mm. Hg.

measured by a Penning gauge.

The lower part of the isqthermal curves was established
by placing the specimen assembly into the furnacé which was
preset at the required reaction temperature. Earl&
experiments showed that a down-quench method was necessary
to establish the upper part of the curve and a method of

annealing and quenching to the reaction temperature *in situ'

was devised,

The technigue usually adopted for investigating fast

regetions is to have the specimen in wire form heated |

directly by an AC current so that the specimen will reach
the ambient furnace temperaturé within a fewlseconds of
quenching (93). In this case it was not possible to
manufacture a wire specimen for reasons already discussed.
Consequently a small heating coil was made of Py, 13% Rh,
wire (0.35 mm, diameter) wound on & small alumina tube
(0.25" diameter). This device enabled specimens to be
annealed up to 1350°C within the furnace. The quenching was
achieved by switching off the heating coil and then passing
argon (99.995%) through a preset leak valve and tap,whilst
still pumping. The argon passed through the copper and
mullite tubes directly onto the specimen and heating coil.

The details of this assembly are shown in Pig. (59). This
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system was sufficient to retain the alpha phase and to achieve -

the ambient furnace temperature within four minutes.

The potential-drop across the specimen was recorded
contiﬂuously'as*a function of time, on a Kipp and Zonen
potentibmetric recorder, The instrument was capable of
operating with full scale deflections of 0.05, 0.1, 0.25, 1.0
and 2.5 mvs in any preselected range. This was achieved by
opposing the potential fall across the specimen by a known
potential.generétgd within a standardised potentiometer cirecuit,
Under such conditions any range of potential could be selected,
the excess being_recorded as an out of balance potential, Thé
ink trace thus gave the potential in the first case from-the
moment the specimen was placed in the furnace, and in the second )

case from the moment of. gquench to the final equilibrium state.

The salient problem in resistance technigues is the
elimination of stray emfs, in particular from the sPecimén~
lead Jjunctions., Consequently in-the lower temperature rangé
specimens were set at right-angles to the main aluminé tube
to ensure that there was no temperature gradient across the
specimen. TFurthermore before each series of runs a dummy
run was recorded to check for such effects. Experimental
coﬁditions were simulated exactly, though no current was
allowed to flow in the potential circuit, Any potential

generated would then have been due to the thermoelectric
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power of the Jjunctions alone,

The eurrents used, ranging from 1.5 = 2.0 amps., were
initially generated by four l2-volt lead-acid batteries in
parallel, but at later stages of experimentation were
superseded ﬁy a transistorised circuit described in the next

section.

The standard resistance was maintained at a uniform
temperature in an oil bath., No change in temperature could
be detected by the'paésage of two amps.. Thus within
experimental error the resistance remained constant. However
absolute values of resistance were not required, so checks
on the current were to ensure that potential changes across
the specimen were aue to the phasé change alone. Consequently
it was unnecessary to determine the resistance of the standard

resistance or the dimensions of the specimen.

Constant  Current Source

The constent current generated by the four l2v, lead-acid
batteries (48 amps./hr.) wés stable for approximately six
hours after each charging. This time was increased to
twelve hours by putting a 1l2v lead~acid battery in series
with twe 6v. Nife cells (75 amp./hr.) in parallel. A further
improvement was obtained by incorporating a circuit due to

Booth (129) Fig. (60a). More recently Booth (129) has
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designed a constant current source to operate from the mains.

supply with an output of 2 amps. at 0,30 volts (Fig. 60b).

In each of Booth's circuits the standard technique of
comparing the voltage across a small series resistqr with
ﬁhat abrOSS'a'silicon voltage-réference diocde is employed;
the potential difference beiﬁg used to effect control? In
the battery operated version, both comparison and control are
performéd by the compounded transistors. The transistor power
dissipation is restricted by a series-connected rheostat.
The mains operated device requires increased stabilisation and
this is obtained from the voltage~reference diode which is
powered‘from a subsidiary current regulating network. Thé
use of the compound-complementary connection for the comparison
and control transistors enables much of the power in these
componenté-to be transferred to a shunt resistdr,-without

serious impairment of the overall stabilisation,

By changing the resistance R to the appropriate‘value,
currents between 0 and 2 amps. may be obtained. At 2 anps.
the potential across the standard resistance showed a

variation of less than 1%.

A significant feature of the mains operated circuit is that
transformations of any length of time may be investigatéd

continuously.,
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“Eurnacq Circuits

The circuits of the furnace and control systems are shown
in Figs. (61,62)., The effects of stray emfs have already
been discussed. - To reduce these emfs a furnace was built
with three separate %indings (0.35" diameter Pto‘l3%th,) each
independenﬁly supplied from three variable transformers A, B

and C Fig. (61) to give a uniform temperature zone of 6",

The central winding was incorporated in a staﬂdard

- temperature control system due to Cairns (130), capable of
controlling to + 0.1°C., A transitrol Ether controller normal;y
40 mV f.s.d, was sensitised by removal of resistances in the
input circuit to give f.s.d. of 4 mV, By opposiﬂg the
thermocouple emf,inserted near the furnace windings, with
that from a standardised potentiometer circuit any excess
deliberately alloﬁed for would actuate the controller,
Selected tappinés off the potentiometer threfore result

in control over any range of temperature desired. Further
stability was achievéd by the use of a two-position mercury

switech which actﬁated_a high or low current to flow through

the furnace,

For temperatures up to 950°C a TyTo thermocouple #as
used, controlling the furnace temperature to + 0,25°C, and at

temperatures above 950°C at Pt./Pt. 13% Rh. thermocouple




230v, ac.

VOLTAGE -
STABILISER

GANGED VARIAC(D)

VARIAC (A)

230v2:0:'5v output

VARIAC (B)

VARIIC (C)

FURNACE WINDINGS

)
,D ETHER
2/co|NTRORLE

HIGH

R

U

AN

Fig. &1




FURNACE CONTROL CIRCUITS.
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controlled the furnace to + 1°C. The current/temperature

characteristics of the outer furnace windings were calibrated

to enable the furnace to be used successfully.

" For continuous heating and cooling experiments use
was made of the ganged variac D Fig. (58) which effects a

simultaneous increase or decrease in variacs A, B, and C.

The mains input to the ganged variac was stabilised
to + 0.5 volts by a Claude Lyons: Voltage Stabiliser Type

BM 17000,

Experimenta; Procedure‘

(a) The variation of electrical resistivity with
temperature was determined under conditions of continuous
cooling at rates of 2,5 and 5.0°C per minute in the

temperature range 1210°C - 1070°C.

(b) The temperature coefficieﬁt of resistance of botﬁ
the o and o-phase-wés investigated in the temperature range
;QO°C - -1l270°C, A specimen was quénched from 1350°C to
retain the a-phase and then placed in the furnace Fig. (59).
The furnace wés then set at the requisite temperature and
the speéimen annealed., Times of apnealing varied, longer
times being used at the lower temperatures (2 hrs. 300°¢,

1 hr. 800°c, 1/L4 nrs. 1200°C). At each temperature the.
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specimen potential was measured three times., Firstly with
no current flowing to ascertain the thermal emf generated and
secondly with the current flowing and thirdly with the

direction of the current reversed.

(e) The kinetics of the a+0 phase change were
investigated,in the binary and six ternary alloys, using
electrical resistivity changes to indicate the progrgss of

the transformation.

For each isothermal transformation investigated the

following procedure was adopted,

The specimen was annealed at 1350°C for 12 hrs. and
quenched into iced water; Thé leads were spot welded at
each end of the specimen, . The furnace was set at the

/
tempefature required and evacuated to 1073 mm. Hg.3 the
opén end being seaied with a blank plate. Argog (99a995) Was'
then bled into ﬁhé system ﬁb atmésPheric pressuré and the
';piate'removedo With the dé'cufrént flowing and the
recorder set the specimen éssembly was put into the furnace
which was then evacuated. At the end of the reaction argon

was again introduced into the syétem and the SPécimen

withdrawn and quenched into water,

In the high temperature range, the specimen assembly was
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put into the furnace at room temperature and the furnace
evacuated to 10~ " mm. Hg.. The temperature of the furnace

was then raised to the transformation temperature. The
heating coil was switched bn and controlled at 1300°C by

the thermocouple spﬁt welded to the specimen. After annealing
for 30 mins., in the oa-phase the heating coil was switched

off and argon forced into the system whilst it ﬁgs still

being evacuated. The reaction was then followed on the

Kipp and Zonen recorder.

Metallography

Iron~vanadium alloys in the auphése may be polished
mechanically using convention#l techniques. ' Specimens can
be ground on wet silicon carbide papers and polished finally
with diamond paste. Alloys in the o=-phase tend to be
friable., They need careful grinding and a much longer

polishing time to prepare surfaces suitable for etching.

The most effective etching reagent used wasAnitric
aclid diluted with an equailvolume of water. All micro-~
structures shown in this thesis were etched in this solution,
For single phase sigma alloys it was found that no grain
structure could be revealed. An attempt to show the
structural details of sigma phase was made using electrolytic

techniques., A Disa-~electropol machine was used and two

electrolytes tried.




Electrolyte

Pre-grinding
Flow rate
Polishing
Current

Etching

99 .

A2 Oxalic acid
no. 400 no. 600

L ' L
20 secs, 30 secs,
1.8 amps. (LOV) 0.2 amps.
3 secs., (0,054) -

where the code number of emery papers corresponds to the

Lunn wet~grinding method.

Although both of these electrolytes revealed the

structural details of the a~phase no details of the

oc-phase could be distinguished other than cracks.

Specimens used for the investigation were the end pieces

from the ingot prepared in the arc furnace, and were

approximately 5%5xL4k mm., The high temperature treatment

(1200°C - 1350°C) was carried out in the annealing furnace

described earlier, TFor the low temperature annealing

specimens were placed in a silica tube coupled to a small

rotary and oil diffusion pump. A furnace, controlled to

+ 1/2°C, was mounted on rails which enabled the silica tube

to be evacuated and the furnace brought up for the requisite

annealing time and then withdrawn.

Using the reaction times derived from the TIT curves
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of the binary and six ternary alloys the products of

partially transformed specimens were investigated as well

as the single phase structure of the alpha and sigma phases.

X-=ray Powder Photography

In each case whén a powder photograph‘was to be taken
the following procedure was adopted. The turnings from each
ingot were transformed to the o-phase by an annealing'at
900°C and cooling under vacuum., The turnings were then
groﬁnd in a mortar and pestel and sieved through a 300 B.S.
mesh. The powder whiéh passed through the mésh‘Was then
ready for powder photography of the o-phase or for annealing

and quenching in the bce phase,

The powder was packed into smgll tubes of beryllium
glass, diameter 0,3 mm., to a depth of 1 cm. and sealed off
with a very small gas flame at about 1.5 cmo: .. The specimen
was accurately positioned in an 11.46 émo camera, its axis
being set as close as possible to that of the camera by
obser%étion on rotation. The cameraswere‘fiﬁted with

fluoréscent screens to assist alignment in the X-ray beam,

A Phillips fully rectified PW 1010. X-ray set was used
with a chromium target operated at 30 kv and 8 mA. Three

types of film were tried in the early stages of the

investigation, G, B and CX. The G and B types tended to
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show too much background at the high angle end of the films,
CX¥ film was found to be the most suitable requiring a 24 hrs.

exposure.

