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SYNOPSIS, 

The miscibil i ty gap in the U-Nz, system has been established 
using metallograghic ard X-ray techniques . 
is Placed at GO - 2OC an$ the composition limits at that temperature 
are 65-70 a/o Nb and 17.5 - 1 a / o  Nb, the monotectoid. 

The monotectoid temperature 

The 700°, 650° and 600OC isothermal sections of the U-Nb-Zr 
system have also been investigated. Each of the miscibility gaps 
present in the limiting binary sections was found to  be closed by 
additions of the third element. A t  70O0C the U-Zr gap is closed by 
addition of l e s s  than 5 40 Nb. The behaviow: of the Zr-Nb gap is 
less certain owing t o  the sluggish'reactions close to  t h i s  binary 
system but the gap appears to  be closed by about 15 a/o U. 
U-Nb' gap has been studied in more de ta i l  and is closed by 14 40 Zr. 
To a near approximation the ternary U-I% gap can be considered t o  
be bounded by the composition lines 33 a/o U, 14 a/o Z r  and about 
20 a/o Nb depending on temperature. A notable feature is that at 
Nb and Z r  compositions approximately corresponding t o  a l i ne  of 
minimum l a t t i c e  distortion, the y phase at 6OOW bulges towards the 
U corner. 

The 

As a re su l t  of the closure of the gaps the y phase is stable 
over a large area of the diagram at temperatures down t o  at l e a s t  
6oooc. 
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1, INTRODUCTION, 

The object of th i s  research was to  determine and account 
fo r  the effect  of zirconium on the miscibil i ty gap in the uranium- 
niobium system, 
shape of the the gap a t  the time th is  work was ini t ia ted,  a new 
determination has been made, which agrees fair1 well with the 
recently published findings of other wwkers 2-f. Concurrently, the 
U-Nb-Zr isothermal sections at  700°, 650° and 600OC have been 
examined, and these a l s o  a re  found t o  be in overall agreement wlth 
the independent recent work of Dwight and hheller 5, 

k view of the lack of agreement ' on the s ize  and 

11. ALLOY PREPARATION. 

(a) Materids.  

I 'uranium. 

The uranium was supplied by -11 ELS ro l led  rod, 
A typical analysis is a s  follows:- 

270 50 20 

The 1" diameter rod was hot-rolled to  3/16" diameter and 
conveniently sized pieces sheared off . 
the arc furnace before alloying. 
premelted slugs is shown in Figs. 4 & 5, the major impurities being 
carbides b 

These were pre-melted in 
The microstructure of the final 

2. Niobium. 

The niobium was  received from Murex Ltd., as ductile sheet 
offcuts containing -2% Ta and an estimated 02 content of 0.11 w/o. 
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2 .  Zirconium. 

Zirconium pe l le t s  were prepared by arc melting low W 
sponge supplied by A.E.R.E. HarweU, and having the following 
batch malysisr-  

Fe ...... 0.02% 

N2 ...... 0.005% 

C r  ...... 0.00% 
Pb ...... q0.05% 

Mg ...... <O.O@ 

1% ...... 0.03 2 25% 

Al ...... 510 pwp.m. ,* 15% 

02 ...... 750 p.p.m. mean range 500-1000 p.p.m. 

(b) Selection of Alloy Compositions 

guide to  selecting the compositions of the binary alloys. 
alloys were then prepared in the l i g h t  of the resu l t s  obtained. 

The appearance of the ternary diagram will be dominated by 
the behaviour of the miscibil i ty gaps which are  a feature of each 
of the l imiting binary systems, and alloy compositions were chosen 
with t h i s  in mind to determine the limits of these miscibil i ty gaps 
i n  the tefinary systems. 
accurately the l i m i t  of' the U-Nb miscibi l i ty  gap. The compositions 
of the binary and ternary alloys are  given in Tables I and 2, w h i l e  
their positions on the ternary diagram are shown in Fig. 6. 

The U-Nb diagram proposed by Sawyer ' was used as a first 
Fmther 

Further alloys were selected to  locate more 
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( c )  Melting. 

Alloy buttons weighing about 10 gm. were prepared in 
a multiple hearth argon arc furnace, taking special care to  
m i n i m i s s  melting losses. 
each button at leas t  ten times. 

Segregation was avoided by remelting 

(d)  Homogenisation. 

C a r e  was  taken to ensure that den.&itic structure was 
removed from arc cast buttons by a thorough homo enising treatment. 
Where alloys had solidus temperatures below I250 C they were Ta 
wrapped and annealed in evacuated silica capsules, while d l  other 
alloys were annealed in the high temperature vacuum furrace '5, 
at 50-IOOOC below their  estimated solidus or 15500C whichever was 
the laver. Figs 7 and 8 show the structures of a 50 40 Nb calloy before 
and a f t e r  annealing !5& hours at 14oocC and YO& hours at ?fj40°C, 

Q 

( e )  Workinq, 

M t e r  homogenisation, some of the alloys were forged by 
hand at 650-750°C in an attempt t o  promote more rapid attainment 
of equilibrium on subsequent final annealing. There is evidence 
tha t  t h i s  was successful in some alloys, but some tended to crack 
and working of others w a s  not attempted. 

(f) Compositions of ALLOYS. 

Some of the more critical ternary alloys have been analysed, 
and while no binary alloys have been analysed, there is l i t t l e  doubt 
that  the nominal and actual percentages are very close in view of 
a very small melting l o s s  during alloying. 
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EXAMINATION OF W Y S ,  

(a) Metallographic Technique, 

Specimens were mounted in bakelite, wet ground t o  600 
paper, and polished with 0-1 ,a diamond dust and s l o w  cutting 
alumina. 
10% aqueous oxalic acid, used electrolyt ical ly  at 3-6 volts. 
For Nb-rich alloys a polish-attack method was used w i t h  s l o w  
cut t ing alumina and solutions of n i t r i c  and hydrofluoric acids 
in various proportions, 

For high U alloys the most generally useful etch was 

(b ) X-ra.y Technique. 

A l l  X-ray photographs were obtained from the block 
metallographic specimens, using a 14 cm diameter camera in 
which the specimen is  osci l la ted and rotated with respect t o  
a beam of f i l t e r e d  Co K a X-radiation. 
binary alloys and the more important ternary compositions 
were examined, 

The majority of the 

RESULTS. 

(a) The Miscibility Gap in the U-Nb system. 

The U - l . % m i s c ; i b i l i t y  gap, drawn in accordance with present 
metallographic and X-ray resul ts ,  is presented in Fig. 9. The 
monotectoid is placed at 17.5 a/o Nb and &O°C, and the gap 
extends at &O0C t o  + 65 a/o  Nb, The procedure wed  in establishing 
the gap was to  decompose the alloys at low temperatures (a0 - 660OC), 
and to locate the phase boundaries by observing the phase changes 
produced on reheating t o  higher temperatures, 
the d i f f icu l ty  of the sluggish y1 + y2 decomposition f om y at 

encountered in the various phase f i e l d s  are described in turn below, 

T h i s  approach avoids 

temperatures above 700%, as reported by P.C.L. H e i l  E . The structures 

I. The y f ie ld .  

In alloys with l e s s  than 20 a/o Nb, the stable y phase could 

17.5 a/o Nb transformed on quenching ei ther  t o  the a' or an 
not be retained on quenching to room temperature, Alloys containing 
up to 
modifications of a, and some distortion of the b.c.c, pattern was 
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o b s e m d  in the quenched 20 40 Nb alloy. When l igh t ly  
e lectrolyt ical ly  etched with oxalic acid, the microstructure 
gave no indication of t h i s  transformation, and consisted only 
of structureless equiaxed grains (and impurities). 
is shown i n  Fig. I O ,  
broadening of the grain boundaries and acicular markings within 
the pains (see Fig.ll), which was found by experience t o  be an 
indication of the transformation on quenching. 

An example 
Longer etching, however, produced considerable 

Dwight and Mueller 5 have reported the existence of a 
body centred tetragonal phase in specimens of near monotectoidal 
composition, In the present work, this  structure has been observed 
only in the 17.5 40 Nb alloy, quenched from 1040°C af'ter a 
homogenising anneal. 

"he y phase was r e t h e d  on quenching alloys containing 
more than 30 40 Nb. 
by decomposition in the y1 + y2 phase f ie ld ,  the grain s ize  of 
the y phase was much smaller than i n  the as-cast and homogenised 
s ta te ,  as shown by comparison of Figs. 12 and 13. 

On resolution of the structure produced 

I 

2. The Yl + Y2 f i e l d ,  

The intersection of the yl/u+yl boundary with the 
YI/ YI+Q boundary and the monotectoid horizontal places the 
U rich l i m i t  of' the yl+y2 field at 17.5 d o  Nb, with a n  
estimated accuracy of f I a/o. 
type of' y1+y2 structures observed in the U-20 a/o Nb alloy. 

16, Y1Y2 decomposition was detected microscopically in  the 
U-63 40 Nb alloy af'ter 21 days at 680OC, but not in  the U-66 d o  
Nb alloy, 
l i g h t  of longer anneals), the end of the gap is  placed at 65 d o  Nb. 
Using the p me te r  composition curve for y alloys obtained by 

type alloys is thought to  be nearer 70 a/o Nb. 
eviaence suggests therefore that the end of the gap is located 
in  the region 65-70 40 Nb. 

Fig. 20 shows the globular 

A t  the Nb-rich end of the gap, as shown in Figs. 15 and 

Cn t h i s  evidence (which may require modification in t h e  

Rogers e t  al "T , however, the composition of the y2 phase in a+Y2 
The present 
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The r a t e  a t  which the y phase decomposes t o  y q q 2  at 
660 - 660OC becomes very much slower in alloys of increasing 
Nb content, 
character is t ic  manner, i l l u s t r a t ed  by Figs. 17 and 18. On heating 
the y 1 + ~ 2  structure to higher temperatures, some coarsening takes 
place as the annedling temperature approaches the y/y1+y2 boundary, 
as shown in Fig.19. The peak of the miscibil i ty gap occurs a t  or  
near the 50 a / o  composition and a temperature of 95OoC, The 50 a/o 
alloy annealed at 960OC f o r  8 days showed a diffuse ghost structure 
in parts,  but this i s  tentatively assigned to  incomplete diffusion 
during the anneal, or incipient decomposition on quenching, rather 
than t o  the s t ab i l i t y  of the yl+y2 structure at 96OOC. 

The decomposition occurs on a f ine  scale and in a 

3. The a * y, f ie ld .  

The u phase i n  the u + y1 structures tarnishes in air, 
giving in the unetched condition structures comprising darker 
globules or plates  in a l igh t  matrix (Fig.20). The a-phase can 
be darkened f b t h e r  by electro-etching with oxalic acid, o r  
outlined with the 4% CrOj, 1% HF etch. 

4. The a + y2 f i e ld .  

The a + y2 structures encountered were vir tual ly  the 
reverse of the a + y 
tarnishes characterist ically,  revealing a light dispersion 
of y2 (Fig.21). 

type noted above. The a groundmass I 

It should be noted that theofour structures l i s t e d  in 
the key of Fig,9 appear on the a0 C isothermal, and that th i s  
has been interpretedoto mean that the mcmotectoid temperature 
l i e s  so close to  640 C that inaccuracies of a degree or two 
i n  the annealing temperature can resu l t  in the structures 
lying j u s t  above and j u s t  below the monotectoid l ine  being 
at t r ibuted to  the range 6 0  e 2OCC' - 
(b) The Ternary U-Nb-Zr Isothermal Sections. 

I . The Limiting Binarx. Systems. 

(i) The U-Nb System. The diagram of Fig.9 has been used, 
with supplementary information on al loys of high U ontent 
taken f'rom the report by Pfe i l  Brown and Williamson 8 
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(ii) 

(iii) 

The U-Zr System. 
Smith 
connection with the uZr2(S) phase,owhich d f e c t s  the 
form of the diagram only below 606 C, The iagram 
assumed is that used by Dwight and hh l l e r$ ,  ,ando 
comprises the diagram of Summers-Smith ab0 606 C, 
and that of Rough, A u s t i n ,  Bauer and I b i g  '3 below 

The diagram proposed by Summers- 
apparently requires modification solely in 

606%. 

The Zr-Nb System. 
and A t k i n s  l 2  has been used, except where th i s  is 
inconsistent with the few resul ts  obtained in tht. 
present investigation on Zr-Nb alloys. The miscib- 
i l i t y  gap in Rogers and AtkP-ns diagram extends from 
18 t o  87 a/o Nb at the monotectoid temperature of 
610'~. 
present resu l t s  is that  the 85 a/o Nb, alloy in  the 
pregent wgrk is s%gle phase at temperatures of 
600 650 and 700 C, The more serious discrepancy 
concerns the location gf the monpectoid horizontal; 
investigation decomposed within the miscibil i ty 
gap, indicating that  the horizontal l i e s  below 
600%. The prese t results are consistent with 
those of Bichkov 324 e t  a l p  d o  s t a t e  the monotec- 
toid corposition and temperature to be 12 a/o Nb 
and 560 C, respectively. 

The diagram put forward by Rogers 

A minor discrepancy between this and the 

alloys annealed at 600 , 650 and 700 c in this 

2. The Isothermal Sections, 

The iso5hermal sections a t  700°, 650' and 6OO0C are 
presented in Figs, 22, 23, UC respectively, md will be dis- 
cussed in that order. It w i l l  be observed that each of the 
binary miscibil i ty gaps closes within the ternary composition 
triangle,  so that above the peaks of the binary gaps, U, Nb 
and Z r  are soluble in all proportions in  the y b.c.c. so l id  
solution. Over much of the central  region of the composit&on 
triangle the s t a b i l i t y  of the y phase extends t o  below 600 C. 
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The resu l t s  shown in Figs. 22, 23, and UC, are based upon 
the microstructures obtained af'ter annealing periods of between 
4@ and 20 days. The more critical of those annealed for short 
times were l a t e r  annealed for a further 66 days af'ter which the 
microstructures confirmed those already observed. 