After exposure the films were processed and the
line diameters on the pbwder photographs measured using a
vernier.travelling micrﬁ-scope° In the course of the work
films'were measﬁred twice and in some cases a sécond film
was also taken and measured. The o-phase data was then
computed using the programme (127) already descrigedo The

d=phase bcc structure parameters were calculated by hand.
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CHAPTER V
RESULTS
Resistivity Results
1. The isothermal transformation of alpha to sigma was

studied in the range 730 = 800°C and 1090 - 1120°C in an
equiafomic iron-vanadium alloy and six ternary alloys. . On
the assumption tﬁat the electrical resistivity is a linear
function of the decomposed fraction, the fractional
transfcrmation of alpha to sigma was célculated from the.j

recorded specimen potential drop, as follows,

VerVy

f(y) = % trensformation =
s'vf

where'Vt, Vs and_Vf are the potential drops across the specimen .
at time t, at the start and end of the reaction, respectively.
The resulting reaction curves of fraction transformed against

log time are shown in Appendix III.

2e The resulté of .the resistiv@ty experiments were
expressed in the formﬁﬁf TTT diagrams, 5% transformation
constituting the start of the reactidn and 95% the end, as
shoﬁn in Figs, (63,65,67,69,71,73,75) for the respective

- systems.

3. - The reciprocal rate curves have been plotted,

Figs. (6&66,689?0,72,7&,76) and the activation energy for
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the reaction derived from the gradients in the manner described

in Chapter II.

b, An equistomic iron-vanadium alloy has been investigated
under conditions of continuous cooling. Fig. (77) shows the
variation of potential drop across the specimen as a

function of temperature.

5. Values of the resistivity of the alpha and sigma
phases determined under equilibrigm conditions in the range

100 - 1230°C are shown in Fig. (81).

6. The values of the o~phase lattice parameters obtained
I3 N

by the three methods of calculation described in Chapter IIT

are listed with the standard errors in Table (IX). The

velues of the bee lattice parameters are shown in Table (x1).

lErrqrs

| -Isothermal transformations: The geter@inéti§n of
accurate incubation periods for reactio# at any témperature
will depénd firstly on‘thg degree of temﬁerature stability
prior to transformation and secondly on the seﬁsitivity of
the megsuring instrument. Variation of +1.0°C priqf to
tfépsformation causes a #ariation of 10.0508 mv, a value
derived from Fig, (81). Therefore tﬁe error in the
incubation‘pe:ipd duéAto a temperature fluctuation is equal

to 30,08% per °C per millivolt of specimen potential, Since
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order of +2 = ilO%o It will be greatest at high temperatures
(Low Pb change) aﬂd decrease with falling temperatures, General
limits of total experimental error in the observed reaction
times can therefore be set between the limits +h - 4127 for.
the transformation ranges 700 = 800°C and 1090 - 1110°C,

L
It is expected that the derived activation energies

’ . Yy
should lie within the above limits, though the graphical
representation will probably result in an additional error,
and the derived values can be considered’representative of

the data within the range +10 - +15%.

Lattice parameters: The standard errors printed at the side

of eachjparameter value in Table (IX) reﬁreéents the minimum
experimental error assoqiated with the results; The magnitude
of random and systematic erroré is shown byzthe piot.of lattice
paramgter against the TgyloruSinclair function Fig. (79)., From
the small gradient of the graph it 1s seen that the systemaﬁic
éfror is small and the scatter of points indicates that the

random errors of measurement are also small,

Only two high angle lines could be measured on the
"bee films and 0.005 is the estimatéd minimum experimental

error of the lattice parameters shown in Fig. (XI).
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TABLE I

Temp .

731
U7
765
770

780
798

109k
1098
1099

1113

Fog L0’

0.996
0,980
0.963
0,959
0,950
0,934

05732
0.729
0.729

0.722

Fe-V
5%

t log ©
(secs) (secs)
1320 3.121

785 2,895
360 2.556
300 2,477
125 2,097
1k 1°£61

25 1o3§8

120 2,079
185 2,267

50%

T
(secs)

3475

1500

735

560
315

113

220
535
770

log t
(secs)

3.541
3.176
2.866
2, Th8
2,498

2,053

2,342
2,728
2.886.

., PERCENTAGE TRANSFORMED

95%
t

(secs)
4910
2675
1325

960

515

178

310
430
‘9h0

1280

log t
(secs)

3.691
3.h27
3.122
2.982
2.712

2,250

2,kh01
2,633
2,973

3,107
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TABLE II Fe-V-Ta
PERCENTAGE TRANSFORMED-

5% 50% 95%

Eemp. 1 x103 t log ¢t t log t t log t
C T°K (secs) (secs) (secs) (secs) (secs) (secs)
764 0,964 5380 . 3.731 9020 3,955 13340 4,125
17T 0,952 26?5 3;2h7 4560 3.659 6745 3.8291
786 0.9%% 1710  3.233 3400  3.532 4855 3,686
792 0.939 1670 3.220 3080 3,489 4690 3.671
798  0.93k% 1235 3,092 2190 3.3k40 3665  3.564
80k 0.929 918 2,963 1790  '3.253 2680  3.428
807 0.926 TT5 2,889 ~ 1hg90. - 3.173 2170  3.337
809 0.924 730 2.863° 1hkhks 3.160 | 2255 3.353
81bh 0,920 528 2.723 995 2,998 1kko 3,158

- 823 0.912 360 2,556 720 2.857 1235 3.092
843 0.896: 3k 1,532 78 i.892 163 2,212
1084 0.737 - - - - 65 1.813
1102 0.727 - - 120 2,079 225 2,352
111k 0,721 70 1,8h5' 160 2.20h W75  2.677
1120 0,718 75 1.880 420 2,623 825 2,920

112k 0.716 320 2,505 670 2.826 1450  3.161
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TABLE TII

Temp.

ThT
758
.765
TTh
780
785
791
796
800
810

823

x103

TOK
0.980
0;970
0,963
0.955
0.950
0.9h5
0.9k0
0.935
0.932
0.923

0.912

E§~V~W

-~ . PERCENTAGE TRANSFORMED

5%

Secs.
1950
890
755
380
390
278
165
185
58
35

log %
(secs)

3.290

2.9k9

2.878
'2.580

2.591

2.hh3 .

2.218
2,267
1.763
1.54L

t

S5ecCs.,

3548
1920
1495
600
T60
698

375

385
218

115 -

50%
log t
(secs)
3.550
3,283
3.175
2,778
2,881
2,84k
2.5Th
2.586
2.338
2,061

1.7koO

t

secs,

6075

3350
2835
“1560

1320

993
750

635

465
225

115

95%
log t-
(secs)
3,784
3,505
3.453
3.193
3,151 '
2.997 -
2.875
2.803
2,658
2?352

2,061
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TABLE IV Fe-V~-Mn
PERCENTAGE TRANSFORMED
5% 50% 95%
Temp, 1 x103 t log ¢t t log t t log ©

°¢ TOK" (secs) (secs) (secs) (secs) (secs) (secs)

752 0.975 1090 3.037 2075 3.317 3810 3,581

T6L 0,964 725 2,860  1k430 3.155 3070  3.k87
TTh 0.955 375 2,5Th T45 2.872 1273 3,105
T84 0,946 2k5 2,389 595 2,775 1285  3.109
792 0,939 170 2.230 h3o' 2,633 1215 3.085
796 0.935 168 2,225 350 2,5k 718  2.856
79T  0.935 165 2,175 370  2.568 730 2.863
801 0.931 170 2,230 350 2,54k 740 2,869
805 0,928 108 2,031 260 2,410 605 2.782
811 0,923 L5 1.653 170 - 2,230 635 2,803
823 0.912 35 1,54k 115 2,061 188 2,273
1072 0.Th3 - - - - 20 1,301
1081 0.739 5 0,699 55 1.7k 110 2.0b)
1085 0.736 55 1.740 125 2,007 195 2,290
1090 0,73k 105 | 2,021 250 2,398 355 2,550
1093 0,732 175 2,243 olo) 2,602 570 2,756
1100 0.728 330 2,519 T25 2,860 1030 3,013

1107 0.725 L60 2,663 115  3.0hh 1790 3,253
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TABLE V

Temp.

Thé
765
TTh
785
793
798
801
813
823

843

1073
1079
1089
1100

1105

oK

0,981
0,963
0.955
0.9L45
0.938
0,93k
0.931
0,921

0,912

0.Th3
0.7ho
0,734
0,728
0.726

108

LA
: H

secs
2065
1150
475
260
340
343
245
158
65

20
25
30
150

890

5%

o

log ¢
(secs)

3.315
3.061
2.677
eohis
2.532
2.535
2.389
2,199
1.813

1.301
1.390
L. U477
2,176
2.9k49

Fe~V~Re

50%
1
SeCcs.

L630

2530

1350
Th3
710
6L8
20T
365
220

210
260
340
150
1715

log t
(secs)

3,666
3.403
3.130
2,871
2.851
2,811
2,730
2.736
2.3h2

wa

2,322
2.415
2.532
2,875

3.233

- " PERCENTAGE TRANSFORMED

95%
t
Secs.
6950
3900
2328
1515
1130
1010
880
585
368

170

305
375
560
1110

2560

log &
(secs).

3.842

3,591

3.366
3,180
3.053
3.00L
2,942
2.763
2,565‘

2,230

2,484
2,5Th
2,748
3.0h45
3.408
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TABLE VI

TEMP®C

760
765
TTh
780
785
79k
795
798
801
802
806
823

Fe=V=Ti _ .
 PERCENTAGE TRANSFORMED
5% 50% 954
1 t log t t log t t ‘log t
mopx1l03 secs. secs. secs. secs, secs. secs.
0.968 770 2,887. 1778 3.250 6405 3,809
0.963 630 2,799 1300 3.114 3800 3,579
0.955 513 2.710 1163 3.066 2785 3.445
1 0.950 375  2.57h 820 2,914 2370  3.37h
0.945 553 2.Th2 955 2.980 1725 3.237
0.937 213  2.327 460 2,663 1125  3.051
0,936 248  2,39L b3 2,646 950 2,978
0.934 120 2,079 370 2.568 900 2,954
0,931 115 2,061 340 2,532 655 2.816
0.930 80 1,903 315 2.498 © 11k0 3,057
0.927 160 2.204 - 1413 2.616 880 2.9hk
0.912

58  1.763 223  2,3L47 560 2.750
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TABLE VII

Temp .

T30
TLT
57
768
175
780
785
791
796
806
823
© 1065
10Tk
1083
1086
1095

e« v, PERCENTAGE
5% 50%
t log t t
(secs) (secs) (secs)
2280 3.358 k570
1230 3,090 .2515
631 2,800 1738
633 2,801 1005
793 2.899 2133
140 2.146 1072
1068 3.029 1978
170 = 2.230  .398
137 1.370 418
90 1.95h  "333
IRy 1.644 183
128 2,107 287
145 2,161 318
253 2.403 553

TRANSFORMED
954
- log t t
(seecs) (secs).
3.660 8085
3.400 5620
3.240 41893
3,015 1663
3.329 3075
3.030 2468
3.295 3243
2.600 1985
2,621 1035
2,522 670
- 2hs
- 32k

2.263 418
2,458 513
2,502 678
2.Th3 980

log ¢
(secs)K

3,908
3.750
3,690

3.221
3.488

3,392

3.511
2.993
3\-015

. 2,826

2.389

2,621

2 o Tlo

2.831
2,991 .
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TABLE VIII Line indices for o-phase

81.8691

Fe-V | Fe~V-Zr
6 hk1l 0 nkl
28,4110 131 _ | 16,2563 011
29,7767 0oz 1?.8837 111
31.8727 112,140 29.7078 =~ 002
32,9457 330 31.8027, 112,140
33,9437 - 022 32,8276 330
34,9316 122}2h0 33.8600 022
35°68E5 141 34,827k 122,240
36.6900 | 331- - | 35.592h 141
37.8905 222 -3605198f 331
39.7864 050,132,340 | 37,7672 222
63.597h 070,352 | 39.6696 050,132,340
6h.Bsio 4 170,550 2,519k 232
6517359 "ihS | 43,1793 051,341
67,0566 333 63.3920 070,352
,‘68,6698 2710 6L.50h 170,550
69.7729 171,243,551 65.5318 143
Tl.h312 262 66,8092 333
73;1520 452 68.4016 276
T4.6252 271 69, Lk415 171,243,551
82,2863 00k,362 T1.326h 262
T2.9138 452
Th,1987 271
doh,362




TABLE IX

oc-phase Latbtice parameters

A11. o™ standard. e standard  Method of
s parameter errors parameter errors ~‘calculation
FeV 8.94824 0.0011 4,6216, 0,0008 Cohen '
8.94894 0,0011 4,6217, 0.0009 Hess
8.9490¢ 0,0012 h,6218, 0,0011 Hess &
Lawn
FeVMn 8.9520¢ 0,0016 L,6255¢ 0.001h Cohen
8,9528¢" 0,001k h,6260 0,0015 Hess
8.95285 0.,0013 h,62334 0.002k Hess &
Lawn .
FeVRe 8.9600, 0,001 h,6259; 0.0005 Cohen
8.9609, 0.0007 h,62584 0,0003 Hess
8.96105" 0.0008 L,62574 0.0002 Hess & -
‘ ' Lawn
FeVTa 8.9807, 0,002 4,63554 0.0006 ‘Cohen
8.98095 - 0,001 4.6360 0.0003 Hess
8098012 09001 ha63615 Oe0003 HESS &
' Lawn
FeVTi 8,9647y 0.001 h,6278q 0.0005 Cohen
8.96LT4 0,001 L,62814 0,0002 Hess
8.96394 0.0009 L,62825 0.0002 Hess &
' Lawn
FeVW 8.9553, 0.0009 h,62k2, 0.0005 Cohen
8,9550¢ 0.0006 4.6236¢ 0.0003 Hess
8.9550y 0.,0008 4.6235, 0.,0001 Hess &
Lawn
FeVZr 8.9634, 0,0005 h,62554 0.0002 Cohen
8.963Mkg 0,000h4 h,625h¢ 0,0001 Hess
8.96384 0,0005 h,625k, 0.00006 Hess &

Lawn
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TABLE X

omphése Lattice parameters Fe-V-Zr

9 hkil- nau ) ucn

Taylor-Sinclair
parameter 4‘parameter Function
63.3920 352 8.96h9, | 4,62594 v0°h0567'
65,5318 143 8.96464 h,6éséé 0.338L45
66,8092 333 : 8,96376 ‘h°62§35 0.3017g
| 68,4016 270 8.9636y u;62529 0025925
69.4415 171 8,96h33 h.62564 0.233ks
551 8.96L34 4,62564 0.233ksg
Tl.326h 262 '8.96369 u96253g 0;19055
72,9138 452 8,96424 :u,éés63 0.1581y
74,1987 271 8.9632, 4,62507 0.1343,
81,8681 00k “8996hu5 ‘h,62571‘ : 0.03k42;
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TABLE XI Lattice parameters of a-phase

Alloy disordered ordered
Fe-V 2.9145 2.89khk
Fe~V~Mn 2.9150 —-
Fe-V-Re 2.9238 2.9050
Fe-V-Ta 2,9298 -
Fe-V-Ti 2,9220 2.9021
Fe=V=W 2.9179 2,9022

FewV-Zr S 2,9192 -
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Plate 1 Fe-V, quenched from 1350°Co x 1600

Plate 20 Fe-V, quenched from 1350°Co x UO00o



Fe-V, slow quench from 1250°C* x 160

Plate ho Fe-V, slow quench from 1250°C, x UO0O0.



Plate S50 Fe-V, Slow quench from 1250°C«x 1%00,

Plate 60 Fe-V, slow quench from 1250°C, and
partially transformed at 780°Co x UOOo



Plate 7« Fe-V-Mn, quenched from 1350°C, and
partially transformed at 7600Co x 1600

A — -- * —

Plate 80 Fe-V~Mn* quenched from 1350°C, and
partially transformed at 760°Co x UO0Oo



Plate 9. Fe-V-W, quenched from 1350°C, and
partially transformed at 760°C, x 160*

Plate 10, Fe-V-W, quenched from 1350°C> and
partially transformed at 760°C« x UOOo



Plate 1llo Fe-V-W, quenched from 1350°C, and
partially transformed at 760°C<» x UOO*

Plate 12. Fe-V-Ws quenched from 1350°C and
partially transformed at 760°C<, x UOQOQ e



1

Plate 13. Fe-V, quenched from 1350°C and
isothermally transformed at 850°C. x 25.

Plate lka Fe-v, quenched from 1350°C, and
isothermally transformed at 850°C*x 160.



Fe-V-W ,, quenched from 1350°C and
partially transformed at T600C. X
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CHAPTER VI

DISCUSSION OF RESULTS

Isothermal Transformation Studies

The change in electrical resistivity during the a0
transformation, under isothermal conditions was used to
determine the rate of formation of the sigma phase. By
assuming that the electrical resistivity is a linear function

of the decomposed fraction,the following equation may be

applied

f(y) = % decomposition =

where V., VO and Vf are the potentials across the specimen

at time t, after quenching and attaining the reaction |
.temperature,.and at the end of the transformation respectively.
They afe pr0portional'to the specimen resistance, providing

the measuring current remains constant.

Graphs of f(y) against log time for the binary and
ternary alloys are shown in Appendix IiI° They~exhibit a
general éigmoidal form., This in itself is not thought to
be significant of any mode of reaction, fﬁr it can be
shown that ahy curve in which a function say x vafies by
equal increments from 0 at .t = 0, will be sigmoidal in

shape,.when plotted against the logarithm of time,
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The isothermal resistivity results are tabulafe@ and
summarised in the fofm of TTT éurvese As discussed in
Chapter II the TTT curves are expected toyexhiﬁif a Cushapé°
Values‘for the activétioﬁ'eneréies have been calculated‘from

the linear portion of the reciprocal-rate curves,

Fe=V

The results from the isothermal resistivity experiments
are listed in Table (I). The beginning and end of the reaction
is taken as 5 and 95% of the transformation. The fraction
| transformed against log time curves, which are characterised
by a sigmoidal shape, are shown in Appendix III, In the
lower temperature range the incubaﬁion periods decrease
progressively from 1320 secs. at T31°C to 1k secs. at T798°C,"
and in the upper range from 185 secs, atkl;13°c to 25 secs.
at 1098°cC, At temperaturés in the range 800°C to 1090°C the
reaction is too fast to‘ﬁeasure with the presgnt experimental
arrangement. In the TTT diagram (Fig. (63), there is evidence

of a cusp at about T80°C which might be attributed to another

.- oo

reaction mechanism.

.Trgnsfgymatigng at_the lower temperatures showed a.
decrease in,pegistgngehppior“tp the incrggsé in resistance
caused by sigmg'phasgvformétion. Tpis,deprease is attributed
tanthe formation of~&nordéred(CSCstﬁruqtpfe hofed;in the |

X8y diffraction studies. At higher temperatures and faster
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reactioﬁs no such decréase in resistance was noted, as the efféct
is probably masked by the rapidly increasing resistance of thé
specimen heating up. If at these higher temﬁeratures an
ordered phase i1s still a prerequisite for sigﬁa formation
then the superlattice is capable of forming very quickly
possibly by atomic rearrangement rather than by diffusiono
However if the g-phase does not order before the g-phase forms

at these higherAtemperatures then the cusp in the TIT curve
ébuld be associated with a changehof reaction in the nanner
noted by Pomey in the_iron—chromiumksystem, discussed in

Chapter I (p.38).

The possible transformations are

Q R -> -
disordered aordered o

“disordered 0‘pax"tia.lly ordered

0. + g
.Tdilisordered.

It was noted in Chapter II that a specimen cooled
gquickly might show two arrest points if thére were two
reaction mechanisms operating. Thelfastest cqp;ing rate
achieved with the present‘apparatus was 5°C/min; Fig. (77).
This rate of cooling only indicates the éomplete
tfanéformation from a+c by one mechanism between 1130°C and
11.0C C.' However a serieé of experiments are now in.

progress in which a~phase powder specimens are quenched after
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very short anneals at temperatures above the cusp., It
no order lines are detected prior to sigma formation then
this will provide direct evidence in support of the proposed

reactions.

A value of 82 Kcal/mole for the activation energy
of the reaction has been derived from the reciprocal rate
curve Fig, (64), This high value indicates that growth
is thermally activated, & characteristic usually associated

with the nucleation- and -growth type of transformation.

Metallography

Alloys quenched from 1350°C into iced water or
0il show a single‘q;phase structure, Plates (1,2) show
a specimen which has been quenched from 1350°C into iced
water after annealing at T780°C in air for several hours,
Within the X-phase grains there is a fine precipitate which

can only be rescolved at high magnification., When this specimen was
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transformed to owphase some of the preéipitate remained The
orientation between the needle-like precipitate within each
grain isAalways 90° but the directions change af the grain
boundaries., fypical structures are shown in Plates.(IS,lh)°
It is proﬁable that the needles.are a nitride phase., -As
already mentioned no structﬁral detalls of the o-phase are
reveaied by the etching reagents uéedo However, the
orientation of the nitride needles may be taken as a.guide to

the positions of the grain boundaries.