(i) The Isothermal Section at 700°C. (Fig.22) 
The terminal phases present at 700°C are PU, a%, 
and y (Nb-rich b.c,c. so l id  solution). The section 
at 706% intersects  the miscibi l i ty  gaps in all three 
binary systems, and the l imi t s  of these and other phase 
f i e lds  in the binary systems are marked with the symbol 
X in Fig. 22 (a similar procedure is used i n  Figs. 23 
and 24). 

!!&e y +y decomposition i n  the Zr-40 d o  Nb 
and Zr-80 a o  Nb binary alloys was incomplete, 
indicating sluggish transformation kinetics. As 
shown in Fig. 25, decomposition occurs preferent ia l ly  
a t  the grain boundaries, and the manner of decomposition 
is reminiscent of that found within the U-Nb miscibil i ty 
gap 

The most s t r iking feature of t h i s  section is the 
closure of each of the miscibi l i ty  gaps on extending 
in to  the ternary. 
additions of less than 5 a/o Nb. 
the Zr-Nb gap extends into the ternary is not known with 
certainty. Alloys 17 and 141 for example, have been 
assigned to the y phase, though as shown in  Bigs. 29 
and 30, the i r  microstructures obviously contain a second 
phase. However, the dispdrsion of this phase does not 
reserrible the y,q,  decomposition in the binary Zr-Nb 
alloys, and furthdr, the F u n t  appears to  vary e r ra t ica l ly  
between alloys of different  compositions. Due to  the 
sluggishness of transformations in t h i s  region of the 
composition triangle, mucd longer annealing times w i l l  be 
required t o  s e t t l e  this p&t of the diagram conclusively. 

A t  7OO0C, the U-Zr gap closes with 
The extent t o  which 
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The closure of the gap in the U-Nb binary system 
has been studied in more de t a i l  using a bracketing 
technique. About I 4  40 zirconium was suff ic ient  t o  
close the gap but the limiting iscthermal was  not 
symmetrical, The l a t t e r  was dram giving weight t o  
the amount of second phase found in bi-phase al loys 
and is w e l l  established except a t  the uranium-rich 
end. 
place mainly within the grains in the uranium-rich 
alloys whilst i t  was confined t o  grain boundaries 
in niobium-rich alloys. The main feature L s  that  
up t o  57b zirconium had l l t t l e  effect  on the width 
of the gap e,g. ir the binary system the two-phase 
r e  iop extended from 20-65 a/o Nb, at 5% Zr  from 
172 - 62 a/o Nb, and at I O  a/o Z r  from 20 - 57 a / c  
Nb, Rtyond 5 a / o  the gap was closed sharply. It 
is however possible t o  regard the resu l t s  as follows. 
A t  the uranium-rich end the isothermal ran close t o  
the 20 40 Nb l i ne  up t o  I O  40 Z r  L e .  zirconium 
preferentially replaces uranium atoms in i t i a l ly .  
On the other hand at the niobium-rich end the isothermal 
runs close t o  the 62 40 uranium l i n e  i.e. zirconium 
predominately replaces niobium atoms. 

It is of interest  t o  note that precipitation took 

Q 

Examples of the type of microstructure obtained 
at 700°C are i l l u s t r a t ed  in  Figs 25 - 32 and 34. 

(ii) Isothermal Section at 65OoC. (Fig.23) 

This d i f fe rs  significantlyofrom that at 7OO0C in 
two respects only. 
temperature of the U-22 system and the section intersects  
the a + y phase f i e l d i n  tpt system. Secandly whilst 
the width of the binary miscibil i ty gap increases in 
s i z e  as the temperature is lowered, the amomt of zirconium 
required to  close it rem,ins constant a t  about 14 d o .  
The niobium-rich T d  of the l imiting isothermal remained 
the same as at 700 C whilst the uranium-rich end extends 
t o  higher uranium. contents. 
zirconium has l i t t l e  effect  on the width of the gap the 
ma31 effect  occut~jngwith the addition of over I O  d o .  

FFrstky 650 C is below the monotectoid 

Again the f i r s t  5 a/o  of 
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Composition 
a t  

peak a/o 

(iii) Isothermal Section at  60OoC. (Fig.&). 

Peak 
Temp . 
"C 

T h i s  temperature l i e s  below the monotectoids 
in both systems and the isothermal represents the 
l i m i t  of so lubi l i ty  of uranium in the Nb - Z r  r i c h  
BCC sol id  solution. The niobium-rich par t  of the 
isothermal (with) 40 a/o Nb) is similar to that 
at higher temperatures. With up to  10 a/o Zr it 
l i e s  close t o  the 33 a/o U l i ne  and then turns 
between 10 and ll+ a/o Z r  t o  l i e  para l le l  to  the 
U - Nb axis. 
of the monotectoids with a predominates. 

With l e s s  than 40 d o  Nb, the effect  

68 

- 
54 

50 

VI DISCUSS ION. 

1020 

- 
960 

950 

(I ) U-Nb Binary System. 

Three investigations of the U-Nb system have been 
reported since this work vras undertaken, and a comparison of 
the present diagram with the resu l t s  of other workers is given 
in Table 3. 

I 

18.2; + 1 - 
14.5l 

. T A B U 3  
Characterist ics of the miscibi l i ty  gap 

in the Ir-Nb system. 

- 
73 

Investigators 

I Sawyer 

Dwight 

3 Rogers e t  al 

P f e i l  e t  a14 
Present work 

Monotectoid 
Temp. OC 

11' 78 

I 70 
14 

17.5 f 1 I 65-70 50 1 950 
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Agreement on the peak temperature, peak composition, and Nb r i ch  
l i m i t  of the gap is considered satisfactory. Taking the limits 
of error i n t o  account, the agreement on the monotectoid temperature 
is also considered satisfactory,  whereas the differences in the 
monotectoid composition appear more serious. 
the presence of different amounts of C in the basis U does not 
appear t o  be an adequate explanation, It i s  observed that U-Nb 
alloys contain a white impurity phase which is n o t  present in 
either the U or Nb s ta r t ing  materials, and which may reasonably 
be supposed t o  be NbC. 
alloy of intended composition I 5  a/o Nb made from U containing 
as much as 500 ppm C would in f a c t  have an effective composition 
14.3 a/o Nb, a differenck which is  not as large as those between 
the various monotectoid compositions in Table 5. 
l ines  found on some of the X-ray photographs have not been 
posit ively identified. 
UO . A s  another l i ne  of thought, segregation in the alloys 
m 8 l d  have the effect  of broadening the miscibil i ty gap and 
moving the eutecto5.d to  lower Nb contents. 

In this connection, 

However, even i f  all C forms NbC, an 

The f a in t  extra 

They do not correspond ei ther  t o  NbC or 

(ii) U-Nb-Zr Ternary System. 

The work on the U-Nb-Zr system has revealed the large 
range of s t a b i l i t y  of the y phase due t o  the closure of each of 
the miscibi l i ty  gaps in the binary systems. 
Nb exerts the strongest inf.luence, closing the U-Zr gap an 
addition of less than 5 a / o  Nb. 
of the Zr-Nb system in to  the ternary has not been established with 
certainty, and longer annealing times appear necessary t o  do so. 
However, it seems probable that addition of U t o  the Zr-Nb system 
is  the l ea s t  ef'fective of the 3 co&inations in re s t r i c t ion  of 
the miscibi l i ty  gap. 

In order of potency, 

The extent of the penetration 

In their  work on the ternary system, M g h t  and Mueller 5 
concentrated the i r  investigations on the U-rich corner of the 
diagram. 
gaps was very limited and the i r  proposed phase boundary is 
supported by only two of three alloys. However, where comparison 
between their  resul ts  and the present work is possible, the agreement 
is very good, particularly at 6OO0C where the i r  work is rather  
more detailed. 

Their investigation of the U-hi  and U-Zr miscibil i ty 
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The more detailed study of the closure of the gap 
in  the U-Nb system has shown that  the isothermal does not 
form a smooth regular curve but comprises three separate 
parts. For s m a l l  additions of zirconium up t o  5 - A@, the 
isothermal approximated t o  a constant uranium content at 
the niobium r i c h  end (approx. 33 40) and t o  l ines  of constant 
niobium content a t  the uranium-rich end. 
contents the isothermal cbnges direction sharp18 and approximates 
t o  the 14 40 zirconium l i n e  p a r t i c a a r l y  at 650 C,  
has not been suff ic ient ly  detailed t o  determine how accurate th i s  
approximation is particularly at the U-rich end. 
possible t o  make the contrary suggestion that the f i r s t  5 a/o of 
zirconium have l i t t l e  effect  on the width of the miscibil i ty gap. 

A t  higher zirconium 

The examination 

For example it  is 

The resu l t s  confirm the general interpretation of 
miscibil i ty gaqs in terms of s i z e  factor,  namely that the 
occurrence is dependent on the balance between s t r a i n  energy 
favouring immiscibility and the entropy 
with temperature and favours miscibi l i t  P . The atomic diameters 
of U, Nb, &: Zr e-qressed as the closest  distance of approach in 
the body centred cubic l a t t i c e  (extrapolated t o  RT in the case 
of Z r )  decrease in the order Zr) U ) N p  giving s ize  factors with 
respect t o  uranium of +2$ f o r  Z r  and - 5% for Nb. 
causes more l a t t i c e  strain in uranium and gives r i s e  t o  a more 
pronounced miscibi l i ty  gap than does zirconium, Hence re la t ive ly  
smal l  amounts of niobium ( < 5  40) were required t o  eliminate the 
weak gap due to  zirconium whilst more zirconium (14 40) was 
required to  eliminate the stranger U-Nb gap, 
of 2;r and Nb required t o  eliminate these two gaps ar ises  in part  
from the f ac t  that they strain the uranium l a t t i c e  in opposite 
senses, Baniurn is intermediate in size with respect t o  niobium 
and zirconium and larger  amounts would be expected t o  eliminate 
the Zr-Nb gap. 

f f ec t  which increases 

Thus niobium 

The s m a l l  amounts 

The bulge of the y isothermal at 60ooC towards the 
uranium - corner indicstes that at th i s  proportion of niobium 
and zirconium, the dis tor t ion of the uranium l a t t i c e  is a mhhm 
thus allow51Q stable y to  ex is t  with as much as 55 a/o 
It is probable that in alloys with this proportion of niobium t o  
zirconium (about 3 e)  metastdble y can be retained on quenching in  
alloys with much higher uranium contents than in ei ther  binary system 
and it is probable that  alloys with Nb/Zr atom ratios of 3 : 2  would 
give maximum thermal s t a b i l i t y  of y. 

U, 
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26 
8 
27 
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28 
3 
4 
5 
29 
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6 
31 
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42 
19 
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60 
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COMEQSITIONS OF TERNARY W Y S .  
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15 
ut 
36 
47.5 
52.7 
57 
33.0 
15 
92 
87 
75 
63.68 
25 
80 
70 
65 
56.1 
44.0 
35 
15 
25 
24.1 
38.8 
45 
34.7 
38 
59.0 
64.5 
74.1 
67.1 
52.3 
48.1 
35.5 
33.3 

A/o 
Nb 

75 
60 
40 
21 
10.9 
5 
56.9 
60 
3 
5 

I O  
15.09 
I O  

5 
15 
20 
27 e8 
39.3 
50 
70 
40 
37.9 
49.8 
50 
60.3 
60 
29.1 
25.2 
14.6 
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35.75 
37.1 
55 
54.1 
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16 
uc 
31 e5 
36.5 
38 
10.2 
25 
5 
8 

15 
21 .I 9 
65 
15 
15 
15 
16.1 
16.7 
15 
15 
35 
3800 
1.1 04 
5 
50 0 
2 

11.8 
10.2 
11 e 4  
11 09 
11 e93 
14.8 

7.5 
12.7 

U 

31 a19 
43.98 
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46.33 
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82.73 
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58.09 
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46 . 27 
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67 . 74 
57.6 
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82.5 
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84.39 
74.11 
70.8 
60.63 
56.5 

66.8 

W/O 

Nb 

60.84 
44.72 
26.45 
12.53 

6.0 
2.76 

37.8 
49 a83 
I .281 
2.21 
4.61 
7 . 577 
7.536 
2.229 
7.1 71 
9.936 

14.8 

56.82 
28.88 
27.7 
30.9 

39 .o 
37.66 
1501 
I 2.6 

6.8 
40.35 
19.76 
21.36 
34.72 
35 . 91 

23.3 
32.37 

29.38 

zr 

i a  Analysed specimens. 
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FIG. I.  The U-Nb Phase Diagram as published 

previously to this work in B.M.I.--1300 (1950)- 
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FIG.2. The U Zr Phase Diagram from BMI.-1300(1958). 
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FIG3 The Nb-Zr Phase Diagram trom -Constition of Binary Alloys. 
by M Honwm. (IPSB). 
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Uranium after arc melting - 

electrodeposited, 

Fig. 5. X150 
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Fig.2 x150 
U-50 a/o Nb as cast - 

oxalic acid etch. 
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1Fig;lO. x150 
u-15 a/o Nb-ll: d 67OoC 1J.q. 

oxalic acid etch. 

u J l L *  x500 
L15 a[o Nb + 8d a t  66OoC w.q. 

oxalic acid etch. 

Fin, 12 x150 
U-LO d o  IQ3-17 d 91OoC w.q. I_ polish atteek, 
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x500 
U=2O d o  b 1 8  d 600°C w.q. 

oxalic etch. 
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1 U-66 a / o  Nb 3 wks 680°C w.q. 

polish attack. 
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a500 
U-50 d o  Nb 40 d 66OoC weqo 

oxalic acid etch. 

x500 

f ' i; 
L31 a/o b3 l& d 65OoC woqo 

atmospheric etch. 
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5 4 5 O  Fig. 25 
Alloy 19 40 d 700 C w.q. 

Fig. 26 x l r o  
Alloy 21 40 d 70O0C w.q. 

polish attack atmospheric etch. 

Fig, 27 x500 

omlic  acid etch. 
, I  Alloy 21 40 d 7OO0C w.qe . e  

Fig. 28 d-50 
Alloy 22 I+O d 7OO0C w.q. 

oxalic acid etch. 
' 1' 2 
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Fia,29 fig 
Alloy 17 4fi d 7o0°c WeQ* 

polish attack 

Fip30 A.50 
Alloy 4.l 20 d 700°C w.q. 

pol i sh  attack 
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FLh.22 X500 
Alloy l.4. 5 1  d. 65OoC w.q. 
oxalic acid etch. 

Fig. 34 fi50 
Alloy 13. 20 d 7OO0C w.q. 

polish attack. 

I oxalic ac id  etch, 

Fig. 36 ~5 00 
IC 3:.-E Alloy 33. 22 d 650°@ w,q, 

oxalic acid etch. 
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Fig. 37. ~5 00 
Alloy 35. 22 d 6OO0C w . 2 .  

pol i sh  &ta.ck. 

494 

oxalic ac id  etch. 
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PART B ( i )  

NATURE AND RANGE OF MLSTETJCE OF THE S PHASE 

Dl THE U-MO SYSTEM (U Mo) 

by 

2- 

I INTRODUCTION. 

The purpose of t h i s  research is  t o  study the 
conditions for  the formation and the range of existence of 

This and the c e l l  
the U2Mo or 6 phase in the U-Mo system. 
from the y phase by an ordering transformation 
of the new structure may be considered as being formed f r o m  
three c e l l s  of y i n  which U and Mo have preferred s i t e s  so that 
a contraction occurs i n  one direction t o  give each pseudo-cube 
an axial ratio of Om957a The U PA0 c e l l  is thus tetragonal 
with parameters E+, = j;4278, c 2 9m8&, c/a 2.871 and is of 
the C l lb, P/loSi2type. 

The investigation was  originally hampered to some 
extent by uncertainties in the phase relationships in binary 
U-Mo alloys and therefore some work has been carr ied out t o  
check $he val id i ty  of the ea r l i e r  diagram given by P fe i l  and 
Browne 
&i Halteman 
for  the 6 phme. (F igm?) .  

c ture  forms 

and the recently published modifikation by Bostrom 
which shows a much narrower range of composition 
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The main ef for t  of the research has been devoted 
to  the study of the effects  of e lemnts  of body-centred cubic 
structure on the range of composition and structure of the 
6 phase and the effects  of C r ,  Nb and Z r  are described in this 
report. 

In many systems there is a tendency+for ordered 
structures t o  form where the atomic Cameters are ncither 
too similar or so unequal that insufficient so l id  so lubi l i ty  
occurs. 
an ardered structur? forms at 33 a/o Mo in  the U-Mo system 
(s ize  factor - 1%) but not in  U-Cr (s ize  fac tor  - 2%; maximum 

This tendency maybe observed in uranium alloys where 

so l id  solubi l i ty  in y 4 a/o or in U-Nb (size factor - 5% 
complete y so l id  so lubi l i ty  

It was expected that Cr would increase l a t t i c e  
s t r a in  and reduce the overall solubi l i ty  in uranium thus 
reducing the extent of the ordered structure but would probably 
accelerate ordering. 
apparent valency as molybdenum it may a l low a separation of 
effects  due t o  atomic s ize  and electronic factors. 

A s  chromium probably exerts the same 

On the other hand the zirconium atom is larger than 
that of uranium and may allow re l ie f  of l a t t i c e  strain by local 
ordering of molybdenum atoms around the zirconium ones and 
may thus inhibi t  long range order of the U2Mo type. It is a l s o  
possible that zirconium may occupy the uranium l a t t i c e  sides 
preferentially and extend the phase f i e l d  to  lower uranium 
conients. 

Niobium, intermediate in atomic s ize  between uranium 
and molybdenum, mould be expected t o  reduce the tendency t o  
obtain an ordered structure. 

Some idea of the e f fec ts  of these elements may also 
be obtained from consideratiomof the relevant binary systems. 
A t  tempratures below which y (U-Mo) orders t o  6 (UzMo) L e .  
C560 C, aU is i n  equilibrium w i t h  chromium and niobium-rich 
so l id  solutions in the U-Cr and U-Nb systems respectively whilst 
molybdenum forms continuous so l id  solutions w i t h  both chromium 
and n i o b h .  Hence in the absence of any ternary compounds, 

+ All atomic diameters ih t h i s  report are &rived from the closest  
distance of approach i n  the BCC form of the element at R.T. 
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additions of chromium and niobium should terminate the 6 phase 
f i e l d  to  form a three phase f i e l d  of aU, 6 and a molybdenum - 
chromium or niobium - r i ch  so l id  solution. 

On the other hand zirconium forms UZr2 with uranium 
and a f a i r l y  high melting-point compound Z r  Mo2 w i t h  molybdenum. 
Hence 6 may form a pseudo-binary system w i t h  Z r  Mo2 and/or 
possibly U Zq. 

Since t h i s  investigation s tar ted,  a very abbreviated 
account of Russian work i n  th i s  f i e l d  has been publishe&. 
Whilst de ta i l s  of various phase f i e lds  were not given, the 
general outline of each diagram was as follows:- 

In the U-Mo-Zr system, equilibria were dominated by 
the high melting point compound Z r  Mo2 which formed pseudo binary 
systems with 6 (UzMo), aU and 6 ( U  Z r 2 )  

li? the U-Mo-Nb systems the eutectoid decoraposition of 
r̂' t o  a + S of the binary U-Mo alloys became a ternary eutgctoid 
decomposition of y t o  a + 6 + Mo-Nb sol id  solution at  565 C. 
Similarly in U-Mo-Cr, there was a ternary eutectoid decomposition 
of y t o  a + 6 f Mo-Gr so l id  solution at 570°C. 
fn temperature behoen b i n q y  and ternary eutectoid (the binary 
eutectoid is at 572 C according t o  the Russian authors) indicates 
that only small ternary additiomof Nb and Cr are required and t h a t  
therefore so lubi l i t i es  of Nb and Cr i n  6 (U2 piro) would be small.. 

The small drop 

(r) Materials. 

h p u r i t y  content about 350 p.p.m of which carbon was accounted 
for  250-300 p .p .m, 

The Uranium was supplied as 1'' diameter bar, of t o t a l  

Johnscn-Matthey'spec-pure' molybdenum rods of purity 
be t te r  than 99.95% Mo were used and contained about 90 p,p,m 
oxygen 
niobium was in the form of sheet off' cuts  containing % Ta  
and having e. hardness of 90-1 50 DPN (corresponding t o  a mean 
oxygen and nitrogen contamination of &out 0.1 w/o) 

60 p.p.m nitrogen and l e s s  than 0.1 w/o C. *The 
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Zirconium pe l le t s  were prepared by arc melting l o w  
haf'nium zircanium sponge, the major impurities of which were 
Fe - 0.02%, N2 - 0.005%, C r  - 0.002$, Hf - 0.03 
A l  - 510 ppm f 15%, 02 - 750 ppm. 
was  145 - 150 WN, The eleotrolytScflake chromium used contained 
0.13% oxide (expressed as Crz OJ), 0.01% C and 0.01% S. 

25% 
The hardness a f t e r  melting 

(ii) iil10.v PreDcY.Ltion m u e a t  - .  tr- 

10 grn buttons ef each alloy were melted on a water 
cooled copper hearth in an argon arc furnace, 10 times on each 
side t o  eliminate segregation. Titanium buttons were melted 
before and a f t e r  each batch of alloys and hardness tested to  
check that there was no contamination by oxygen or nitrogen. 
Microsections through each cast button were used t o  ensure 
freedom from segregation. Weight losses were usually I - 1.5%. 

Samples of each alloy were wrapped in melybdenum f o i l ,  
sealed $n evacuated s i l i c 3  capsules and homogeised for I week 
at  1000 C. Micro examination showed that this was suff ic ient  
to remove all coring. 

The alloys were then sealed in evacuated silica 
capsules and annealed at 500°C fo r  four weeks and 4OO0C f o r  
I 2  weeks (except f o r  certain alloys containing zirconium which 
were annealed f o r  f ive months). oWse heat treatments wye 
inters'uptedafter h o  weeks at 500 C and six weeks at 400 C 
when the alloys Were examined metallographically and then 
returned to  the furnace f o r  fur ther  heat-treatment. 

In view of the lack of agreement bgtween the resu l t s  
of alloys heat-treated for  four weeks at 500 C and those reported 
by Bostran and HKltmm, for  binary alloyg additional specimens 
were heat treated for  twelve weeks at 400 C (which gave resu l t s  
similar to those of Bostromoand Halternan at 4OO0C) and werg then 
annealed f o r  one day 8t 500 C t o  a t t a i n  equilibrium at 500 C. 
The short time a t  500 C 7 considered adequate t o  redigsolve any 
precipitate forraed at 400 C which w a s  not stable 'at 500 C. 

d 
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M t e r  mounting in bakelite, the specimens were 
polished on s i l icon carbide papers followed by diamond paste 
on a revolving pad, and f i n a l l y  electropolished in one of the 
following solutions : - 

Solution I . orthophosphoric a c d  .......... I00 nil 
' Glycerol ...................... 100 ml 

100 m l  e thyl  alcohol (absolute) ...... 
Solution 2: orthophosphoric acid .......... 50 ml 

concentrated H2SOh.. ........... 100 mZ 
d i s t i l l e d  water ............... 100 d 

A stainless s t ee l  cathode was  used with a c e l l  w l t a g e  of about 
12 volts. Alternatively some specimens were prepored by polish 
attack methods usjng a chromic-nitric acid solution, Bching 
was carried out e i ther  by swabbing the specimens with 1 :I by 
volume nitric and acetic acid solutions or by electro-etching 
with solution I by reducing the voltage to  2 volts. 

The molybdenum sol id  solution was  identified by 
darkening on etchir-g in 10% potassium hydroxide and 10% 
ferro-cyanide in w a t e r .  A solution containing 3% ni t r ic  
acid and 2% hydrofluoric acid in water darkened Z r  M02 without 
af'fecthg the molybdenum so l id  solution. A s  a routine masure, 
all metallographic specimens were examined by X rays in a so l id  
specimen Debye-Scherrer camera in w h i c h  the specimen was oscil lated 
and rotated. 
and indioated whether y was ordered or not. 

This allowed ident i f icat ion of minor phases present 
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u1. MICROSTRUCZURE3 OBSERVED. 

The microstructures observed in the alloys investigated 
are  : 

i. Grain boundary and nodular precipitate of a + 6. 
This type of precipitate shows a eutectoid pattern 
of a + 6 at higher magnification as shown in Fig.2, 

ii. Delta phase showing marked anisotropy and "cross-hatching" 
under polarised l ight especially &ter deep etching (Fig.3). 
This w i l l  be referred t o  as anisotropic de l ta  and denoted 
as a6. 

iii. Delta phase without cross-hatching and apparently 
isotropic when examined under polarized l ight (Fig.4). 
This will be referred to  as isotropic de l ta  and denoted 
as i 6 .  

iv. Isotropic 6 phase with molybdenum so l id  solution at 
grain and sub-grain boundaries Figs. 5 and 6 .  

V. Delta phase w i t h  a + 6 + Mo sol id  solution inside 
grains and d o n g  grain boundaries Fig. 7. 
observed only in ternary alloys with Nb o r  Cr. 

T h i s  is 

v i .  Delta phase with Z r  Mo2 precil;itated at grab boundaries 
(Fig.8). 
Z r  Moa and the nolybilenutl so l id  solutior, ao-exist (L%g.9). 

A t  higher zirconium and molybdenum contents 

1V. BINARYALLOYS. 

(i) Results (Figs. 10 - 12) 
. 

A t  500°C, the a + 6 phase f i e l d  existed t o  26& a/o Mo 
at which it was replaced by an apparently single phase 6 phase 
with an op,tically anisotrppic structure (Fig.3). With more than 
31 a/o  Mo, this structure remained s 
isotropic under polariaed l ight (l?igz. With % a/o Mo, the 
molybdenum sol id  solution appeared. 
w i t h  up to  31 a/o Mo contained a in equilibrium w i t h  anisotropic 6. 
A t  32 & 33 40 Mo the 6 was c q l e f e l y  isotropic and molybdenum 
sol id  solution first appeared at 34. a /o  Mo, 

l e  phase but w a s  completely 

After I 2  weeks at  400°C, alloys 
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Reheating at 500% alloys annealed f o r  12 weeks a t  
GOO°C caused no change in  the position of the phase boundaries, 

Alloys of compositions within the 6 phase f i e lds  as 
determined by Bostrom and Halteman and P f e i l  and Browne 
respectively have been prepared metallographically by three 
methods. (I) normal mechanical polish and etch; (2 )  e lcctrolyt ic  
polish m d  etch; (3) polish-attack using a chromic/nitric 
acid solution. 

In all cases, the alloys supersaturhted with uranium 
according t o  Bostrom and Halteman's diagram i.e. between dotted 
l ine and u2 Mo in  Fig.1 showed marked optical  anisotropy whereas 
those richer in  molybdenum were invariably isotropic. Prolonged 
etching of the isotropic alloys eventually revealed a faint 
structure which in  bright f i e l d  illumination looked similar t o  
the anisotropic structure under polarized l i gh t  of alloys richer 
in uranium. After 12 weeks at 40W, the 6 in two-phase a + 6 
alloys was  anisotropic but 6 in single phase alloys remained 
isotropic. 
6 phase f i e l d  between 31 and 32 a/o Mo. 

This suggests the existence of a narrow anisotropic 

(ii ) Discussion. 