Alloys quenched from 1250°C show a distinct Widmanstitten
precipitate. Plates (3,4,5) show this type of structure in
a speéimen slowly quenched from 1250°C. Most of the
precipitate formé in one direction though some forms at
approximately 90 and 45° to this direction. The orientation

differs from grain to grain, Plate (5).

The concentratipﬁ 9f precipitate varies from grain to
grain over the entire sﬁecimen with no preferential positions,
in some grains there werelshort plates fqrming a»straight
;ine of cross hatched precipitate écross the grain. This
is probably due to precipitétion at low angleAsﬁﬁubqundarieso
Small areas of c.phase can also be seen in Plate (ﬁ). The
region around the sigﬁa is depieteq of precipitate, It is
aiso evident that the o-phase is growing on particles which

are probably of the nitride phase. The hardness of the grains
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containing large amounts of precipitatewas indistinguishable
from that of areas with very little precipitate. A powder
specimgn, contained_in a small mullite tube was quenched

from 1250°C into iced water. The resulting powder diffraction
photograph showed a set of intense lines of indices (110)
(200) (Eli) and also a set of less intense lines of a smaller
bee cell, Order lines at (100) ahd (111) were also present,
Powder specimens quenched from.135000,show only oﬁe set of

lines corresponding to a single bee structure,

Two possible explanations for the precipitate are
proposed., Firstly the separated iines might be due to a
distorted bce structuré, brought about by ordering to produce
a tetragonal or orthorhombic structure during the quench.

By considering how the plaﬁes of indices (110) (200) and (211)
in a 500 ¢ell wouid be affected by the formaﬁioh of either

of these structurés, it can be shown that the lines (200)

and (211) on the powdef photograph would split into two lines
for a tetragonal aﬁd three lines for an orthorhombic structure.
The line  (110) would split into two for each structure. This
suggests that the precipitate woul@ have a tetragonal
structure. However an X-ray diff;action study of.a single

crystal would be necessary to confirm this proposal,.

A second explanation might be that two bce solid

solutions exist in the iron-vanadium system as observed in
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the irpn-chromium system,Fig.,ﬁ30)o' In the specimens
investigated a.phase with a smaller cell has precipitated
which‘suggests that it is iron rich‘and'is depleted of the
larger vanadium atoms. If tﬁis is so the_Widﬁqnstatten pattern

of plate=-like particles could be the ordered phase;

The relatiﬁe stability of a superlatfice increases with
increasing difference between-thg-atomic diameter of the |
solvent énd éoluteo The greater the lattice distortion tﬁe
greater will be the tendency to relieveNthe strain by an
atomic rearrangement. Consequently superlattice formation is
not observed frequently since if the size factors are
unfavourable the solld solution Wlll never contain sufficient
of the solute to form & superlattice° On the other hand ir
the size factors are too favourable the solute and solvent
atoms may interchange so freely that the lattice dlstortlon
may be so smali that a regular érrapgementzis scarcely more
stable than a random structure. When the FeCr and.FeV ailoys
are compafed on this basis thé)chromium étoﬁ exhibits a
smaller size than the vanadlum atom and consequently there is
_a‘greater tendency to form a superlattlce 1n FeV 51nce.the
lattice strains are greater, It is possible that this is the
reason why iron-chromium sigma formation is so sluggish
compared with the iron;vanadium sigma phase siﬁce an orderédA

structure is a prerequisite for sigma formation.
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A specimen quenched from 125060 showing the Widmanstﬁtteﬁ’
structure was partially traﬂsformed to sigma in the low.
“temperature range, i’latej(&i)° The precipitate took no part
;ih,the sigﬁa growth which was mainly from grain boundaries
fandidnly occasionally from the centre of grains., When the
éigma'field grew across a grain containing precipitate the

grain became devoid of any Widmanst&tten precipitate,

In the high‘tempgrature range investigated by resistance
methods no partialiy regcted samples weré'obtaihéd for
‘metallograpﬁic sﬁudiesa This is due to the practicél
diffiéulties of quenching & pgrtially reacted sample in a
shdrt feacfion time‘and a,ﬂérrow temperature réﬁge; ‘Howeyer
_specimens vere»paftially'ﬁfénsformed in the low teﬁperature
range, " Plate (7,9,10). ‘The indi¢ationé are that ﬁucléation

is favoured at grain boundaries and only occasionally within

gfains; Growth of the sigma_phase is accompaniediby cracks
éppearing in the newly_fdfﬁéd pﬁaéec A typical example'of
this is seen in Plates (8,12) where the thick black line
is a cfack which traverses the sigma phase andsterminatés

at the a/o boundary.

Plate (15) shows the alpha and sigma phase fields

distinguished by means.of two microhardness impressions. The

3

“marked difference in the sizes of the two impressiohs
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indicates that the sigma phase is much harder than the alpha
phase. " A fine crack can be'seenAatvthe edge of the-smaller
impression demonstrating the brittle nature of the sigma*

phase.

~An inspection of the boundaries betwegn the sigma and
parent uephase revealed that they consiétedlof irregular
edges made up of straiéht sectiqné; Plates (9;10,11). The
irregular‘interfage is'preéﬁmably due to growthibeing halted

at certain points by some kind of obstacle..

~ Mode of Gréwth

The atomic mechanism for the o0 transformation
proposed by Kitchingman (34) implies that growth is

intrinsiéally'a.ﬂow process because of the complexity of

étom movements_involvéd and necessitates an extensive
reshuffiing of atoms to accomplish the structural change.
Growth involves ‘the miérafi6n~of an interface ﬁy:means of the
fhermallyvactivated’méveﬁeﬁ£ of single atoms fﬁ;ough dis£ances
Qomparable with the ihﬁéfplanér spaéing, coupied with a

considerable movemént of atoms within alternate ?lanés;

Ternary Additions -
The details of the elements added to the equiatomic

irohmvanadium alloy are summarised-in the following table,




Element Goldschmidt Atom
Atomie radius ~ Type
(cN 12)
Fe : 1.27 B
v 1.36 A
Mn l1.31 B
" Re 1.37 A or B
Ta 1.46 A '
T4 : 1.L45 =
W 1.hk1 A

Zr 1.60

Following thg nomenclafure of Frank and Kasper (43) sites
in the_bcc structure are CN 1%, and sites in the sigma phase
are CN 12, CN 1Lk and CN 15= It is recalled that in the sigma
phaée'the iron atoms occupy CN 12 sites and the larger
vanadium atoms CN 15 whilst the CN 1h gites are mixed. The

- values for the Goldéchmidt radil are given for CN‘12 but‘
the effective size may alter for sites of different
cqordinationo With the exception of manganese all the
terﬁary additions ﬂave a larger CN 12 radius than vanﬁdium.

Each ternary alloy contains approximately 3.3 At.% of the

ternary addition which represents one atom per unit cell in
fhe oﬁphase9 the remaining Eéﬁsites being shared equally
between irpn and vanadium, The lattice parameters. of both
the alpha and sigma phases Tables (XI),{IX) have been
measuied to indicate whether the ternary addition has been
taken into solu£iono The variation qf lattice parametefs

indicates that this is so,
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In the foilowing discussion‘the additions have been
considered under the categories:~ (i) A-type elements (Ta,W)
(ii) B-type elements (Mn). (iii) A/B type elements (Re)

(iv) Nonesigma forming elements (Ti,%r).

A-type elements (Ta,W)

Fe=V=Ta: Tantalum has the:most pronounced effect on the
transformation of all the additions, Fig. (65). The incubation
periods in the upper and lower temperature regions are longer
than those for the binary alioy but the reactions in the '
interﬁediateftemﬁerature range are still too fast to be measureé
with the present apparatus. There are two cusps in the TTT
curve and these could be attributed to the reaction mechanisms
already described fof the iron-vanadium alloy. The activation -
energj for the reaction was found to be 79.4 Kcal/mole. A
metallographic investigation of partially transformed specimens -
showed that they have the same characteristids as those .

observed in the binary alloy and no distinctions could be drawn

between structures formed above and below the cusps.

Du?ing the preﬁaration of the eray‘powéer spepimens it
wvas noted that the Fe-V-Ta sigma alloy was much more difficult
to grind than the binary alloy. The powder diffraction photo=-
graphs of Fe~V~Ta sigma phase taken after the grinding proceés

with no prior annealing showed broadened lines. After annealing.
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at 500°C for 24 hrs. broadened lines were still observed,
However annealing at 970°C for 10 hrs. sharpened the lines
such that no broasdening was evident., Fig. (78) shows the high

angle lines of the deformed and annealed.spécimens.

Line broadening may be attributed to the following,
(i) Particle size, and faulting
(ii) Strain
Eﬁ;fhe effects due to strain and particle sizg in
the bec and fce structures can be resolved by a detailed
analysis of theline profiles obtained from X~ray diffractometer
 traces. in fhe case of the sigma phase structure no analysis
of the bfoadened line profiles has been carried out and it is
only possible to discuss whether the line broadening obsérved in
‘Fewv Ta could be-due to partlcle size resultlng from sequence

faults formed during 51gma growth, or lattice strainy

It is recalled that Kltchlngman (34) has discussed the
effects of deformation in the 51gma phase in terms of
Kronberg s model for sllp in B-uraniumoa To apply this model
to alloy silgma phases it is necessary to take 1nto account the
coordination numbers associated with the partlcplar 9081tions
in the sigma}phasec Kronberg's model involves only the
movemgnﬁ of atoms within the hexagonal B and C layers of the

sigma phase structure, These are rearranged as shown in
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Figs. (49,50) so that across the slipped region the kagomé-tile-
structure changes difection° Kitchingman has shown that this
involves an atom in a CN 12 site‘replacing one in CN 15,

Fig. (51). In the case of B-uranium the structure is ductile
since a CN 12 uranium atonm is replacing a CN 15 uranium atomn,

In alloy sigma phases suéh:a replacement is mo?e difficult, For
example, in FeCr it‘infolves substituting an Fe atom of CN 12
for a Cr atom of CN 15. Whilst Fe exhibits CN‘12 aﬁd CN 1k

it does not exhibit CN'}S,;similarly Cr onl& exhiﬁitg‘CN 15

and CN 1k, Ufanium, on the other hand, shows éN”lS, CN 1k aﬁd
Cﬁ 123 Kitchingman has préposed that each atom.of.different

Cﬁ exhibits a different electfonic structure asséciated with

the size of the coo§diﬁation‘position, Consequently two

factors which are complementary or associated must bé taken

into considefation when deqiding whether Fe CN 12 can move

into the position of Cr CN 15,

(1) The atom size

(ii) The electronic structure,

If this is true, considerations of whether slip and
hence deformation can take place must not only take into account
the relative sizes of the replaced atoms but also how the

" electronic structure is compatible with the CN of the position.

In the case of deformation of FeV by grinding the élloy
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is found to 5& extremely brittie and the X-ray powder
diffraction lines show no broadening. The lines befére and
aftefuannealiﬁg being equally sharp. in the Fe~V-Ta alloy

the lines were broadened but on annealing they became sharp.

it is evident that deformation has occurred and has subsgquently

been annealed out.