At .!tWC the 6 phase f i e l d  has been found t o  extend 
over the range 313 a/o t o  3 9  a/o mlybdenum which compares well 
with the range of 31 - 32& d o  Mo obtained by Bostrom and Halteman. 
A t  500OC the maximum annealing period of four weeks did not bring 
about equilibrium. However specimens held f o r  I 2  weeks at 4OOoC 
did not change in microstructure on reheating to  5OOoC and it is 
probable that th i s  treatment represents the true equilibrium at  
5w0C. In alloys annealed f o r  four weeks at 50O0C, the change 
in microstructure from the anisotropic t o  the isotropic form 
of 6 occurred at between 31 and 32 a /o  molybdenum and it appeared 
that the anisotropic structure was associated with the 6 phase 
supersaturated with uranium. 
between the X ray structure of isotropic and anisotropic microstructure. 
For the purpose of the ternary systems, the U-rich l i m i t  of the 6 
f i e l d  in the binary alloys at 500OC has teen taken as 313 a/o ?do. 

However no difference could be found 
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v URANIUM - MOLYBDHWM - zmomm ALLOYS. 

Results (Fig. I O  t o  12) 

A t  both 400OC and 5 0 0 O C ,  additions gf zirconium 
moved the 6 phase boundaries t o  lower uranium contents and 
had l i t t l e  effect  on the width of the phase f ie ld .  
direction of the boundaries was towards Z r  M02 and 6 formed 
a pseudo-b-y system with that phase the mrurimurn so lubi l i ty  
of zirconium in 6 being about 2$ d o .  The existence of Zr No2 
was oonf'irmed by X ray examination, 
s ide of 6, a ternary phase f i e l d  of 6, Zr Mo2 and the Mo so l id  
solution existed w i t h  zirconium contents above 2% d o .  

The 

To the molybdenum-rich 

To the uranium-rich side of 6 no alloys with more 
than 2 a /o  Z r  were examined. 
phase f i e l d  existed. A t  400oC a f t e r  12 weeks and 500OC after 
four weeks a precipitated (as eutectoid) i n  alloys with up t o  
32 a/o  Mo; 
was precipitated at 50O0C and an anisotropic 6 resulted. 

A t  and below 2 d o ,  an a + 6 

in binary alloys of comparable composition no a 

A l l  the alloys with 2 a/o zirconium or above 
and the molybdenum-rich a l l oys  with 
f u l l y  ordered a f t e r  four weeks at 5W0C or 12 weeks at 400OC. 
Prolonging the a r - e a l  at 4OOoC t o  20 weeks did not bring about 
f u l l  ordering of the yphase in these alloys, 

d o  zirconium were not 

On taking alloys annealed at 400°C for  I 2  weeks 
and reheating t o  5OO*, no change in  microstructure w a s  observed 
but X ray examination indicated that  alloys with 1 a /o  zr 
ordered f'ully. 

(ii) Discussion, 

The phase boundaries of the 6 phase were modif'ied 
by additions of zirconium in such a way as to  suggest that 
two U atoms are  replaced by I zirconium and 1 molybdenum. 
Complete replacement of uranium in this manner would of course 
Produce zr Mo2 but the 6 structure ( o r  s t r i c t l y  speaking pa r t i a l ly  
ordered y st ructure)  w i l l  only tolerate the replacement of some 
4 to  5% of the uranium atoms. The fact that these small 
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additions of zirconium delayed ordering appreciably suggests 
that  circoniurn does not replace pmticular  U s i t e s  preferent idly.  
Insufficient X ray examination was c,wied out  t o  check t h i s  
but it is unlikely that such an effect  could be detected i f  
present. 

Zirconium appreciably reduces the r a t e  of ordering. 
The observation that the cloy U - 36 40 Mo - I 40 Zr fully 
ordereg on heating at 500 C a f t e r  a previous anneal for  12 weeks 
at 400 C had f a i l ed  t o  order it, is the o n l y  evidence that the 
zirconium does not reduce the degree of order 8f y. Practically 
fill precipitation of u from y occurred a t  500 C 
Bostrom and H d t e m g s  suggestion that  once y has ordered 
precipitation of m y  excess uranium as a is  difficult. 

confirms 

W I U M  - MOLYBDEWM - NIOBIUM ALLOYS. 

(i) Results(Figs I O  - 12)  

A t  both 400°C and 5OO0C, niobium progressively 
nmovei t  the 6 phase f i e l d  unt i l  it terminated in a three 
phase f i e l d  of a, 6 and a molybdenum - niobium so l id  s o l u t i o p  
Alloys brought i n t o  equilibrium at 40O0C and reheated t o  500 C 
showed no changes in the re la t ive  positions of the phase f i e lds  
and it i s  probdbie that there is no difference i n  the equi l ibr ia  
at the two temperatures. F5g. 11 therefore represents a pseudo 
equilibrium af'ter four  weeks at 500 C. 

Between 14 and 2 a/o niobium m s  requi-ed t o  eliminate 
the 6 phase f ie ld .  
eutectoid is  estimated at  28.g 40 Mop 1.8 40 Nb 70 
the pseudo equilibrium at 500 C t h i s  occurred at 27 
71 40 U 2 40 Nb but further precipitation of a occurred on 
prolonged L ~ e c n l i n g .  
anisotropic 6 m s  found but In the u + 6 ~ U o y s ,  6 WDS anisotropic. 

O r d e r q  ms not complete d t e r  two weeks at 5OO0C 
o r  6 weeks at 4OO0C but all alloys were f'ul&y ordered a f t e r  
four weeks a t  500 C. 
appeared complete but there might be some s l igh t  disorder i n  
alloys with mcre -than 1 40 Nb , 

The composition of the 6 phase i n  the ternary 

A t  both temperatures no single phase 

After 1 2  weeks at 400 C ordering 
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(ii) uiscussion. 

V I 1  

Niobium modified the molybdenum-rich phase boundary 
of the 5 phase in such a way e s  to  suggest that 2 atoms of 
uranium and 1 atom of niobium replaced 3 atoms of molybdenum, 
the maximum solubi l i ty  of niobjym corresponding to replacement 
of 15$ of the molybdenum atoms. 
r i c h  boundary meets the IJ - Nb binary system at about 11 Q/o Nb. 
This is within the range of composition over which Dwight  and 
Mueller 5 report evidence of a body centred tetragonal phase 
(9.5 - 20 at  % Nb) Berry 6 obtained a similar structure h a 
17.5 a / o  niobium alloy whilst in alloys of 11 and 15 d o  niobium 
he found structures believed by Harding, Walcifon and Knight 7 
t o  have transformed from an ordered tetragonal y 
evidence to  show that the l a t t e r  existed only below a temperature 
of about 660 - 680%. Hence, whilst there is no d i rec t  evidence 
of the existence of an ordered tetragonal phase in U - Nb alloys 
there is some indirect  evidence that  the y phase tends to  order to  
a phase similar to S (U2 140) under conditions not ye t  understood 
at composition approximating t o  the extrapolation of the phase 
boundaries in the U - Mo - Nb system. 

Dtrapolat ion of the molybdenum- 

There was 

Niobium reduced the r a t e  a t  which y ordered appreciably 
but did not appear t o  reduce the degree of order a5 far  as could 
be judged from a visual inspection of X ray films. A s  l i t t l e  as 
3 d o  niobium delayed the onset of ordering suff ic ient ly  t o  allow 
precipitation of a at 500°C in alloys containing up to 3@ a/o  
molybdenum, 
occurred in alloys with 27 - 31 a /o  molybdenum before y ordered 
t o  6. 

1 

In the absence of niobium no precipitation of a 

URANIUM - EM)LYBDENUM - CHROMIuhl ALLOYS. 

(i) Results (Figs I O  - 12) 

In general the effect  of chromium resembled that 
of niobium. 
the 6 phase f i e l d  was identical  with that in the U - Mo - Nb 
system and terminated in a three phast: f i e l d  of a, 6 and a 
molybdenum-chromium sol id  solution. However at 400OC appreciable 
precipitation of a occurred and the q e x  of the 6 phase f i e l d  w a s  
found at 68.6 a/o U, 29.6 a/o Mo and 1.8 d o  Cr. An identical  
diagram was obtained on re-heating at 500°C alloys in  equilibrium 
at 4OOOC. 

A t  500% under conditions of pseudo-equilibrium, 
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A t  4OOOC no single phase anisotropic 6 was found 
but in all a + 6 bi-phase alloys, the 6 was anisotropic. 
However a t  500°C a f t e r  four weeks annealing, y ordered t o  6 
before a precipitation and an extensive apparently single 
phase anisotropic 6 region was obtained as in the binary 
U - Mo alloys. 
L e .  within two weeks at 50OoC and six weeks a t  400%. 

The y ordered rapidly at both temperatures 

(ii) Discussion. 

Chromium modified the molybdenum-rich boundary of 
the 6 phase in such a way as t o  suggest that I atom of uranium 
and I atom of chromium replace 2 atoms of molybdenum the 
maximum solubi l i ty  of chromium corresponding to  the replacement 
of about 10% of the molybdenum atoms. 

Extrapolation of the molybdenum-rich boundary meets 
the U-Cr binary at 16 2/3 a/o chromium. 

The addition of chromium did not delay khe onset of 
ordering of y to  6 which. took place at 5003c before a precipitation 
was complete as in the binary. 
definitely,  it appeared that chromium had l i t t l e  effect  on ordering. 

h i ls t  t h i s  was not established 

VI11 GENEEiAL DISCUSSION. 

This investigation has confirmed that precipitation of 
a from y i n  supersaturated alloys is severely inhibited by the 
ordering phenomena, Where the th i rd  element added,e.g. 1% Zr, 
delayed or  reduced the rate of ordering,it was  possible to obtain 

' 

almost complete precipitation of a from y before ordering began 
and the phase boundaries obtained a t  5OOOC were the same whether the 
al loys were annealed direct ly  at  5OOOC f o r  four weeks or reheated 
at 500% af'ter three months a t  4000~. Nore complete precipitation 
of a was obtained too w i t h  niobium additions but these reduced the 
onset or rate of ordering less and complete precipitation of a 
w a s  not obtained in four  weeks at 5OO0C, 
chromium additions a precipitation was delayed 8s in the binary 
alloys . 

On the other hand, with 
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In binary alloys, the anisotropic 6 phase urns 

The isotropic structure was  obtained in the single 
observed whenever 6 was supersaturated with respect to  
uranium. 
phase 6 f i e l d  at 400°C and whenever 6 was in  equilibrium 
with molybdenum. Jn ternary alloys whenever 6 co-existed 
with any phase but a, i ts  microstructure was, optical ly  
isotropic. 
optically anisotropic in both b i  - mid tri - phase alloys at 
both temperatures. 
structure of 6 is associated with some supersaturation with 
respect to a uranium and that even af ter  three months at 40OOC 
the u ran ium r i ch  6 + a alloys are not completely in equilibrium, 

However whenever a was present the 6 phase became 

Hence it is probable that the anisotropic 

The cause of the anisotropy is not clear. 1s it was 
only found in alloys believed to  be supersaturated with a when 
ordering took place, it might be a manirestation of the effect  
of excess u ran ium atoms on the mechanism of ordering o r  on the 
ordered structure or  the result of some pre precipitation form 
of a. 
between the two microstructural forms of 6. A detailed examination 
of the ordering process would be required before this is  understood 
fully.  
par t icular ly  those with zirconium supports the suggestion that the 
anisotropic form of 6 is supersaturated with respect t o  uranium 
and that the limits of the isotropic phase represent the 6 phase 
boundaries. 

X ray examination could detect no differences 5x1 structure 

Nevertheless the examination of the ternary alloys 

The effects  of the three elements on the 6 phase f i e l d  
Zirconium replaced uranium in the proportion differed markedly. 

of I Z r  to  2U. 
took uranium s i t e s  i n  the 6 structure but as zirconium reduced 
the amount of order attained under the experimental conditions, 
zirconium replaced uranium atoms at r a n a m .  
on the y or 6 phase f ie ld  at 400% and 5OOOC is a measure of the 
dominance of the ternary system by the high melting point compound 
Z r  M02 (forming perftoctlcd.lyat .1880°C). The Russian work 
suggests that Zr Mo2 forms 
i n  the ternary system and the so lub i l i t i e s  of Mo and Z r  in  the 
ternary system are  markedly decreased in the manner characteristic 
of cases where the so l id  solution is in equilibrium with an 
intermetall ic compound of low free energy. Zr M02 has a Laves 

E-I small quantities, it is probable that zirconium 

The effect  of zirconium 

pseudo binary systemwith dl phases 
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phase structure (C 15 structure Mg Cu2 type) Which is  a 
par t icular ly  close packed structure occurring when the r a t i o  
of the interatomic distances of the two components is 
approximately 1.2:l. 
factor in  deciding the s t ab i l i t y  of t h i s  structure and it can 
be constructed by the correct packing of hard spheres of the 
correct re la t ive  sizes,  the smaller atoms being a t  the corners 
of tetrahedra round each large atom a.d the large atoms forming 
a l a t t i c e  similar to  that of diamond. Hence it is  probable 
that  addition of zirconium to alloys of 6 phase composition 
causes short range order of th i s  type with molybdenum atoms 
and thus hinders the establishment of long range U2 Mo order, 

Relative atomic s izes  are the main 

On the other hand, whilst reducing the r a t e  of 
orderhg,niobium had the opposite effect  on the, 
of the 6 phcclse, one atom of niobium replacing three of molybdenum. 
No ternary compounds were found and the 6 phase formed a ternary 
eutectoid with a U and a niobium - molybdenum sol id  solution. 
Extrapolation of the 6 phase boundary met the U - Nb binary at 
11.1 d o  Nb Which is within the range of ccmposition in which 
there is evidence of ordering within the y phase, Ln view of 
the effect  of+ 2 d o  niobium on the ordering of y ( U  - Mo), 
very long annealing times would be necessary t o  establish any 
ordering of the' U2 Mo type i n  U - Nb alloys and an ordered 
structure in U - Nb is probabiy never stable but may form as 
a t ransi t ional  metastable structure under certain conditions. 

phase boundaries 

The significance of t h i s  extrapolation can be 
considered from another poiht of view. 
y ( U  - I%) phase is not stable below about 640% on account 
of the monotectoid decomposition. However the hypothetical 
so lubi l i ty  of niobium in y uranium at 4000C can be estimated 
from the extrapolation of the y immiscibility loop t o  lower 
temperatures. There is some lack of agreement i n  the form of 
t h i s  curve but as a matter of convenience the curve determined by 
Berry at F.R.I. has been used. This is  a parabola and fits 
approximately the equation t = - 0.625~ 
t is the temperature in OC and x the atomic fract ion of niobium. 
This gives a hypothetical solubi l i ty  a t  400oC of 10.8 a/o Nb 
i n  the y phase which agrees w e l l  with the extrapolated 6 phase 
boundary. The molybdenum-rich boundary of the 6 phase in  U-IMO 
l i e s  very close t o  the maximum metastable solubi l i ty  of molybdenum 
in y before ordering takes place as wouldbe expected from the 

The uranium-rich 

+ 52.5 x - 92.5 where 
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s imi la r i ty  of structures and i t  can therefore be seen that 
the direct ion of the molybdenum-rich phase boundary of 6 is 
approximately that expected if' the probable metestable y phase 
boundaries in the two binary systems were joined by a s t ra ight  
line. In other words the effect  of niobium on the 6 phase 
boundary is more o r  l e s s  what would be expected from the relevant 
binary systems and the l imitat ion of the 6 phase f i e ld  is  a 
consequence of the monotectoid and eutectoid decompositions. 

Both niobium and molybdenum affect  the l a t t i c e  
parameter in  the same sense, molybdenum providing the greater 
reduction. 
percentages of molybdenum an3 niobium is 3: l  t 

dis tor t ions producedby two solutes are in the same sense and one 
is much greater than the other, Bxne-Rothery 9 has pointed out 
that i n  copper - and s i lve r  base sol id  solutions, the so l id  
so lubi l i ty  isothermal is not a s t ra ight  l i ne  from one binary 
system to  the other but is concave t o  the solvent-rich corner. 
IT this  was  applicable t o  uranium so l id  solutions, the U - Nb - Mo 
isothermal should be somewhat concave. However the suggestion 
above that the latter is a s t ra ight  l i ne  is based on suf f ic ien t  
assumptions and extrapolations f o r  a slight concavity not t o  be 
detected. Also the m a i n  divergence from a s t ra ight  l i ne  would 
be expected at the niobium-rich end. 
and silver-base alloys the ternary isothermals usually l i e  along 
lines of constant electron/atom r a t i o  except where differences 
in s ize  fac tor  cause small divergences from this .  
unlikely at f i r s t  s ight  that the U - Nb - Blo ternary isothermal 
correspond t o  l i nes  of constant electron/atom ra+,io. Assuming 
that l a t t i c e  dis tor t ion did not a f fec t  the c/a of the isothermal, 
it would be necessary to  postulate a valency for  niobium of 10 
assuming that U had valency of 4 and Mo its group valency of 6 .  
However, &e-Rothery and Andrews lo have shown that i n  copper- 
r i c h  alloys, the deviations f'rom a constant electron/atom r a t i o  
were direct ly  re la ted  to the l a t t i c e  distortion, the greater 
the l a t t i c e  dis tor t ion produced, the lower the electron/atom 
r a t i o  of the so lubi l i ty  limit. 

(The r a t i o  of the dis tor t ions pro-iuced by equal atomic 
ing the low niobium 

part  of the l a t t i c e  parameter curve for  U - Nb % ). Where the 

Secondly in the copper 

It seems 



- 15 - 

M 

As the re la t ive  l a t t i c e  distortions produced by mdlybdenum 
and niobium in uranium are approximately 3: l  respectively, 
t h i s  would require a higher valency still  f o r  niobium. 
is however some evidence that the valency of uranium m a y  be 
higher i n  alloys with small amounts of niobium 8, as in  d i lu te  
alloys of uranium in palladium "?If'U did exert ., higher valency 
in alloys containing niobium, the normal group valency of 5 
f o r  niobium would be possible, 
is to show the need f o r  further work on the measurement of 
physical properties and solubi l i ty  limits of the uranium-rich 
so l id  solutions. 

There 

The p'.lwpose of this conjecture 

The effect  of chromium on the 6 phase boundary is 
much l e s s  than that of niobium, one atom of chromium replacing 
two of molybdenum. No ternary compounds were formed. This is 
somewhat surprising fo r  several. reasons. Extrapolation of the 
phase boundary meets the U - C r  binary system at 16 2/3 d o  C r  
which is well ,  outside the maximum solubi l i ty  of chromium in y U 
at any temperature. 
y uranium l a t t i c e  than does molybdenum then by analogy with 
Hume - Rothery's arguments on solubi l i ty  limits in copper-base 
alloys, one would expect the solubi l i ty  limit of a s tabi l ized 
y phase in U - Mo - C r  t o  be markedly convex t o  the U corner. 
Hence small amounts of chromium would have been expected to  reduce 
the 6 phase f i e l d  more rapidly t o  higher uranium contents than 
does niobium. A s  chromium would be expected to  exert the same 
group valency as molybdenum, no electronic effect$ would be 
expected in t h i s  system unless small mounts of chromium modify 
the uranium valency, 

A s  chromium causes greater dis tor t ion of the 

CONCLUSIONS. 

4 .  
314 a/o  Mo to  3% a/o Mo at .!+OOOC and 500% which is jnreasonable 
agreement with Bostrom and Halteman 2. 
500% only p a r t i a l  precipitation of a occurred before ordering 
of y took place and a pseudo 6 phase boundary at 26& a/o Mo at 
5WoC and 313 40 Mo at 400OC which agree with th$ position of 
the U-rich boundary determined by Pfeil & Browne. 

In binary U-No alloys, the 6 phase was located at 

On annealing direct ly  at 
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The opt ical  anisotropy of the 6 phase was found t o  

depend on composition and it is concluded that the optically 
anisotropic alloys are supersaturated with respect to uranium. 
Whilst the reason for  the optical  anisotropy is not known it 
may be a resul t  of excess U atoms on the mo4.e of transformation. 
X ray analysis by powder and single crystal  methods has not shorn 
any difference between the two types of metallographic structure. 

2. 
ordered y)  to  a maximum of 2& 40 and moved the phase boundaries 
t o  lmr uranium contents in the proportion of I Z r  and I Mo 
replacing 2 U atoms. 
with Z r  M02 a Laves phase which dominated the whole ternary 
system. Zirconium delayed the onset and reduced the rate of 
ordering to such an extent that  the 2 a / o  Z r  alloys were not 
fu l ly  ordered a f t e r  5 months at 400%. It is suggested that 
short range order of Mo atoms around each Z r  inhibited the 
formation of the long range Ub &Io order. 

3. 
of ordering but not t o  the same extent as zirconium did, A 
maXeum solubi l i ty  of 1.8 a/o niobium terminated the ternary 
6 phase f i e l d  in a three phase f i e l d  of a U, S and a niobium- 
molybdenum s o l i d  solution. 
higher uranium contents in the proportion of 1 Nb + 2 U atoms 
replacing 3 Mo atoms. 
t o  cut the U - M3 binary system at about I? d o  Nb which is 
approximately the maximum solubi l i ty  of Nb 5x1 yU when extrapolated 
t o  400%. 
at 4000 would be approximately a s t ra ight  line in  the absence 
of the eutectoid and monotectoid transformations and may w e l l  
be so at higher teiqerctures66/+00~) 

4. 
as far  as can be seen and moved the phase boundaries t o  higher 
uranium contents l e s s  severely than niobium did, 
I atom of U substi tuting f o r  each 2 Mo atoms. 
as C.2 i n c r e w  dis tor t ion in uranium and has a much lower so l id  
so lub i l i t y  t h  n muld  be expected from extrapolation of the 6 phase 
boundary. 

Zirconium dissolved in the 6 phase (or pa r t i a l ly  

The 6 phase formed a pseudo-binary system 

Niobium also delayed the onset and reduced the r a t e  

The phase boundaries were moved to  

The molybdenum-rich boundary extr: .p la ted  

This suggested that the y (6 )  solubi l i ty  isothermal 

Chromium had l i t t l e  effect  on the rate of ordering 

1 atom of' C r  + 
This is unexpected 
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5. 
alloying behaviour of 
from studies of so lubi l i ty  isotherrnals in yuranium. 
work on the ef'fect of alloying elements on the ordering of the 
y phase t o  6 is d s o  required. 

It is considered that useful information about the 
BCC. elements in uranium would be obtained 

Further 

RSRA/GBB/AK. 
12/6/69. 
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PART B ( i i ) ,  

X-RAY EXAM INATION OJ? THE 6 PHASE 

bY 
H. Qynta, B. Sc , Ph.D, 

T h e e  specimens of coarse grain s ize  have been 
examined i n  detai l ,  These are:- 

SDecimen a1 L 2 5  A%& Ma 

T h i s  had been homogenized fo r  1 weekoat 1000°C, 
water quenched and annealed fo r  2 weeks a t  500 C. 
microstructure showed large grains of the 6 p b s e  with 
a + S precipitate a t  the grain boundaries and within the 
grains, 
hatched appearance , Debye-Schemer type photographs of 
the block specimen with f i l t e r e d  CaKa radiation indicated 
the presence of the 6 phase only, 

The 

Under polarized l i g h t  t h o  matrix had a cross- 

&e c ime n b) TJ-31 At.$ MO ug C s  

This had been homogenized f o r  1 weekoat 1000°C9 
water quenched a 3  annealed for 2 weeks a t  500 C followed 
by 4 weeks a t  400 C. 
precipitate a t  the grain boundaries with weak cross-hatched 
appearance of the grains under polarized light. 
Scherrer photographs indicated 6 only. 

Microstructure showed a fine 

Debye- 

b c i m  en c) U-33 At.& Cf Mo a& 
T h e  heat tzeatment was the same as for b), 

Large grains of 6 phase only were observed and these were 
isotropic under pohr i sed  light. 
confirmed t h a t  these were 8 phase. 

Debye-Scherrer photogaphs 



As the DsbyeScherrer type photographs of normal 
exposure time did not show the presence of the small 
quantities of aU precipitate seen visualI.y i n  specimens a) 
and b), extra long exposure photogaphs were taken. Faint 
add i t ioml  l i n e s  appeared on the films but these can all bo 
explained as due t o  weak KP radiation passing the f i l ter .  
No aU structure l ines  appeared and no detectable difference 
was seen between tho isotropie and cross-hatched specimens. 
Without the further refinement of using c rys ta l  monochromatized 
radiation t o  reduce the background sca t te r  and remove the  
KQ l i n e o ,  it is  unlikely t h a t  e i ther  small dif'ferences or the 
presonce of small quantities of dlT w i l l  be detected. 

11. SINGLE CRYST AL W I N A T I O N  

Single c rys ta l  photographs have been taken with a 
Unicam Weissenberg goniometer using CuKa f i l t e r ed  radiation. 
Large single grains i n  a l l  the three specimens were examined 
by mounting the whole block on the goniometer and direct ing 
the &rays through a small collimator on t o  a single grain. 
With the 25 At,% Mo specimen, a large grain was a lso  cut out 
of the block and mounted alone. 

Zero and higher layer oqui-inclination photographs 
conf i rm the ordered lJ2Blo structure pro osed by Halteman and 
give uni t  cell dimensions of a = 3 . 9  f, c = 9.82 i n  good 
agreement with the values a = 3.4.27 , c = 9.834 5! published. 
Intensi t ies  from the isolated @;rain of tho 25 At.$ Mo specimen, 
estimated visually i n to  ene of seven groups, agree very w e l l  
(apart  from e, difference i n  scale) With those given by 
€Idtenan. Theso in tens i t ies  are l i s t ed  i n  Table 1 and the 
agreement shown graphically i n  Figure 1 where the f u l l  line 
gives Halteman's data and the broken l i n e  the writer's. 

Five very weak ref lect ions 1.1.& 2,004, 0.0.20, 
1.1~10 and 2.0.10, not observed by Halteman, were seen and two 
further strong ones L1.E and 2.1.12 a t  the l i m i t  of CuKa 
radiation. 
G7 - I4/m is  consistent with the observed data. 

A parameter of z = 0.328, assuming space group 

w1 



The additional weak l i nes  reported i n  the 
previous progress report  No. 2 were very probably due t o  
foreign radiat ion as they do not appear with the radiat ion 
from a new Cu X-ray tube. 

It has been suggested tha t  the  cross-hatched appearance 
under polarized l i g h t  of the 6 grains i n  some specimens my 
be due t o  e i ther  the preprccipitation of aU mr a stage i n  the 
ordering process. 
monochromatized x-radiation by following the annealing of a 
single y grain. 

This could be irT-estigatcd using c rys ta l  
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PART C. 

K7NETICS OF TRANSFORMATION FROX THE y PHASE OF' T-JRAiYIIJId ALLOYS. 

E.H. Welch., L. 1.K 

and 

D.H. dsy. ,  B.Sc,, M.Met,E., Efig.Sc-D. 

INTRODUCTION. 

Many transit ional elements form so l id  solutions in 
the y phase of uranium but only those of titanium,zirconium, 
niobium and molybdenum are a t  all extensive and i t  is  from the 
alloy systems with these elements that the useful y phase alloys 
are to  be found. 
retained on quenching from high temperatures on the addition of 
sufficient alloying element,and much attention has been devoted 
to the s t a b i l i t y  of the retained y phase on reheating. 
the effectiveness of the alloying element in s tab i l i s ing  gamma 
hc reases  i n  the order titanium, zirconium, niobium,molybdenum 
and i t  is  therefore alloys of the uranium-molybdenum system which 
have received most attention. These are being considered as high 
temperature fuel elements and it is  therefore of practical  as well 
as theoretical  interest  t o  study the manner i n  which s m a l l  ternary 
additions canetffect the isothermal decomposition of the ganm 
phase. If elements can be fourid which delay the nucleation of 
the precipitating phase 
may be rendered more stable a t  higher temperatures,or the use of 
alloys of  higher uranium content may be possible without decreasing 
thermal s tab i l i ty .  