Tantalum is an A-type atom, that is, one would normally

expect them to substitute the A-type vanadiuym atoms in the sigma

'strﬁqture,'on the basis of size and similar atom type. It
deformépion'takes place, it is exéécted, according to the
-model descriﬁed above, that in the slipped afeas some Ta atoms
must move into sites formerly occﬁpied by Fe atoms. The change
A+B positiqn, CN 15 » CN 12, ﬁust ocgur. ‘Twé factors operate
against this. Firstly, the size of the afoms; since the
Gol@schmidt rédius of iron is 1,27 and tantalum 1.46,

Secondly fhe electronic structure, since iron is a B-type

and tanﬁalum is an A-type atom. BSince both A and B type atoms
show CN lhAand ar electronic étructure assocliated with this
CN, it is‘pbssible, therefore, that the tantalum atom is
>tolerated.in a CN~12 site with an electronic structure
approximating to a CN 14 position. in doing. so it would be
operatiné against the deformation and it would be expected
that this energetiéally unfavouréble arrangement would return

to the original ordered positions on annealing. Thus it is
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concluded that tantalum prefers to behave as an A-type element
of CN 15 or 14, Furthermore it is somewhat less "A like" than
vanadium which will not enter a CN 12 site and consequently

not act in any deformation.

Another explaﬁation\might be that tantalum goes into.
the CN 14 E positions of the sigma structure. In iron-vanadium
the hexagons might be heid from rotation by the bonding of the
chains of E atoﬁs. When tantalum enters the E éites the bonding
might change and allow the rotation of hexagons around them.
In the present étudy the amount of tantalum added is
insufficient to detect whether any of these atoms are in the E

sites.,

fewVeW:* The effect of tungsten -on the transformation kinetics
is similar to that already discussed due to tantalum. In the
low. temperature range the TIT curve (Fig, 67) hés been displaced
away from the temperature.axis. A cusp is also evident

though metallographic studies indicate no change in.the
morphology of the sigmg phase from that observed in iron-
vanadium, The TTT curve has been markedly raised in the high

temperature region,

As in the case of Fe~V~Ta the Fe=V=W sigma phase is much
tougher than the pure biuary phase. X-ray powder diffraction

patterns shpwed broadened lines which on subsequent annealing
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at 970°C for 10 hrs. sharpened, = Since the atomic radii of the
A-type tungsten is greater than vanadium the same reasoning
may be applied to explain the‘deformation as already described
for tantalum, Either.thé tungsten moves into a CN .12 sité with
a. CN 14 electronic structure or £he tungsten moves into the
central E poéition E 14 and disrubts the bonding enabling the

hexagons to rotate.,

B-type element (Mn)

Fe~V=Mn: The effect of manganese on'the transformation kinetics
may be discussed with,refereﬁce to the TTT diagram Fig..(69).
Manganese moves the.TTT curve away from the temperature axis.,
incubatipn periods and reaction times are consequently lower

at the extremes of the curves compﬁréd,with Fe~V, In the
intermediaté temperature range 800 - 1090°C the reaction is

indistinguishable from the pure binary alloy. A cusp in the

TTT curve is evident but not pronounced. It occurs at a
slightly higher temperature than that in the iron-vanadium

alloy.

The mgtallographic struétufes of partially‘tranéfofmed
specimens were no different'from those observed in the‘
binary alloy. Spéciiéns quenched from 1350°C showed a single
a-phase structure and those quenchedvfrom 1250°C a Widmanstﬁtten

precipitate. The o—phase was observed to grow mainly from the
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grain boundaries and rarely from.the centre of grainso A
value for the activation energy of 87.7 Kcals/mole las been

‘calculated from the reciprocal rate curve Fig. (70),

Thé lattice pafameters of the bec a=phase and o-phase
are shown in'Tables (IX),(XI) respectively. As in the binary
'alloy specimens quenched from 1350°C and annealed at 600°C
for'i hr. shbwed supgrlattice lines, Those quenched from
1250°C showed two sets of lines correspond;ng to either two bce

structures or a distortion to a tetragonal structure.

Powder, prepared from the binary alloy by grinding'ihva
mnortar and pestel for X-ray diffraction studies_shcwed‘sharp
lines with no prior annealing, Powder specimens of the ternary
alloy Fe«V-Mn similarly prepgred showed line broadening.

After annealing at 970°C for 2 days the lines remained
broadened. The line broédening is‘possibly due to lattice

strain associated with the addition of manganese,

The three positions in the o-phase that manganese can
occupy are CN 12, CN 14 and CN 15. To occupy the CN 15
position thé manganese must reﬁlace the vanadium atoms. Since
the manganese atom is oﬁly slightly smaller than the vanadium
atom this replacement could be accommodated with no iattice
strain. This would mean that a B-type element would be

replacing an A-type, suggesting that manganese can exhibit
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either A or B characteristics. However only technetium and
. rhenium have been found to act as either A or B elements in

c-phases.

If the B-type mangasnese atom replaces a B-type iron atom
it would probably occupy CN 12 sites and possibly CN 14 sites.
That the lines in the powder diffraction photograph remain
broadened after extensive annealing suggests that the manganese
has occupied a small CN 12 site, but in doing so has caused a
certain amount of lattice strain, The change in lattice |
parameters is small since only one atom per unit cell is
altered and.no definite conclusioﬁs can be made to subétanfiate
the above suggestion. Furthermore no ordéring schemes for
ternary~alloys have been proposed which establish whether a
larger atom of a certain species (A or B) occupiés a site in
the sigma gtructure by size factor alone, or whether there is
‘some rearrangement in the electronic structure such that A

atoms are always replaced by A atoms and B atoms by B atons,

A or B-type elements (Re)

Fe=V-Re: The TTT diagram and reciprocal rate curve are shown
in Figs. (71),(72) respectively. The effect of rhenium on the
transformation is fo move the TTT curve away slightly from
the temperature axis. Incubation periods are longer>in the

upper and lower temperature ranges but in the intermediate
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temﬁerature range the‘reaction'is too fast tq follow with the
ﬁresent apﬁératus and no distinction could be . drawn between 
the binary and ternary alloys. The activation energy was
calculated as 86.8 Kcal/mode. The metallographic structures

were identical with those of the binary alloys.

Rhenium, which has beén'shown to act as either an A
or B'element»in sigma forming bihary alloys, has a lépger
atomic radius than vanadium. It is expected, therefore, tﬁét
‘the  rhenium- atoms would occupy the larger CN 15 sites  and
"conseéueﬁtly be accommodated with no lattice strain, X-ray
diffraction photographs of a powder ground in a mortar and

pestel showed no line breddening.

Nonasigmg'fqrming‘elementS'(ngii)

‘Fevzf: None of the sigma forming binary alloys cqntain
zirconﬁumo'-When added to the binary alloy zirconium slightly
displaces the TTT curve, Fig..(75), from the temperature axis.
$he curve in the low temperature region exhibits a cusp which
is much more marked than in the ifonuvanadium binary or any of
the other ternary alloys investigated, The activation energy
calculated from the gradient of the reciprocal rate curve

Fig. (76) was found to be 76.5 Kcal/mole.

The metallographic structures were as found in the

iron-vanadium alloy and there was no apparent difference




125.

between those specimens partially transformed above the cusp
and those below. The ordered strﬁctures found in both the-
metallographic and X~ray studies of iron-vanadium specimens

quenched from 1250°C were also observed in the Fe-V-Zr alloy.

The lattice parameter measurements of the alpha and signma
phases are shown in Tables (XI) and (IX) respectively. If the
size factor is the only criterion for site occupation, s
possibility since zirconium is not classified as either an A
or B-type atom, tﬁe most likely sites to be occupied by
‘zirconium are the largest,the CN 15 sites, occupied by a
vanadium atom in the pure binary alloy. If the zirconium
atom was accommodated in a small CN 12 site repiacing aﬁ
iron"atom'the"lattice‘would be strained. waderispecimens
prepared by grinding, showed no line broadening indicating
that there is no lattice strain as noted in the manganese

ternary alloys.

Fe-~V=Ti: No binary alloy containing titanium as one of the
components has been found to form a\o—phase. The ef}ect of
titanium on the TTT curve, Fig. (73), cannot be readily
asgertéined since only the lower temperature ranggvhas been
iAQestigateda ' Incubation periods are longer tﬁan.those
méasured for iron-vanadium at the same temperature, which

is reflected in the position of the TIT curve in relation to

the axes. The activation energy was found to be 88 Kcal/mole.
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A cusp is observed in the low témperature region though it is
not so well defined as that caused by the zirconium addition.
As in the Fe-V-Zr alloy no différent metallographic structures
were observed in partially transformed specimeps in the low
temperature region. No partially transfﬁrmed‘sPecimens were
obtaigéd in the high temperature reéion due to the experimental

difficulties,

The lattice parameters of the alpha and sigma phases
are shown in Tabies (XI) and (IX)_respectively° The location
of the t*tanium atoms in thé gsigma structure may be discussed
in a manner similar to that-app;ied to the zironcium addition.
The titanium atoms are considered to occupy the CN 15 sites
which are the largest in the sigmnma strdctureo As in Fe=V-Zr-
no line brbadening was observed in the Debye-Scherfer powder
photographs evenkafter extensive grinding iﬁ e mortar and
pestel, It was also nofed that ﬁhe Fe=V=Zr and Fe=V-Ti

alloy were Just.as-friéble as the bineary alloy.

The indications are that size factor alone governs the
sites occupied by non=sigma forming elements in the sigma

structure.

Resistance-temperature studies .
Fig. (81) shows the change in reéistivity of the pure

iron=vanadium alloy with‘temperature° The open circles are

Ll
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values measured during heating up and filled circles those

measured on cooling.,.

The resistivity of a metal may be expressed by
P = PotPqg where pg is due tp the variation of the peripdic
fiel@kin which the electrons move, and P is the resistivity
due to thermal vibréfion of the atoms about the lattice ;ites°
In general pg is independent of temperature whilst P is
strongly dependent on temperature and in the case of many
mgtglsiis a linear function. If pg were constant, then a linear

relationship should exist between resistance and temperature.

in the case of the disorﬁered o-phase a linear
relationship exists between. room temperature and about 300°C,
At_300°0‘the slope changes, indicating that the spedimenl
resistance is less than the value obtained by extrapolating the
sectiog of the graph attributed to the disordered a-phase,
Atlabout\600°c there is a éharp decrease in resistance which
is probabiy‘dge to the formatioh of the ordered_amphase noted
in the X-~ray studieé. ?rom T00 tp 990°C the resistance shows
veyr little change with temperature. This is followed by a
drop in resistance at approximgtelleQOPC and a final increase

in resistance prior to the formation of the a-phase.

On cooling, shown by the filled circles, the o-phase

does not follow the same path, although it exhibits the same
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shape of curve., Between 900°C and 800°C there is a sharp
.increase in resistance indicating a negative coefficient of
resistance, This is followed by a more gradual increase in

resistance between 800°C and 300°C.

As mentioned abofe a linear relationship is expected
between resistance‘andlfempe\rature° From the metallographic
and anay studies it is apparent that the o-phase transforms
to an ordered oa-phase at approximately 1200°C and thiS'phase
disorders at temperatures-in‘the region of 1350°C, Consequently
values of resistance §f thg high temperature ordered'a-phéée |
are much less than the extrapolated values of the low-

temperature disordered phase,.

Thét'the O-phase has two different negative coefficients
of resistance suggests>tha£ it~may exhibit two. forms which

are .possibly associated with an atomic rearrangement, .

Conclusion

The preséntsstudy_has shown that the éigmanphase forms
more quickly in the iron-vanadjum than in the iron-ghfomium
‘sys£em7 From the cusps i# the TTT curves it has been.suggesfed
that two reaction mechanisms and prsibly a thi%d might be
involved in the formation of tﬁe sigma phase. At temperatures
'beiqw the cusps it has,been sh$wn by both X~ray diffraction

and resistivity studies that the alpha phase orders prior to
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the formation of the sigma phase. At témperatures above the

cusp no ordering has been observed thpugh it has been

suggested that the change in resistance due to ordering might

be masked by the rapild increase iﬁ‘resistance during the heating
up period., If it 1is assumed that no superlattice ié formed. before
éigma formation at temperatures above the cusps then the

following reactions migﬁt ocecur,

o - o + g
(disordered) (ordered)

(diso%dered) 7 (parfially orderea) ~ °

(diso%dered) o

The metallographic investigation showed no difference
‘between structures forméd aﬁove and below the cusp. The
sigma pﬁase'nucleatea at grain.bouhdaries and only occaéionally
within the grains. The morphology of the sigma phase in
partially reacted samples has-been aescribed és massiQe and
thé a/o boundary is irregular but with straight intérfaceso
It has also been observed that the growth of the sigma phase
isvﬁot impeded by grain-boundaries0 The microprobe analysis
of Psmey (TB) has shown that there is no change in éomposifion
of the pﬁrent and product phéses in iron-chromium alloys which
suggest that there is no long range diffusion during tHe

formation of the sigma phase. Consequently the reaction is
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described as of the massive type with short range diffusion (SRD).

The effect of the additions to the equiatomic iron-
vanadium alloy has been shown to be only slight. All the TTT
-gurfes éhOW'a cusp in the low temperature region. The TTT
curves are displaced away from the axes but so slightly that it
is not possible to measure the reaction in the intermediate
temperature range 800-1090°C. The morphology of partially
.transformed specimens has been found to be the same as those

observed in the binary alloy.

The 1line broadening observed in the Xfray diffraction
studles of some of the o-phase fernary alloys has been
discussed in terms‘of the sites occupied by the additions.

It has been ﬁroposed that eléﬁents of the same type can replace
each other and only deformation will alter this afrangement
which will return on annealing. In the case of non-~sigma
forming elements it has been suggested that the atomic size is
the overiding factor and the atoms fit into sites most suited

to their size,

The temperature coefficient of both the alpha and signa
phases in an equiatomic iron<vanadium has been investigated.
It has been observed that tﬁe_sigma phase has two different
values for the temperature coefficient of resistance,both

negative. This has been attributed to an electronic change
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associated with an atomic rearrangement,
Overall the sigma phase itself seems to be the result
of an attempt at closer packing as the temperature falls in .
which the size and electronic structure of atoms in particular

sites are closely linked. These two factors_affebt considerably

the deformation characteristics of the structure.

Suggestions for Future Work

The rates of formation of the iron-vanadium sigma phase
observed in the isothermal resistivity measuréments indicate
‘the necessity of using wire specimens heated directly by an
AC current. This would serve to establish the complete TTT
curves and furthermore would achieve fast rafes of cooling
required to determine whether there are two or mére reaction

mechanisms for the oo transformation.

The deformation exhibited in the ternary~sigma_phases
are of particular interest. An analysis of the line pfofileé
obtained from X-ray diffractometer traces might help to resolve
the effects of different additions and clarify the criteria of
atomic size and electronicﬁstfucture for site occupancy. The
deform@tion in the sigma phase might also be investigated by

electron microscopy.

The Widmanst&dtten precipitate observed in all of the
alloys suggests the need for a detailed examination of the

phase diagram in the equiatomic region.
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APPENDIX I

The Coordination Polyhedra of Atoms

The domain of an atom is defined as the space in which
all points are nearer the centre of that atom than any other.
It is a polyhedra, each face of which is the plane equidistant
from that atom and a neighbour, If all the planes bisecting
the lines joining the central atom to all other atoms are
described, then the innermost polyhedron bounded by these
planeés is the domain of that central atom. Every atom whose
domain has a face in common with the domain of that central
atom is, by this definition, one of its neighbours. The number
of neighbours is called the "coordination number' of the central
atom, and the set of neighbours its ‘'coordination shell', The
polyhedron whose edges are the lines Jjoining all the atoms
of the coordination shell which are also neighbours of each
other are called its "coordination polyhedron", The
coordination polyhedron and the domain stand in dual relation-

ship, each having' a vertex COrrespondlng to each face of the
other., :

‘The term "coordination number™ (CN) has been used in
two ways in crystallography, one which is precisely defined
in principle though seldom used with rigour, and another
employed intuitively without exact definition. According to
the first, the coordination number, 'Z, is the number of
nearest nelghbours to an atom. According to this deflnltlon
in hexagonal close packing % is 6 unless ¢2/a? is exactly /39
in -which case it is 12, The definition is rarely applied with
rigour in this case: Z is generally regarded as 12, In the
body=centred cubic lattice however, some authors probably
the majority, count Z as 8 in accordance with the nearest
neighbour definition but others prefer to regard it as 1k,
The definitions given by Frank and Kasper provide a rigorous
basis for the second view-point according to which Z is
unambiguously 12 in the hexagonal close-packed meétals and 1k
in a body-centred cubic metal. In the more complex structures
of metals and intermetallic compounds this definition yields
numbers such as 1b where the nearest neighbour deflnltlon would
give 1 or 2.

Having discussed the coordination of atoms around a single
atom the conditions imposed on complete structures. are now
considered. In the complete structure it is required that not
only the atoms around one form a normal coordination, but that
these atoms in turn are also surrounded by normal coordination
shells. The two main principles which emerge from this
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consideration are firstly the existence of a "major skeleton".
and secondJy the existence of planar, or approximately planar,
"layers" of atoms containing certain necessary pattern -
motifs,. '

Sites of 12 - coordination are distinguished as "minor"
and of more than 12 « coordination as "major". If an atom is
at a minor site, it has no neighbour with which it shares 6
neighbours in comwmon. If atom A is at a major site of.
coordination number Z, it has (Z - 12) such néighbours, If
B is one of these, it follows that B has a neighbour (namely
A) in its coordination shell, with which it has 6 nelghbours
in common. Therefore B is also a major site. The line
"joining A and B, or.joining any pair of atoms which have 6
neighbours in common is a "major-ligand"., Every major site
of coordination number.Z is the meeting point of (Z - 12) major
ligands. This is at least 2, since the case Z = 13 does not
exist. Hence the major ligands form one or more connetted
networks which-in all is known as the "major skeleton" of
the structure sites of Zlh, ZlS or %16 are the meeting points
of 2, 3, or b major llgands which -are in line, 120° apart in
a plane, or in tetrahedral disposition respectively.. Frank sand
Kasper’go on to point out that the geometry is similar to that
of organic chemistry in the absence of univalent elements.
This absence corresponds to the absence of Z13. It has the
consequence that each connected system of: maJor ligands is
1nf1n1ten

The major ligands may be shorter ligands than the -
average even though they connect sites of larger coordination
_number, malnly suited for larger atoms. ‘




APPENDIX ITI

The Computer Programme

The computer programme used for the indexing of the
powder diffraction pétterns and for the lattice parameter
calculations has two main routines; |

(i) Routine INDEX

(ii) Routine LEAST SQUARES ANALYSIS (L.S.A.)

The procedure is summarised in a flow diagram and the

programme given in the following pages.




Flow Diagram

Read Experimental
Data

Test if Indexing
Required

L!SOA‘
TN (Low Angle Data)

Y

L.S.A.
(High Angle Data)

2

LaSoA‘
(Hess Weighting)e

Y

L.S.A.
(Hess & Lawn Weighting)

%

Print Co-ordinates of
Extrapolation Graphs

Y

Stop or Return




JoB

UTMT , -BEDFORD 13/0
COMPUTING 25000 . INSTRUCTIONS
OUTPUT

O LINE PRINTER -2000 LINES
STORE 70/70 -
USE AB

R

complle array bound check

begin

re“l 1mbd" Shl‘ink, dmeter' KE, { ,B,C'D, AA.BB’CC .Ax,Bx’Cx’c
era,erb,erc,orax,orbx,ercx,$a,5b,Sc,a,b,c,aa,bb,cc,dd

1ntoggr nlyn2,n,ind,i,type,stage ,CYCLE,N,I,j,1limit

array. 72(13400), 8(1:400), ZZ(13\400), ZH(1:400), R(1:400), W(i: 400).
w(1:400), £(1:400)

1ntegor array h(1:400), k(1:400), 1(1: 400). U(1:400)

routinespec indox(raalname AsB,C, arrayname 7,2z, integer n,type, c
integername NN, intgggrarrqynamo h,k,1)

routinespec LEAST SQUARES. ANALYSIS(integer I,type,stage, ¢
1ntag§rarraynamo h,k,1,0, arrayname R,V ,f, realname A.B,C,D,eru,orb,ercw)

switch JJ(0:3), LL(0:\3), MM(0:3), NN(O:3)

Lomment For ssymmetric camers supply the highangle dimmeters in c
decreasing order and the low angle dismeters in increasing ordor, ¢
for igem camerss supply the dianeters from high angle end

iz pewlinej newlinej newline
caption‘progrum start

rand(type); Af type<o then ->2
read(lxmit)

rqad(lnmbda)

read(nl); read(ind); read(shrink); read(diameter)
unless diameter>1y them ->3




newline; caption 19cm g camera
read(XE)

hemly -

cycle i=1,1,n

read(a(di))

if ind<o then =~>4

reaad{h(i)); read(k(i)); read(l(i));

- (43 Z{i)=w/2~(a(i)*shrink +KE)/(2*dismeter)
repesat

S S

33 newlinej; caption asymmetric g camera g of gdiameter
print(dinmetor,§§,3)
read(nZ )3 n=ni+n2

cycle is=1,1,ni

read{s(i))

if ind<o then =>0

read(h{i)); read(k(i)); read(i(i))
08 Z(i1)=(shrink*s(1))/(2*diameter)

rgggat

cycle i=(ni+l),\1,n

comment high angle data

read{s(i))

if ind<g then =->7

readCh(1)); read(k(i)); read(l(i));
732¢i)=w/2~(shrink*g (i) )/ (2*diameter)

repeat

S5:unless ind<o then ~>8
newlina; caption indexingg byg sin2 g comparison
~>MM{type ) '

M1(0): newline; caption cubic
rexd(a); A=lambda“/(4*a%); BsAj C=Ay
ﬂ:» 9 .