Ln all four systems the gamma phzse can be 

In general 

mvor diffusion, the metastable y phase 
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In alloys containing l e s s  than about 31 a/o molybdenum,o 
the ultimate decomposition product of the y phase below about 500 C 
is  a-uranium and an ordered phase corresponding to Uz&b and known 
variously as y' o r  6. 
quenching from the y phase f i e l d  has been investigated widely -l - 
both by quenching to  room temperature and tempering a id  by quenching 
d i rec t  to the tempering temperature (stcpped quench) and all have shown 
tha t  dmomposition takes place by precipitation of lamellar a f 
enriched y at the boundaries and within the grains. The y suibscquently 
orders to  the y' o r  6 phase, Since this work was  begun, Van Thyne 
and McPhersonk have reported a limited amount of work on the influence 
of niobium and platinum on the start of decomposition of y phase 
in  U-6 w/o &Io a l loys  and showed that 1.5 w/o niobium delayed 
precipitation at all temperatures w h i l s t  3 W/O niobium had l i t t l e  
effect  at about 500OC but delayed precipi kation appreciably at 40Ooc, 
The effect  of 1 w/o plathum was l e s s  marked than 4.5 W/O niobium. 
In a more extensive survey, Storhok, Rauer and Dickinson5 have shown 
that at 50@C, the s t a b i l i t y  of the y phase in U - 7.5Wbto 42 .Y./io MO 
alloys is a maximurn for  cri t ical  niobium contents. Ruthenium was 
more effective i n  delaying decomposition of y, zirconium had an 
adverse effect  whilst chromium and vanadium were reported to  have 
l i t t l e  effect .  

The transformation of different alloys on 

The purpose of t h i s  investigation has been to  study the 
transformation of a uranium - 10 40 molybdenum alloy in de ta i l  
using dilatometry, metallographic techniques and hardness measurements 
supported by X-ray examination and to  study the effect  of ternary 
additions selected to  throw l igh t  on the basic principles by which 
the transformation can be influenced. 

Basically, a ternary addition can influence the decomposition 
of a solid solution in four ways:- 

A. by reducing the f r e e  energy of the so l id  snlution it can extend 
its range of s t ab i l i t y ,  
ternary additions or  only be applicable where the t o t a l  change 
in f ree  energy required is  smslll t h i s  probably cannot be applied 
to  the U - Mo alloys. However small amounts of ternary addition 
can ohange the f r ee  energy of the so l id  solution suf'ficiefitly 
t o  a l t e r  the kinetics of transformation so  that precipitation 
may be accelerated o r  retarded appreciably. This is  because 
the activation energy which has to be supplied in forming a 
nucleus of precipitate o r  segregate of crit ical  s ize  is  inversely 
proportional to the square of the f r ee  energy change. 

A s  this will normally require large 
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B. 

C. 

D. 

The activation energy for nucleation is proportional to  
the cube of the in t e r f ac i a l  energy of the nucleus. 
includes the coherency s t ra ins  holding the l a t t i c e  of the 
precipi ta te  i n  reg is te r  with that of the matrix and it  has 
been shown, i n  aluminium copper alloys,  how very s m a l l  
ternary additions, ( O . l $ ) ,  m q  influence markedly the 
nucleation of a par t icular  phase6. 

T h i s  

The activation energy for nucleation is a l s o  inversely 
proportional to  the square of the s t r a i n  energy due t o  
volume changes. 
by small ternary additions. 

This is  not l i ke ly  t o  be al tered s igni f icant ly  

The initial r a t e  of precipi ta t ion usually follows a 
relationship of the form I = K exp [:- ( A  -k Q )  
the constant A is  a composite activation ene gy for where nucleation 
and Q the activation energy for diffusion. 
A becomes s m a l l  i n  comparison with Q m d  precipi ta t ion 
primarily, though not ent i re ly ,  dependent on diffusion. 
Hence i t  would be possible to a f fec t  precipi ta t ion at 
temperatures below the nose of the TTT curve by a l te r ing  
the activation energy for diffusion. 

A t  low temperatures 
becomes 

Although D (e f fec t  on diffusion) is  known to  occur, l i t t l e  
i s  known of the mechanism other than tha t - ce r t a in  elements m a y  associate 
with vacancies thereby reducing the number available for diffusion. 
Many examples of the e f fec t  of trace additions of ternary elements 
on precipi ta t ion in  aluminium alloys have been at t r ibuted to  the 
e f fec t  on in te r fac ia l  energy7 and it has been possible t o  correlate  
similar ef fec ts  with s i ze  fac tor  of the ternary element added to 
magnesium-lead alloys8. However i t  is  not possible yet t o  use t h i s  
hypothesis to  guide the choice of ternary addition f o r  uranium-base 
alloys 

Nevertheless i t  is  possible to  estimate qual i ta t ively the 
way i n  which ternary additions might modify the f r e e  energy of the 
y pbase as follows. If the interact ion energies between unlike 
atoms, vA13, is equal to  the mean of the interact ion energies of 
l i k e  atoms, vM + 
t o  the amount of 'each component. the  f r e e  e n e r u  / composition curve 
shows a minimum and i s  convex t o  the c 
range Of so l id  solutions is  obtained. ?%gola? If VAB < V€A + BR 
i.e. $a V is negative, a more pronounced m i n i m u m  is obtain=(c)) 
and if AV is  negative and large superlat t ice  formation within the so l id  
solution may occur and i n  the extreme, s table  compounds may form and 

i.e. the in te rna l  energy, Eo is  proportional 
T 

os i t 'on  axis and a c o q l e t e  
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reduce mutual solubi l i ty  in the pr-y sol id  solutions, A 
negative A V  is  uscally associzted with negntive heats of 
solution i n  the l iquid s t a t e  and with high meltin point 

inflected curve is obtained par t  of which is  concave to the 
composition axis and th i s  resu l t s  in phase separation and a 
miscibil i ty gap (Fig.l(b))* LT V is s m a l l  and positive, 
as the temperature increases, the entropy term, E, becomes 
relat ively more importmt and a t  a certain temperature (given by---- = 0.5, 
where K is Boltzmann's constant and 2 the co-ordination number) 
is so large that the maximum in  the f ree  energy curve, due t o  the 
increase in internal  energy is counteracted and the curve becomes 
convex to  the composition 2xis and the miscibil i ty gap is closed, 
If /A V is  large and positive th i s  condition may not be reached 
below the melting point and two separate so l id  solutions n i l l  
be obtained up to the solidus. 
associated with a positive heat of solution in the l iquid s ta te .  

compounds. If bV is  positive i,e. vAB ?Mi + f BB rn 
-'2' 

KT 
ZbV 

A positive h V is  generally 

The theory on which th i s  is  based assumes thFLt the 
re la t ive  sizes of the wtOLnsasethe same. As the relat ive s ize  
factor i s  increased, there w i l l  be an increasing tendency to 
phase separation and res t r ic ted  sol id  so lubi l i t i es  i.e. t o  
decrease the s t a b i l i t y  of y. 

L i t t l e  has been published on the thermodynamic 
properties of uranium alloy systems but a guide to the re lat ive 
values may be obtained from a study of  the phase diagrams, 
T h a t  f o r  uranium-molybdenum is characterist ic of a system in 
which A V  is positive and moderately large. Whilst ordered 
s t ruc twes  are usually associated with a negative internal  
energy ( h V negative), the ordered phase, U2M0, is not typical 
a s  the structure comprises layers of atoms, every th i rd  layer 
of  which is  composed of molybdenum atoms wkich is  consistent 
with a positive QV. Hence the f r e e  energy/composition curve 
f o r  the y U-Mo phase can be regarded as an inflected o w e  similar 
to  Fig.l(b) with a maximum towards the molybdenum r i ch  side of 
the diagram e 

for molybdenum in uranium would also contribute t o  the high 
internal energy. Eence i n  order to  reduce the f r ee  energy of the 
y U-&Io sol id  solution, the ternary addition should have a negative 

molybdenum. On the 
t o  give more rapid precipitation, 'CILLe ternary addition should have 
a positive 

The rather unfavourable s ize  factor  of - 9% 

4 V, L e .  negative heat of  solution, with uranium and also with 
other hand for an increase in free energy, 

0 V with uranium but a negative & V with molybdenum. 
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It is not known how important the effect  of s ize  factor  would 
be,or i f  i t  cm be distinguished but it seems l ike ly  that for 
greater s t a b i l i t y  the s ize  of the ternary atom should be such as 
t o  reduce l a t t i c e  s t r a i n  and vice versa. 

The three additions chosen represent three different 
types of equlibriu- diagram with uranium. T a n t a l u m  and uranium 
have very limited mutual so l id  aolubilityA0 and therefore A V  
would be expected to be large nnd positive. The molybdenum- 
t a n t a l u m  system consists of a continuous sol id  solution the 
l a t t i c e  parametersof which show a s l igh t  negative deviation 
from Vegard's law.  T h i s  suggests a W V close to zero and 
probably negative. Hence additions of tmtdum to  uranium- 
molybdenum alloys would be expected t o  dlecrease the s t ab i l i t y  
of the metastable y phase. 
with respect t o  uranium is  &out -5$,x the s tabi l is ing effect  
of t h i s  change is unlikely to compensate such a inwked effect  as 
that  of the large positive AV. 

milst the s ize  factor of tantalum 

The second addition, niobium, a l s o  has a phase diagram 
indicating a positive 
is closed at - r ~ g 0 0 O C  '' it  suggests thatQV though positive is 
small. The malybdenum-niobium system forms a continuous range 
of sol id  solution with l a t t i c e  parametersshowing a sli,ght negative 
deviation from Vegard's l a w  . This suggests a A V close 
t o  zero and probably negative. Hence additions of niobium would 
not be expected to increase the s t a b i l i t y  of gamma but the 
decrease in s t a b i l i t y  would be less marked than with tantalum 
additions. The s ize  factor  of niobium with respect to  uranium 
is about -5% being similar to that of tantalum, and t h i s  would 
be expected to  increase its s tabi l is ing effect .  Therefore the 
effect  of niobium is of par t icular  in te res t  and i t  is poiisible 
that the s tab i l i s ing  effect  of s ize  factor and opposite effect  
on internal energy may either. balance o r  vary with composition 
as the work of Van m e  and McPherson4 and Storhok e t  al 5 
has indicated. 

a t  of solution but as the miscibil i ty gap 

I 

and t o  that extent is open to question. 
T h i s  is based on the interatomic distances in the pure metcil, 
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A t  the other extreme, rhenium forms a very stable 
high melting point compound URe2 of C 14 (I& Zn2 type) Laves phase 
structure (at elevated temperatures) . I2  
is a geometrically close packed solutions and shows great 
s t a b i l i t y  in metastable sol id  structure e,g. Mg Zn2 in Al-Mg-Zn alloys. 
From this it i s  f a i r l y  certain that in uranium rhenium alloys, 

and rhenium in  each other are  f a i r l y  high (42 a/o Re and 14 40 Mo) 
and the terminal sol id  solutions a r e  separated by two high 
melting point compounds. 
is  negative and f a i r l y  large. 
rhenium should increase the s t a b i l i t y  of the ternary y phase. 
The s ize  factor  of -11% is f a i r l y  close to  that of molybdenum 
in uranium, 

 his type of structure 

A V is strongly negative , The mutual so lubi l i t i es  of molybdenum 

Again th i s  i s  strong evidence that  A V 
Together these factors indicate that 

The important factor in determining the s t a b i l i t y  of y 
phase i s  the FAfference in f ree  energy between the y phase md 
i t s  decomposition products and so far the effect  of the third 
element on the l a t t e r  has not been considered. 
are  a and a hIo - enriched y. 
probably affected i n  the same way as the homogeneous y stable at 
the 
of  a W i l l  be a l tered much as the so lubi l i t i es  of dll the solutes 
in a are  small. 
metastable y and the equilibrium phase mixture 
by an addition which lowers the f r e e  energy of metastable y 
vice versa. 

The phases formed 
The f r ee  e n e r a  of  enriched y is  

higher temperature <and i t  is  urilikely that the f r e e  energy 

Hence the difference i n  f r ee  energy between the 
w i l l  be decreased 

Therefore the effect  hzs been compared of additions of 1 4 0  

tantalum, niobium and rhenium to  a U-IO a/o molybdenum alloy to 
i l l u s t r a t e  three possible e f fec ts  on transformation rates.  
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(a) Materials and Alloy Preparation. 

The de ta i l s  of materials are given i n  Tgble 1. 

TmLE I. -- 

Metal. 

Uranium 

Molybdenum 
Niobium 

Rhenium 

Tantalum 

Remarks . 
C a  reduced rolled bar. Main impurity C ( 300 pm) 

H.P. rod. Main impurity Fe (40 ppm) 

Sheet off-cuts. 

Fre-melted potassium reduced sponge ,, 

Sheet o f f  cuts . 
Hardness on re-melting, 90-150 DF" 

Alloys of analysed compositions shavn in t5ble I1 were melted 
in rn arc furnace with a water cooled copper he'arth in an atmosphere 
of argon at I 5  c m  pressure. 

TABLE: I1 

Alloy 
NO : 

~ 

Mo I 
Mo 2 

N b l  

N b 2  

Ta I 
Ta 2 

Re I 

Re 2 

Us e 

D i l a t  ome try 
Metallography 

Dilatometry 

Metallograpl\y 

Dilatometry 

Metallography 

Dilatometry 

Metallography 

89-40 
89 <%47 
88.87 
88.67 
89.11 

89.48 
89.03 

89 -50 

Cornpa 
Mo 

10.60 

10.53 

10.05 

10,31 

10.04. 