MM(1): newline; caption hexagonal
read{(a); read(c)};

A=Llambda®/ (3*a% )3 (\C=lambda®/(4*c?)
Be==A o




=>Q

MM(2): mewline; caption tetragonal

raad(als read(@);

Az=lanmbda®/ (4*a® ) C—lambda‘/(4*c‘)

BsA

.=.>9

MWI(3): newline; caption orthorhothic

road(a)j read(b); read(c)} _
A=lambda®/ {(4*a“); B=lambda®/(4*b*)} C=lambda*/(4*c?)

Q:CY@LEam
12&"':1.&11@@;(;@,3,0,2.2:5 o1, type ,N,h,k,1\H

:‘Li“ CYCLE>Q then =>35

. mawlimea ea@tiom lowg anglep leastp squaresg \'tog refineg consts
newline

N&intpt(NfZ); I=N

stage=0D

eycle ==l ,1,N
R{L)=(ain(Z22(1)))*
W Dt

2L )=m-2#BZ (L)

UL p=at

repeat
=214,

35scycle det i ,N
WL I=i
repeat
8s I=0
if imd<o then =>i0
Ne=m
eycle d=i 1 N
ZA(4)=4 (1)
U4 =1
repaat
1o I=0




cycle i=i,1,N ,

ir Zzi(i)<1r/4 then ->13
T=14 -

ZH(i)‘?Z(i)

13:xepeat

gtags=0

c@hr%%ﬂlm -
R(1)=(sin(\ZH(1)))?*

W(i)=1

£{1)=(w-2%ZH(L) )*(sin(wr-2*ZH(1)))
reEat

coment WARREN FUNCTION USED ABOVE

14: LEAST SQUARES ANALYSIS(X,type,stage,h,k,1,U,R,W,f,A,B,C,D,era ,erb seC)

AA=0° 3 CC=0
18: if stEo\ >0 then caption weightedg procedure
A=AATA : '
B=BB+B

C=CC+C

-=>JJ(type)

JJ(0): a=lambda/ (2*sqrt(A))
nawline; caption cubicg parameter
Sa=a¥*era/(2*A)

print(a,l 823 print(sa,1,8)

=15

JICL )z a=lambda/sqrt{3*»A)

‘eslambda/sqrt(4¥C)

newline; caption hexagonalg parameters(a,c)
Sa=a*era/(2*A)3 Sc=crerilc/(2*C)

print(a,l,8)3 print(Sa,l,8)

printc,l,8)3 print(Sc,1,¥)

=18 -

JJ (2 ) sa=lambda/(Z*sqrt(A)); c=lambds/ (2*sq\rt(C))
newlinej caption tetragonalg parameters{a,c)
Sa=arera/(2*A); Sc=c*erc/(2*C)

print(a,l,3); print(Sa,l,8)

print{c,l,8); print(Sc,i,d8)




=218 - S '

JJ(3)¢ s=lambda/sqrt(4*A)} . b=lambda/sqrt(4*B); c=1ambda/ sqrt (4*0 )
newline; caption. orthorhombic g paraneters

Sem=a¥era/ (2*AN\'; Sb=brerb/(2*B)} -\Sc=e *erc/ (2*C)

newlines . print(a,l ,8)3 print(Sa,i ,8)

newliney print(b,1,3)3 print(sb, 1,3)

newlim@';—- print{c,i ,8); print(Sc,1,38)

i5: ifgtage>o then -->19Q
M ind>O th@m w.‘»ﬁ.b
CYCLE=CYCIE4L

ml@ﬁﬁ CY&IE:*Z then -»12

1os stsxgess i

AA=A 3 BB=B}.CC=C

cycle  L=N=l+i 1 yN
V(=L (sinCm-2*ZH(1)))>
wL)=W (L)

remm‘ﬁ:

eyele A=N-I+i 1 N

: '-"-‘535]&@'&3’]}%} _

LL(e)s RCL)=AA®Ch(1)“+k(1)*+1(1)*)~(8in(ZH(1)) )~

=17

LI3-)s R((m)gAAM(hKi)“-ﬂ-k(i)“-i-h(ﬂ*k(i))m*l(i)“-(sin(zn(i)))‘
=pdy :

LE(2)s ROLY=AA*=(h(L)“+k{1)“)4+CC*(L (1)~ )=(8in(ZH(1)))~

=217

LL(3) s RCA)=AAh(L)~+BB*R(1)“+CC*L(1)*~(8in(ZH(1)))*
17srepeat

LEAST SQUARES ANALYSIS(I,type,stage,h,k,l,U,R,W,f,A,B,C,D,era,erb,erc)

=L d

19:1f typeso then =>30

if type=i or type=Z then =~>20

=31

203 - cycle -lasN-T4l ,1 ,N

if type=2-them =222

W&i))“‘w(i)’*(aﬁ]ﬂ"@(51))“+k(i)°+h(1)*k(1))/(3*a ))/((4*(h(1)“+k(:l.)"-!-h(i)*k(i))/
3%a~ ) )+L(L)°/c™)

“523

Z2ils W(L=wCLp*C(hL) k(1)) \\\a* )/ ((Ch (L) *+k(1)*)/a*)+1(1)/c*)




' LEAST SQUARES ANALYSIS(I,type, stage,h,k,1,U,R,W,f,A,B,C,D,era,erb,erc)

Az=pA+A; erax=era/Ax
cycle isN-I+,1,N
it type=Zthen ~>24
WELIBwWLIRCCLCL) “/c* )/ ((47ChC1)*+h(L)*¥K(1)+k(1) =)/ (3\*a* ) )+1(1)=/c*))
mgszr‘
242 W(L)=w(i)¥( (L(Lye/e® )/ (CChCi)=+k(1)F)/a)+1(1)%/c*))
25:xrepeat
LEAST SQUARES ANALYSIS (I,type,stage,h,k,l,U,R,¥,,A,B,C,D,era,erb,erc)
Cx=CC~C
‘\brcwwm /Cx
if \\type=2 then ->20
newline- cagtion modified g weighted p hexp parametqrs g Ca,c)
&L«lmbda/sqrﬁ (3*Ax)} c=lambda/(2¥sqrt(Cx))
Bama*erax/2\\'s Scmcrercx/2
print{a,l,8); print{sa,l,s)
print(c,1,5); print{Sc,1,s)
=30 .
20: newliney caption modifed weighted g tetragonal g paramaters g (a,ec)
a=lambds/\(2*8qri(Ax) ) c=lapbda/(2*sqrt(Cx))
Sa=ar¥erax/2j Sc=crercx/2
print(a,l,5); print(Sa,l ,s)
print{c,i,s); print(sSc,l ,d)
=230

21 comment orthorhombic weighting by Lawn's method

cycle i=N-I+1,1,N ’ o
Wm)ﬁw(il‘i*(&h(i}“/aﬂ/((h(:i,)“/a“1+(k(i)”/b“Jrl-(l(i)"/c\\“‘))) :
repeat

LEAST SQUARES ANALYSIS(I,type,stage,h,k,1,U,R,¥,f,A,B,C,D,era,erb,exrc)

AX=AA+A
erax=era/AX

cycle . i&N‘-I-l-i o1 ,N
, W&i»w(i)*((k&w"/b"}/((h(i)‘/a")*(k(:l)"'/b")-l-(l(:l)“/c")))
repeat




LEAST SQUARES ANALYSIS (I,type,stage,h k,1,U,R.W,f,A,B,C,D,era,erb,ercy")

Bx=BB+B
erbx=erb/Bx

cycle - i=N-I+l,1,N ; ,
WCL=w (L) *((L(L1)“7¢% )/ ((hCa)=/a= )+(k(1)“/b“)+(L(1)*/c*)))
repeat |

LEAST SQUARES ANALYSIS(I stype,stage h, k,1,U,R,W,f,A,B,C,D,era,erb,erc)
CX=CCAC
ercx=erc/\\\WEx

newline; caption modifed weight \bd # orthorhombicg parameters{a,b,c)
a=lambda/ (2*8qrt(ax) )3 bulambda/ (Z\\\*sqrt(Bx))s c=lambda/(2*sqrt(Cx))
Sa=a*erax/2; Sbwbrerbx/2}j Scmscrercx/2

newlines print(a,1,3)s print(Sa,l  s)

print(b,1,5)y print(Sb,1,8)

print{c,1,8)s print(Sc,1,¥)

‘1

3032 newline; newlinej

caption extrapolation § graphs

~>NN(type)

NN(0): captioin cubic

cycle AuN=T41,1 ,N
as=lambdax(sqrt(h(L)*+L(1)“+k(1)*) )/ (2*s8in(ZH(1))) -
newline

printiaal 5

print(h(i),1,0)

print(k(i),1,0)

print(i(i),1,0)

dd=((cos (ZH(1)))*/8in(ZH(1) ) )+(cos(ZH(1)))“/ZH(1)
print(dd,l,5)

if UCi)<L then caption rejected

reggat




=1

NN(1): caption hexagonal ‘
@!(‘10 1=N-I+1.1’N Lo .
aawﬁlambdq/sin(ZH(i)))*sqrt(((h(i)“*k(i)‘*h(i)*k(i))/3)+(l(1)*q)‘/((2*c)‘))
cma{lamhda/sin(ZH(i)))*sqrt((h(t)‘+k(1)‘+h(1)*k(1))*(c‘/(3*a‘))+1(1)‘/4)
newline

print(aa,l,5)

print{cc,1,5)

printCh(i),1,0)3 pr:lnt(k(i),l ,o); print(l(i),l 0)

ddn((cos<zum))‘/sin(znm)mcos(m(w)“/znw
print(dd,1,5) :

if u(i)<1 then caption rejqcted

eggat _

-l

NN(2): caption tetragonal ‘ _

cycle i=N-T4+ ,1,N -

aa*(lambdq/sin(ZH(i)))*sqrt(((h(;)fgﬁkxi) )/4)+((1(1)*a\/(2*c))‘))
cc“(lambda/sin(ZH(1)))*sqrt((ﬂh(i)‘+k(1)‘)*c /(4*:‘))+1(1? /4)
{newline .

print(aa,l,5)

print(ce,l,5)

print(h(i),1,0); print(k(i).l.o); print(1(i),1,0)
dd“((cos(ZH(i)))‘/sin(zu(i)))+(coa(ZH(1)))*/ZH(1)

print(dd,1,5)