9.50 
9.98 

9.70 

Homogenising 
treatment. 

15 days 1030°C 

7 days 1020°C 

14 days 1000°C 

7 days I@2OoC 

14 days 1000°C '-. 
7 days 1020"~ 

14 days 1000°C 

7 days 1020°C 
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After homogenising f o r  the times given above the 
elongated buttons of each alloy were hot-rolled t o  O.Q!tO" 
thick sheet using internediats heating in a eutectic lithium- 
potassium carbonate bath at 7 7 5 O C 0  Specimens f o r  both dilatometry 
and metallography were cut to shape by a precision abrasive wheel. , 

(b)  Dilatometry. 

!The transformation characterist ics of  the binary U-MO 
alloy and ternary alloys containing Nb, T a  o r  Re were determined 
using the recording dilatometer described in F.R. I. Report RI 26/3. 

were first heated in th.e y phase region f o r  3 hour at 9OOOC then 
quenched d i rec t ly  to  the transformation temperature and allowed 
t o  transform to completion,. The time taken t o  cool from 900°C 
to withjn 5OC of the transformation temperature was 1-15 mins. 
A complete recozd of expansion and contraction was  obtained f o r  
each run. 
taken fo r  each temperature. 

The specimens in the form of sheets Istt x $I t  x 0.04" 

The mean of several sat isfrctory transformation curves was  

( c )  Met2Jlographic Examination. 

Specimens 1/1611 x $It x O0G4" were sealed in sm,all evacuated 
silicacapsules to  avoid attack by the heating medium and to 
sirnulate conditions in  the dilatometer. These were then heated 
for  15 msls at 9OOOC in a lead bath and quenched d i rec t ly  t o  a 
second lead bath at the transformation temperature. The t ine .to 
attain the temperature of  the second bath was  l ess  than 30 seconds. 
After holding fo r  appropriate times the specimens were quenched 
in to  d e r .  After mounting in a cold set t ing resin microsections 
were prepared i n  the usual manner finishing by diamond dust and 
"attack polishing" using y alumina w i t h  a solution of 50 &ms CrO3 

l i gh t ly  electropolishod h. a solution of 50 rriL phosphoric acid, 
I 00  ml. sulphuric acid and I00 ml water. 
under polarised l igh t ,  a f t e r  etching in 10% oxalic acid in water 
=and d t e r  tarnishing for  several days in air. 
measurements were made on the metallographic specimens using a 
Vickers diamond indenter at 5Kg load. 

I O  ml "03 in  I00 m l  water. Where appropriate, specimens were 

Specimens were examined 

A l l  hardness 

6.68 o n .  
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111. R;ESULTS. 

A. Dilatom&ric Measurements. 

The isothermal transformation diagrams obtained from 
the dilatometric measurements are shown individually i n  Figs. 
2-5 and compared i n  Fig.6. 

The binary al loy (Fig.2) gave a normal C curve with 
rather a f l a t  nose a t  about 525%. The l ines  fo r  20, 40, 60 
and 80% transformation showed s l igh t  i r regular i t ies  with 
temperature but could not be interpreted as svEdanoe of a double 
nose. The C curves for a l l  the ternary alloys were double 
nosed, t he  upper one being a t  about 525-55OoC and t h e  lower a t  
,!+50=4.75°C. These varied i n  prominence, being re la t ive ly  weak 
i n  the a l loy  with rhenium and more pronounced i n  the  alloys 
with niobium and tantalum. The nearest corresponding feature 
i n  the binary al loys was the  ra ther  f la t  nose a t  500-550°C 
which might possibly be interpreted as two almost overlapping 
noses. 
i n  Table I11 i n  which the  comparabl-e incubation times are given 
f o r  binary alloy at 525OC, 5OO0C and 475OC. 

The relat ive prominence of these features are compared 

ComDarison of Incubation Times t o  S ta r t  of 
Transformation. 

~ 

I I 
p.laximwn Incubation 
time between nosas 

---- Alloy Upper Nose Lowe r Nose --- 
I 

Time (min) Temp OC i Time (min) Temp "C Time (min) Temp OC 
I 

U-Mo-Ta 3.3 530 6.0 450 8.0 
U - b - N b  3 e 4  
U-MO-Re ll .0 

U-MO 36 4.6 7.7 5.0 500 

CI - 
?For t he  binary alloy, the incubation times are given f o r  temperatures 

corresponding t o  those of the noms and m a x i m u m  incubation tims i n  the 
ternary alloys. 
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Otherwise the main features were the  acceleration of 
the whole transformation by niobium and tantzlum a t  a l l  
temperatures except those close t o  5OO0C, arld t h e  delay i n  
transformation by rhenium. 

In a l l  experiments tho t o t a l  contraction on quencl-dng, 
transforming, and cooling t o  room temperature was the same, 
about 0.014t19 as the  t o t a l  expansion on reheating t o  900°C f o r  
the  next experiment within an experimental e r ror  of  13$0 

Bo Analysis o f  Dilatometric Transfoniiation Curves. 

Numerous analyses of  r a t e s  of transfornation a t  
constant temperature have been made and these have been discussed 
at  length i n  the l i terature ,  eogo see 13. Sovaral of  these have 
been examined and the dilatometric transformation curves show 
most satisfactory corrolation when the rate  o f  transformation 
i s  se t  as 

du m-1 
d t '  - = $(1 - u ) t t  

where t '  i s  the growth time, (1 - a) allows f o r  interference between 
par t ic les  and depleted areas and K1 and m arc  constants. 

Integration gave 

m K1 - 7 - m  = 1 - exp [ -@) ] where - - m 

and i s  a constant with dimensions 
of  t imo 

For plot t ing graphically t h i s  i s  more conveniently expressed as 
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From the slope o f  the plot o f  l n l n  - and In t f  can be 
determined m which i s  usually found 
depending on the shape of the nucleus of precipitateo. The 
transformation curves were plotted i n  t h i s  way and gave s t ra ight  
l i nes  over the  range 2% t o  about 8% transformation. Values 
f o r  the slope a re  given below. 

2 - "  o be 1.5 t o  2.5 

- TABLE I V .  

Values of m taken from plots of transformation 

curves according t o  the equation a = 1 - exp [- e+) 3 m 

-- - 

ALLOY _- i 

Only i n  the  Phenium alloy was the agreement a t  a l l  
sat isfactory and the mean value for  m was approximately 2. 
Values about 2 were obtained a t  t he  higher temperatures i n  the 
binary and over the range 525-475OC i n  the  niobium alloy. 
The reason f o r  the  variation i n  the  other alloys i s  probably 
that some precipitation starbed during cooling past the nose, 
par t icular ly  i n  the  alloy with tantalum and t h i s  has introduced 
an e r r o r  i n  the  estimation of the  start  of tht, transformation. 
The results of  the  alloy with rhenium are the  only ones on 
which complete reliance can be placed. 
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C, Metallographic Examination, 

Hardness and metallographic examinations were carried 
out on the  same specimens. 
the specimen was determined by a glancing angle X-ray 
technique 

Where desirable the  structure o f  

On transforming a t  each tomperatuq the hardness, measured 
a f t e r  quenching t o  room temperature, remained constant f o r  a 
short incubation period and then increased i n  proportion t o  the  
logarithm of time and reached a nnximum value beyond which the 
hardness remained constant. It i s  probable that  had the heat- 
treatments been continued a s l igh t  f a l l  would have b e n  
experienced. Typical curves f o r  the U-Mo-Ta al loy are shown 
i n  Fig.7 and a l l  are swnmarised i n  Figo8. 
quenched from 900°C and the hardness boforo transformation s tar ted 
a t  each temperature were v i r tua l ly  the same:- 160 DPN for  tho 
binary al loy mid the one with Ta; 145 DPN f o r  that wlth Nb and 
120 DPN f o r  t ha t  with Ro. With the excoption o f  the tantalum 
alloy, tho differenco i n  as quenched hardness i s  proportional 
t o  the analysed molybdenum contento 

The hardness as 

In the binary and the rhenium al loy the  maximum 
hardness increased with decreasing transformation temperature 
t o  the highest values of 530-550 DPN a t  45OOC. The rhenium 
alloy w a s  some 40 points harder at 55J°C but the difforence 
decreased t o  20 DPN a t  4 7 5 O C  and was reversed a t  45OoC. 
The hardnesses at 45OoC and 475OC were higher than would be 
expected *om extrapolation of t he  values at 55O0-50OOC, 
The niobium and tantalum a l l o  s had similar hardnesses t o  the 

over the range 450-475OC. Those of the tantalum al loy lay on 
a s t ra ight  l i n e  from 45OoC-55O0C but there was a discontinuity 
i n  the curva f o r  the niobium al loy at  475OC. 

binary over the rango 550-500 5 C but had much lower hardnesses 

The hardness changes can be correlated with 
metallographic observations. 
9-12 and also plotted for  comparison are  tho TTE curves takun &om 
the incubation time and timo t o  maximum hardness, and. from the 
dilatometric studios , 

The so are summarised i n  Figs, 
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In  the  binary alloy,the first change detected a t  a l l  
temperatures was the formation of a grain boundary precipitate,  
which i n  larger  quantit ies i n  specimens transformed at 5OO-55O0C, 
could be resolved as a lamellar eutectoid-like structure, 
(Fig.l.3). 
but from the similar general appearance it i s  inferred that the  
lamellar s t ructure  i s  formed at a l l  temperatures. On quenching 
t o  room temperature, the matrix transformed by shear t o  a 
s l igh t ly  len t icu lar  banded structure of hardness- 160 DPN 
ident i f ied by X-rays as ul' (Fig.l.4). 
of  samples a t  a l l  temperatures, the  l a m e l l a  structure grew 
from nuclei at  t he  grain boundaries a t  the expense of  
y (uI1 at  room temperature). The hardness r i s e  staIrted some 
2-5 minutes a f t e r  the first appearance of t he  lamellar structure,  
and the  TTT curves fo r  the start of precipitation and hardening 
both formed continuous and para l le l  curves over the  range of 
temperature 55OoC-45O0C with no sign of any discontinuity. 
Hence it can be inferred t h a t  over this temperature range the  
phase from which the lamellar structure precipitates i s  the  
same, that  is, metastable yo and t h a t  the  shear transformation 
t o  utt must occur at  below 45OoC. 

A t  lower temperatures,it was not resolvable optically 

On isothermal treatment 

A t  50O-55O0C the growth o f  the lamellar structure 
continued u n t i l  a l l  y had been consumed and no ut! was found on 
quenching t o  room temperature. Over t h i s  range o f  temperature 
(50O-55O0C) t h e  TTT curves derived frolo hardness and metallography 
agreed reasonably well, t he  maximum hardness corresponding t o  
the complete decomposition of y t o  the  lamellar structure, 
Dilatometric measurements gave rather  l a t e r  TTT curves but it i s  
clear  from the metallographic work tha t  some precipitation of 
the lamellar structure probably occurred during cooling t o  tho 
transformation temperature and this would a f fec t  the  detection 
of the start of the transformation. 

A t  4 7 5 O C  and 45OoC, a f t e r  15-22 minutes, and 32-48 
minutes respectively, the lamellar structure ceased t o  grow and 
the matrix ceased t o  transform t o  on quenching. The matrix 
was fa in t ly  anisotropic and had an irresolvable in te rna l  
structure which might be very f ine  precipitation o r  an opt ical ly  
active variation i n  structure (Fig, 15). 
indicated t h a t  t h i s  was rotainod y. 

X-ray examination 
The pattern was rather  

ij 
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diffuse but was ident i f ied as one o f  the s l igh t ly  tetragonal 
modifications. 
was observed within the l i m i t s  of t he  treatments (4 hours) and 
the  m a x i m u m  hardness was at ta ined a t  logarithmically equal 
times af’ter the retention of y was first observed. 
probable that longer heat-treatment times would have led  t o  
e i the r  fur ther  growth of the  lamellar structure o r  precipitation 
of a within the retained y. 

No further growth of the lamellar structure 

It i s  quite 

The addition of 1 4 0  tantalum accelerated the  whole 
tramsformation, (Fig. lo), and caused much f ine r  precipitation. 
A t  the  m i n i m u m  time examined, 1 minute after quenching at 
500-525OC and 2 minutes at  45&475OC, precipitation a t  grain 
boundaries had started, Fortunately it was possible t o  detect  
t he  start of t he  hardness increase and, as , in  the  early stag06 
the  hardness and metallographic changes could be correlated i n  
the  binary alloy, it i s  reasonable t o  suppose that this i s  t rue  
for  the ternary. 
a n 4  at  a l l  temperatures, 
transformed isothermally completely t o  the lamellar structure. 
The time for  the rise t o  maximum hardness agreed well with the  
compldion of the  metallographic change. 
transformation a t  475OC and 45OoC occurred a f t a r  7-10 mins and 
21-32 mins, less than the  time required for  the develo men% of 
t he  mechanism by which y was retained at  475OC and 450 C i n  the  
binary alloy. The transformation detected dilatomotrically 
s tar ted la ter  and finished much later than that examined 
metallographically. 

The whole transformation was completed rapidly 
y (a” on quenching t o  room temperature) 

The end of the  

g 

In  the  niobiw-bearing alloy, ell samples showed signs 
of the grain boundary precipi ta te  at  t he  shortest  times 
examined and no satisfactory curve f o r  the start of the 
transformation can be given; However, the  precipi ta te  grew only 
slowly and the start of the hardness increase occurred at roughly 
the  same time as i n  the binary alloy, and was completed a l i t t l e  
more rapidly. Except at 50O0C the  start of the  transformation 
as determined dilatometrically was close t o  that obtained from 
hardness measuroments. The transformation followed the same 
course as i n  tho binary a l loy  with the  exception that  i n  one 
sample a t  5OO0C (15 minutos) t he  s tabi l ised y structure was 
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obt ined but was l a t e r  absorbed by growth of the lamella 
outectoid, A t  4 7 5 O C  and 45OoC, the  s tabi l ised y structure 
appeared a t  the  same time as i n  the binary alloy, but the  
lamellar complex continued t o  grow and a t  475% complatoly 
absorbed the y phase i n  about l+ hours. 

As i n  the binary alloy the hardness change reached 
i t s  m a x i m u m  shortly a f i e r  the absorption of all the original ' 

y phase a t  the higher temperaturos and at logarithmlcally equal 
tfnos a r t e r  the  s tabi l isat ion of y at  the lower temperaturo~. 
The end of the dilatometric change occurred somewhat l a t o r  than 
the metallographic change but the  form of the TTT curve was 
similar t o  tha t  of metallographic and hardness changes at  
50O-55O0C. 

The effect  of rhenium was of special i n t e re s t  i n  that 
it delayed appreciably the decomposition of the  y phase, 0.g. 
the  shortest  time f o r  precipitation t o  start a t  the  grain 
boundaries was 2 minutes at  500°C instead of 
binary and it took 12  minutes a t  450°C instoad of 3 minutes i n  
the  binary. 
(525'C) i n  tho binary but 70 minutos (525%) i n  the  rh&m 

(1 minute i n  the  

The shortest time t o  m a x i m u m  hardness WES 15 minutes 

auoy. 

The course of transformation was, however, the  s m o  as 
i n  the M q  with tho following oxceptions, 
the  lamellar complex was slowor and a t  500% a f t e r  70 minutes, 
(a  time at  which t h e  transformation was completo i n  the binary), 
y was s tab i l i sed  and no longer transformed t o  U" on quenching. 
A t  475OC y was stabi l ised some 20 minutes l a t e r  than i n  the 
binary alloy, and at  450°C i n  tho same timo as i n  the  binary, 
Tho time required t o  develop m a x i m u m  hardness did not bear the  
same relationship t o  the time t o  s t ab i l i s e  y as i n  the binary; 
progressively longer times were neodod as tho temperature fe l l .  
The  TTT curves deterriiinod dilatometrically agreed fair ly  well 
with those determinod from the  hardnoss t o s t s  except t ha t  the  
la t te r  gave no support f o r  the  s l igh t  double nose form of tho 
former. 

The growth of 



- 16 - 

IV. DISCUSSlorJ. 

This examination has confirmed r e su l t s  of ea r l i e r  
workers i n  t h a t  the mechanism of  the decomposition of the 
y phase i n  U-10 40 Mo i s  by the growth of a lamellar structure 
comprising plates  of a i n  a matrix of enriched y. 
given suff ic ient  time, would no doubt have transformed t o  the 
ordered y '  o r  6 (U2Mo). A t  50Oo-55O0C the lamellar structure 
grew a t  the  expense o f  y which transformed by shear t o  ul' on 
quenching until, ultimately, complete formation of a + enriched 
y had occurred and no all could be detected. 
450=475°C, t h i s  type of transformation was interrupted suddenly 
by the  apparent retention of the  y phase a f t e r  a cer ta in  time. 
This was not a gradual process and at no time were the utr and 
y phases present together. Subsequently no fur ther  growth of 
the lamellar complex was detected. 
was higher than would have been expected from the  transformation 
a t  500-55 O°C 

The l a t t e r ,  

However, a t  

The maximum hardness attained 

There are three possible reasons f o r  the retention 
of y:- 

during growth o f  the lamellar eutectoid, the 
residual y might be progressively enriched u n t i l  
such a composition i s  at ta ined that a variant of 
y is  retained. 
reasons. 
quite readily a t  50O-55O0C also, and secondly a 
composition gradient would be established so  that 
both and retained y would h expected i n  the 
same specimen and tha t  the t ransi t ion from one t o  
the other would OCCUT gradually with time. 
This was not observed. 

This may bo discarded f o r  two 
In the  first place this should occur 

( i i )  a very f ine  precipitate or  sutaaicroscopic aggregation 
of U o r  Mo atoms akin t o  G.P. zones i n  aluminium 
alloys might have formed and prevented the  shearing 
necessary t o  form a" on quenching. This i s  feasible 
and might explain the unresolved structure i n  Fig.15 
and the  higher m a x i m u m  hardness but not necessarily 
the  completo inhibi t ion of the lmel lers t ructure .  
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( i i i )  The first stage of ordering of y t o  y '  or  U$o 
might have s ta r ted  and prevented the transformation 
t o  a'! by shear. 
hardness and a l s o  f o r  the inhibit ion of fur ther  
precipitation of a as it has been established9 
t h a t  a precipitation from the ordered y i s  much 
slower than from the disordered y o  
evidence of a diffuse y pattern does not contradict 
this, Whilst it i s  t r m t h a t  no extra  diffractions 
were observed, it i s  possible that the f irst  stage 
of ordering could be the  development of tetragonality 
and extra diffractiomwould not be observed u n t i l  
l a te r .  

The ternary addition of tantalum increased nucleation 

This would account f o r  the higher 

The X-ray 

of a and accelerated the whole decomposition. 
temperatures y decomposed t o  a + enriched y completely and no 
retained y was detected. 
was complete before the time required f o r  y retention i n  the 
binary al loy had elapsed, On the other hand, w h i l s t  niobium 
accelerated nucleation slightly,  the ra te  o f  decomposition 
was about the  same as i n  the  binary. 
retained on quenching a r t e r  times comparable t o  those in the  
binary. 
niobium did not interfere  with the mechanism by which 
untransformed y was retained on quenching, t h e  growth of the 
lanellar a + y structure was not inhibited, with the  result 
tha t  at 475OC complete decomposition of  y occurred and was 
almost complete a t  45OoC. The only tentat ive explanation of 
there ten t ionof  y which accounts f o r  the inhibi t ion of a 
precipitation i s  tha t  the retention of y i s  a consequence of 
t he  early stages of the process culminating i n  ordering of the 
y. It i s  known that niobium appreciably reduces the rate o f  
formation of the ordered phase 6 i n  alloy of U-25 t o  33 a/o Mo 
and tha t  complete precipitation of CL occurs a t  500°C and 400°C 
before ordering takes place with as l i t t l e  as 0.5% niobiun 
pre sentl4. 

A t  a l l  

A t  45OoC and 4750C the  transforriation 

A t  4500 and 475OC, y was 

O f  particular i n t e re s t  i s  the  observation that although 

Hence the  available ovidence suggests t h a t  whilst 
niobium delays the completion of the formation of t he  ordorod 
stJ.'ucture(yt, 6 o r  U$'40,)i$ dooa not stop t ho  first stagos' of 
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ordering of y which lead t o  the r e t d . o n o f  a dis tor ted,  
probably s l igh t ly  tetragonal, y, However the presence of 
niobium a l t e r s  the manner in which the first stage takes 
place s o  that a precipitation on the form o f t h e  lamellm eutectoid 
is not prevented in any w ~ y ,  
of y is a two stage process, f i r s t l y  the development of tetragonality 
which is not. affected by niobium and the ordering of U and MO atoms 
which is inhibited by niobium. 
on th i s  topic, 

It appears l ike ly  that the ordering 

Clearly fur ther  work is required 

Rhenium delayed nucleation of a and reduced the whole 
process by a factor  of 2 L.. 5 depending on temperature, 
the r a t e  of decomposition of y, rhenium allowed more time f o r  the 
y s tab i l i sa t ion  mechanism to operate with the resu l t  that s tab i l i sed  
y was obtained a t  5OOOC as w e l l  as 450OC and 475OC, 
the development of s tab i l i sed  y at 450oC and 475OC were about the 
smne o r  B l i t t l e  longer than in the binary. 
important technological poss ib i l i ty  that by the optimum d d i t i o n  of 
rhenium and/or other similar elements it might be possible t o  delay 
o r  reduce a precipitation until the reaction which s tab i l izes  y 
starts , 

By reducing 

The times f o r  

This suggests the 

These resu l t s  are in general agreement with the conclusions 
reached in the introduction namely that  

(a) tantalum would mrkedly accelerate the decomposition Of y 
beoause i t  would be expected t o  increase the free  energy 
o f  y relative to that of a, 

(b) niobium would probably have the same ef fec t  but would be 
less  marked and that its ef fec t  mightwell vary with tmperature 
and composition, In f a c t  it was  found that  niobium reduced the 
incubation t h e  but that  thereafter the r a t e  of transformation 
was l i t t l e  f a s t e r  than that of the binary i.e, the net e f fec t  
on the s t ab i l i t y  of the y phase w a s  small. 

rhenium would increase the s t a b i l i t y  of the y phase by 
decreasing the free  energy of  

" 

(c )  
y re la t ive  t o  a. 

These findings add support to  the general hypothesis that  
in order t o  increase the s t a b i l i t y  of a quenched so l id  solution in  
a system displaying posit ive heats of  solution L e .  4 V posit ive,  
the ternary addition should have a negative heat of solution with 
the solvent ( A V negative, complete so l id  so lubi l i ty  o r  strong 
intermetall ic compound formation) and a negative heat of solution 
or  A V with the solute, To accelerate isothermal decomposition 
of the quenched metastable so l id  solution, the ternary addition 
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should have a positive heat of solution with the solvent 
( 4 V posit ive,  strong miscibil i ty gap preferably extending 
through the solidus and no intermetallic compound formation) 
and a negative heat of solution with the solute. 
further conf5rmationbut suggests the most useful additions to  
be made for  e i ther  effect. 

This hypothesis needs 

O f  particular importance is the further investigation 
of the re la t ive  importance of size factor  on changes ia internal 
energy. 
thecase of tantalum and rhenium but might have been almost of 
equal importance in the alloy with niobium. However t h i s  is 
of importance as it  is  possible that additionsof d r i t i c a l  s ize  
factors may i n  f ac t  assist or  inhibi t  nucleation by al ter ing 
the * h t W a  i a l  energies as has been observed in magnesium- 
base  alloy^.^ It is possible that fo r  U - &Io alloys a s ize  
factor  of -5% with respect to uranium may assist nucleation. 
For example the lamellar structure was much f iner  in the alloy 
with tantalum. 

For instance it appeared to be of l i t t l e  hport&nce in 

In the alloys which decomposed fu l ly  to eutectoid 
(ternaries with Ta and Nb) the maximum hardness w a s  roughly inversely 
proportional to temperature. 
(binary and ternary with Re) the hardness was higher than in those 
in which y decomposed fW3-y i.e. the hardness of retained y is 
greater than that of the a + as&5hed,. y complex. 

In those in which y was retained, 

From the dilatometric yeasurements, the tranaformnk5.on fo l lowd  
t m  the equation a = 1 - exp [- (.?;) ] where m was approximately 2. 

According to  Zener14 th i s  would be expected from & reaction which 
involved precipitation in the form of cylinders whereas the probable 
f o r m  of' precipitate in this case was  plate-like. This would require 
a constant m of h/ 2.5. 
i n  th i s  alloy are  not comparable with those fo r  which th i s  constant 
was derived. 

It is probable that the conditions of growth 

The  main value of the dilatometric technique w a s  the 
speed with which the transformation curves were obtained, the 
ab i l i t y  to repeat these to  check reproducibility of the transformation 
and the fact that the same specimen could be med repeatedly. 
lh practice it is necessary to ensure that the dilatometric 
technique is  measuring the same transformation as is being studied 
by other techniques. In the U - Mo system, t h i s  was SO and in 
general i t  agreed w e l l  with the resul ts  of more tedious metallographic 
and hardness examinations. 
i n  that the dilatometric resu l t s  gave evidence of a double nosed 
curve in three of the alloys. 

However there were differences in de ta i l  

There w2s no evidence of n chwge in 
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the manner of the early stages of decomposition metallosaphically 
which would account f o r  this.  
in the dilatometer was such that in  all but the rhenium alloy some 
transformation would have taken place during quenching. 
a genuine start of transformation was detected and it is probable 
that dilatometrically the first appearnnce of precipitate caused 
no detectsble change. Alternatively at the slower cooling r a t e  
in the dilatometer fewer vacancies might have been retained and 
nucleation consequently be more diff icul t .  

It was noted that the r a t e  of cooling 

Nevertheless 

Since th i s  research ms undertaken H i l l s  e t  al3 have 
published an account of a complementary examination of U - Mo 
alloys in which they cooled specimns from 90OOC to  600Oc - 45OoC 
and held the samples for  varying periods. Ln general, the slower 
cooling r a t e  which they used gave a slower transformation than in 
th is  investigation e.g. in the 10 40 Mo alloy ot 55OoC a pet& hardness 
of 390 DPN w a s  attained in 8 - 10 hours at which an CI + y structure 
was obtained compared with 35 mins in th is  work. A t  5OO0C the peak 
occurred at 5 - 10 hours (compared with 22 minutes) the micro-structures 
being a + y with some y' (detected in the EhrweIJ. work). 
at 30 minutes H i l l s  e t  d. found lamellar a + y in a matrix of all. 

After about 8 hours a peak hardness of 570 DPX was at talned (560 DPN 
a t  2 hours in th is  work) and the structure comprised lamellar 
structure in a matrix which corresponddto retained y in th is  work. 
Hence the agreement is quite good taking into account difference in 
r a t e  which could have been a consequence of the r a t e  of' cooling. 
There is  a difference in  interpretation of' the resu l t s  at l+5OoC 
however. 
by S l l s  e t  al is interpreted as evidence that 45OOC is below the 
Ms whilst it is clear from the more detailed examination i n  this 
report  that this is  unlikely to be so .  

A t  lc5OoC 

The existence of a" before the pe& a t  45OOC in the paper 

Hardening i n  U - 10% Mo did not start before vis ible  
precipitation of a, + y was observed and was  complete when the 
eutectoid formation w a s  complete. In this i t  d i f fe rs  from the 
U - 10 a/o T i  al loy in which hardening occurred before any 
precipitate was resolvable optically. The appearance of the 
eutectoid at p a i n  boundaries was  associated with overageing 
and softening in the U-IO a/o T i  alloy. 
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