& UCi)<1i then ggption rodected
reggat

=1

NN(3 ) nowline; caption orthorhqmbic

cycle i=NeX+l,1,N » - _
ag={ lanbda/ (2*sin(ZH(1))) )*aqrt(h{1)*+(k(1)**a*/b*) +(1(1)**a*/c*))
.bhﬁ(lambdq/(Z*Bin(ZH(il)))*sqrt((h(i)“*b‘/a‘)N+k(1)‘*(1(1)‘*b‘/c‘))
Lmﬁ(lambdq/(z*sin(zu(i))))*sqrt((h(i)‘*c“/a‘)+(k(1)‘*c /b*)+1(1)*)
newline

print(aa,l,s)

prﬁmt(cc,l,s)

print(h{(1),1,0); print(k(i).l*o); print(l(i),l,o)
dd~((cos(zn(i)))‘/sin(ZH(i)))+(coﬂ(ZH(1)))‘/ZH(i)

print(dd,1,5)

Af U{i)<i then caption redected

reggat
m))l

Zzétop




routine LEA»T SQUARES ANALYSIXS (integer I type.stage, integersrrayname ¢
h,k,1 ,U, arr!xgnme R,W,f, realnnme A,B,C,D.era,erb,erc)

array s(1:2,1:2), m(1:3,1:3), p(1:4,134), S(1:2), M(1:3), P(1:4), ¢
ﬂ(l\"@)g b(i m)’ c(12400)

real detl, =i, ER, 22, z3, z4,, Z7z

1nteggr 1,t,CGUNT,n

switch J(0:3), (\L(0:3)

ER*0 ,005
~>L(type)

02016 tﬂl ’1 ,2 )
s(i,t)=0) 8(i)=0

eggat
eggat

n=0

cycle i=NeI+l,1,N

if UC1)<1. then ->1

:lf W (1)<0 .0000001 then ~>1
n-n+1; a(i)nh(i)‘+k(1)*+l(i)‘
8(1,1)=8(1,1)4W(1L)*a(i)“
8(1,2)=8(1,2)+W(1)*£ (1) *a(d)
8(2,1)=8(1,2) ,
8(2,2)=8(2,2 )W (1)*£(1)*
S(1L)=8(1)+a(1)*MR(1)W (L)
S(2)=3(2)+£(i)%ﬂ(i)*ﬂ(i) .
lirepeat

2155(2'2)

eyqn solve(s,S,detl)

A=S(1); B=S(1)3 C=8(1); D=8(2)

L(o): cycle i=1,1,2

C RAEQ

cycle i=N-I+1,1,N

if U(i)<1 then ->13

if W(1)<0.0000001 then ->13
zzEzzW (L)% (a (L) *A+E (4 )*D-R(i))‘
13-reggat
era=sqrt(z1*zz/((nﬁz)*detl))
erbzera; er|c=era

->2




(L )seycledsNe-I+l ,1,N

a1 )=h{ )= +kL)*+h(1)*k(1)} b(:!.)-tl(i)“
roepest

=

L{z)scyclei=N=I+i i ,N
a(i)=h{L)*+k(1)4s b(i)=L(L)*
repest

3seycledsl ;1,3

gycle ts=l .1 ,3

m{i,\%I=0} M(i)=0

mEat _

© reapsst

B

cycle feNeT4d 1 ,N

if U(d)<i them =>4

if W(1)<0,0000001 then =>4
e

mli 1 )=m(L o1 )W L) *ald )=

(i ,2Yemdl ,2 )W L) *a (i) *b (1)
mi2 ,1 Yem(l ,2)

102 2 )=m(2 ,zmmmw

m(Z 3 d=m(2 ,3 )W (L d*b(L)*E£CL)
w3 o1 Y=mlt ,3)

m(3 42 J=m(2 ;3 )

M3 S D= (N3 W (L)L (L) =
MEL DML )W (L IR L) va(d )

M(2 )=M(2 )W (L) *R(1)*b(1)

M3 )=M(Z )W (L IR (L) =E D)
4eropent

81 43 J=in(@ #1223 8(Ll,2 dem{2 .3)
8023 )em(3,2)3 8(2,2)=m(3,3)
wls=det(s) _

8(i 1 )em(l ,105 811 ,2)=m(1,3
8(2,1)em(3,1 )3 #€2,2 )=m(3,3)
z2edet{s )

aqn solve(mM,detl)

A=R(1 )5 Bsdg C=M{2); DmM(3)
Z2=0




g v m

Lo,

cxcl@ JeN-T4d o1 ,N

if U(L)<i then -»L4
if W (1)<0 ,0000001 then ->i4
ZzenzW (1) *(R{1)*A (1) *C+E£ (1) *D-R(1))*

14:repeat

era=gqrt{zl *zz/ ((n=-3 )*detl ) )
‘erb=ara
erc=\sart(z2*zz/ ((n~3 )*detl))
oD :

L(3):eycla i=N-X+1 ,1 N
alid=h(1)*; b{LI=k(1)*y c(i)=1(L)*
re&at

Sicyclei=i,1,4

cyclet=l ;1 ,4

p(i,t)=0 3 P(i)-0

repeat

repest
n=0

cycle fi=N-I+i ,1,N

if U(i)<i then ->6

if w(i)«a.ooooom then =»b
meenal

PCl ol d=p(l ,1 )WL) *ai)“

pCL ,2 )=pdl 2 )W (L ) *a (1 )*b(1)
(1,3 )=p(1 ,3 )W (L) *ald)*c(L)
PCL o4 d=pCL y4 D4W (LI *a A ) *E (1)
(2,1 )=p(1 ,2)

(2 o2 =Pl ,2 W L )*¥h (1) ¥

- PC2 o3 )=p(2 3 )W A)¥b (1) *c (1)
PC2 54 )=l 2 o4 )W (L) *b (A D=L (L)
3 o2 d=p(2 ,3)

P(3 53 )=p(3,3)W(1)*c(L)®
POY 94 )=p(3 4. 24 (1 ) *c (L) *£ (L)
p(ag,,i J=p(L o4)

BC4Ys3 2=0(3 y4)

PC4 o4 )=0C4 o4 )W (L)*E (1 )%

PCL )=PCL )R (L)W (L y*add)

P2 )=P(2 )R (L)W (1) *b(1)

PC3)=P(3 )R(L)W (L )*c{L)
P(4I=P(4)4R (L)W (L)*£ (1)

Og repeat




e

m(1,1)=p(2,2); m(1,2)=p(2,3); m(1,3)=p(2,4)
m(2 ,1)=p(3,2)3 M(2,2)=p(3,3); n(2,3)=p(3,4)
n(3,1)=p(4,2)3 n(3,2)=p{4,3)3 n(3,3)=p(4,4)
zl=det(m)

M(l p1)=p(1 ,1 )3 n(1 2 )’P(S ’1) H ~m(1 '3)?"'!’(4 '1 )
n(2,1)=p(3,1); m(2,2)=p(3,3); n(2,3)=p(3,4)
m(3,1)=p(4,1)} n(3,2)=p{4,3); m(3,3)=p(4,4)
zZ=det(m) -

n(l ,1)=p(l,1)3 m(1,2)=p(2,1)3 -m(1,3)=p(4,1)
m(3,1)=p(4,1)} m(3,2)=p(4,2); n(3,3)=p(4,4)
z3=det(m)

eqn solve(p,P,detl)

A=P(1); B=P(2); C=P(3)}; D=P(4)

ZZ=0

cycle i=N-I+l,1,N

if U(1)<1 then =->15

:I.f W(1)<0.,0000001 then ->15

ZZ=224W (1) *(a (1 )*A+b( L) *B+c (1 ) *C+£ (1 )*D-R (1) )4
15srepeat

era=zl *zz/ ((n~-4)*det1)

erb=z2 *zz/((n-4)*detl)
erc=z3*zz/({n=4)*detl) ‘
era=gqri(era); erb=sqrt(erb); erc=sqrt(erc);
~>2

Zscomment error check

if stage>0 then ->7

8:if. ER<0,000511 then =>Q

ER=ER~-0,0005

Qs COUNT=0

cycle i=N-I+l,1,N

~>J{type)

J(0): if U(i)<1 then ->10

1f  JA*ACL)4D*E (L) -R (L) I<ER then ->10
UCi)=03 newline; caption rejected
print(a(i),1,0); print (ER ol 5 ); COUNT=COUNT+1
=»10°

J(1)1=>J(2) ,

J(2): if U(1)<l then ->10

i BA*a(i)-iC*b(i)-i—D*f(i)-R(i)l<ER then ->10
U(i)—'—O; newlinej caption rejected

print(a(i),2,0); print(b(i),2,0); print(ER,1,5)3 COUNT=COUNT+1
~>10




J(3)° if UC(i)<1 then ->10

if KA*a(i)-bB*b(i)-lC*c(i)-}-D*f(1)-3(;1)I<ER then ~>10
U(i)ms ‘newline; caption rejected

print(al{i)42,0); print(b(i),2,0); print(c(:l.),z,o)
print(ER,1 ,5)3 COUNT=COUNT-+L

:_lp srepsat

if COUNT>(n-4) then ->11

if 0,000511>ER then ->12

:!.f COUNT<1 then =Y

1f. ER>0 ;000511 then ->L(type)

12 if. COUNT>O t:hen ~>L{type)

if COUNT=0 and Timit<o then ->7

:!,f ind<0 and d CYCLE=0 then ->7

if COUNT=0 & and ER<0.0003 then ->7

g,:_t; limit>0 then ER=0,00025 !

if ER<0,0003 then =>Q

..3;7

li:newline; caption rejectiong notg completedsd faults ing data
print(A,l, 8)3 print(8,1,8); print(C,1,8); print(D,1,8)
newl ine

A=0j B=Dy C=0p D=0

Zireturn

end

routine index (realname A,B,C, arrayname Z,77, integer n,type, c
integ@rn&me N, integerarraynsme h,k,1)

integer i,hh kk,11,K
array 4(13:400)

resl df, ang

switch L(0:3), M(0:3)

N=O

cycle i=1,1,n
cycle hh=0,1,8
cycle kk=0,1,8
cycle 1l-0,1,3
a(Ld=(sin(4(1)))*
~>L{type)

L(o)s df=]q(i)-A%*(hh+kk*+11%)]

;?f)g df=[|q(i)-A*(hh*+kk*+hh*kk)=C*11% |
E?Z)'g df=[q (1 )-A*{hh*+kk" )~C*1L1* ]

E?;;s s [ ( 4 )=A%*hh* =Bk ~C*114 |

2:if 430,002 them =»1




K=0

3 eN=N+L

h(N)-uhh*’ k(N)==kk; I(N)=11; ZZ(N)=Z(1)

K=Kl

newline

printChiN) ;1300)5 print(k(N),1,0); print(1(N),1,0)
ang=ZZ(N)*L 80/ 7} print(sng,2,4); print(s(1),2,4)
prﬁ.mt(df 21,50

=>M{type)

M{0): if hh=kk and K<2 then =>3
A hh=il snd K<Z tl then -n>3

;:l@:t; ki1l and K<z then =>3

if hh=kk and Kkell sn snd K<6 then ~>3
i

M(L): if hhe=kk and K<2 then >3
=1

{M€2): if hh=kk snd K<2 then=->3
=1,

M{3)s=>1 .

l:repeat

repeut
repeat

l-ﬁ—m
r-e@at

return
end

end of program
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