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FULMER RESEARCH INSTITUTE LTD,

Contract No. 62558-(24 )-1770. | R.126/L/JUNE 1959.

PART A

THE MISCIBILITY GAPS IN THE U-Nb AND U-Nb-Zr SYSTEMS

by
B.S.Berry, M.Sc., Ph.D.
and

G.J.Partridge, B.Sc.,

SYNOPSIS.

The miscibility gap in the U-Nb system has been established
usmg metallographjc amli X-ray techniques, The monotectoid temperature
is placed at &40 - 2°C end the composition limits at that temperature
are 65-70 a/o Nb and 17.5 = 1 a/o Nb, the monotectoid.

The 700°, 650° and 600°C isothermal sections of the U~Nb-Zr
system have also been investigated, Each 6f the miscibility gaps
present in the limiting binary sections was found to be closed by
additiors of the third element., At 700°C the U-Zr gap is closed by
addition of less than 5 a/o Nb. The behaviour of the Zr-Nb gap is
less certain owing to the sluggish reactions close to this binary
system but the gap appears to be closed by about 15 a/o0 U, The
U-Nb gap has been studied in more detail and is closed by 14 a/o Zr.
To & near approximation the ternary U-Nb gap can be considered to
be bounded by the composition lines 33 a/o U, 14 a/o Zr and about
20 a/o Nb depending on temperature, A notable feature is that at
Nb and Zr compositions' approximately corresponding to a line of
. minimum lattice distortion, the y phase at 600°C bulges towards the
U corner.

As a result of -the closure of‘ the gaps the ¥y phase is stable

over a large area of the diagram at temperatures down to at least
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II.

INTRODUCTION,

The object of this research was to determine and account
for the effect of zirconium on the miscibility gap in the uranium-
niobium system, In view of the lack of agreement ' on the size and
shape of the the gap at the time this work was initiated, a new
determination has been made, which agrees fairly well with the
recently published findings of other workers 2-h Concurrently, the
U-Nb-Zr isothermal sections at 7000, 650° and 600°C have been
examined, and these also are found to be in overall agreement with
the independent recent work of Dwight and Mueller 2,

ALLOY PREPARATION.

(a) Materlals .

1 m-anlum.

The uranium was supplied by Harwell as rolled rod.
A typical analysis is as follows:-

Depolla

C Fe N Mn

270 50 <5 20

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

2, Niobium,

The niobium was received from Murex Litd., as ductile sheet
offcuts containing ~,2% Ta and an estimated Oo content of 0,11 w/o.




3. Zirconium,

Zirconium pellets were prepared by arc melting low Hf
sponge supplied by A.E.R.E, Harwell, and having the following

batch anelysis;-
Fe
N2
Cr

Po

[ N NN 2

[ N N

0.02%

0.005%

0.002%
€0.05%

MZ eeeees K0.01%

Bf veeese 0.03 & 25%
Al seeses 510 pepem, *+ 15%
02 eevesee 750 pepe.m, mean range 500-1000 pepem,

(b) Selection of Alloy Compositions

The U-Nb diagram proposed by Sawyer 1 was used as a first
guide to selecting the compositions of the binary alloys. PFurther
alloys were then prepared in the light of the results obtained.

The appearance of the ternary diagram will be dominated by
the behaviour of the miscibility gaps which are a feature of each
of the limiting binary systems, and alloy compositions were chosen
with this in mind to determine thé limits of these miscibility gaps
in the ternary systems., Further alloys were selected to locate more
accurately the limit of the U-Nb miscibility gap. The compositions
of the binary and ternary alloys are given in Tables 1 and 2, while
their positions on the ternary diagram are shown in Fig. 6.




(c ) Melting,

Alloy buttons weighing about 10 gm. were prepared in
a multiple hearth argon arc furnace, taking special care to
minimise melting losses., Segregation was avoided by remelting
each button at least ten times,

(a) Homogenisation.

Care was taken to ensure that dendritic structure was
removed from arc cast buttons by a thorough homogenising treatment,
Where alloys had solidus temperatures below 1250 C they were Ta
wrapped and annealed in evacuated silica capsules, while all other
alloys were annealed in the high temperature vacuum furnace
at 50-100°C below their estimated solidus or 1550°C whichever was
the lower. Figs 7 and 8 show the structures of a 50 a/o Nb alloy before
and after annealing 5% hours at 14000C and 90% hours at 13,0°C,

(e) Working,

After homogenisation, some of the alloys were forged by
hand at 650-750°C in an attempt to promote more rapid attainment
of equilibrium on subsequent final annealing. There is evidence
that this was successful in some alloys, but some tended to crack
and working of others was 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 little doubt
that the nominal and actual percentages are very close in view of
a very small melting loss during alloying.




Iy, EXAMINATION OF ALIQYS,

(a) Metallographic Technique,

Specimens were mounted in bakelite, wet ground to 600
paper, and polished with O-~1 & diamond dust and slow cutting
alumina, For high U alloys the most generally useful etch was
10% aqueous oxalic acid, used electrolytically at 3-6 volts.
For Nb-rich alloys a polish~attack method was used with slow
cutting alumina and solutions of nitric and hydrofluoric acids
in various proportions.

(b) X-ray Technique.,

All X-ray photographs were obtained from the block
metallographic specimens, using a 14 cm diameter camera in
which the specimen is oscillated and rotated with respect to
a beam of filtered Co K o X-radiation. The majority of the
binary alloys and the more important ternary compositions
were examined,

RESULTS, o

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

The U-Ib miscibility gap, drawn in accordance with present
metallographic and X-ray results, is presented in Fig, 9. The
monotectoid is placed at 17.5 a/o Nb and €,0°C, and the gap .
extends at 640°C to-w 65 a/o Nb, The procedure used in establishing
the gap was to decompose the alloys at low temperatures (64,0 - 660°C),
and to locate the phase boundaries by observing the phase changes
produced on reheating to higher temperatures. This approach avoids
the difficulty of the sluggish Y4 + y2 decomposition fﬁom vy at
temperatures above 700°C, as reported by P.C.L. Pfeil *. The structures
encountered in the various phase fields are described in turn below,

1. The y field,

In alloys with less then 20 a/o Nb, the stable y phase could
not be retained on quenching to room temperature, Alloys containing
up to 17.5 a/o Nb transformed on quenching either to the o' or a
modifications of a, and some distortion of the b,c.c., pattern was
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observed in the quenched 20 a/o Nb alloy., When lightly
electrolytically etched with oxalic acid, the microstructure

gave no indication of this transformation, and consisted only

of structureless equiaxed grains (and impurities). An example

is shown in Fig. 10, ILonger etching, however, produced considerable
broadening of the grain boundaries and acicular markings within

the grains (see Fig,11), which was found by experience to be an
indication of the transformation on quenching,

Dwight and Mieller 2 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 a/o Mb alloy, quenched from 1040°C after a
homogenising anneal,

" “The y phase was retained on quenching alloys containing
more then 30 a/o Nb. On resolution of the structure produced
by decomposition in the vy + v, phase field, the grain size of
the Yy phase was much smaller than in the as-cast and homogenised
state, as shown by comparison of Figs, 12 and 13,

2+ The vy + yvp field,

The intersection of the y4/a+y4 boundary with the
Y1/ Y41+Y2 boundary and the monotectoid horizontal places the
U rich limit of the yq+yp field at 17.5 a/o Nb, with an
estimated accuracy of £ 1 a/o, Fig. 20 shows the globular
type of yq+y, structures observed in the U-20 a/o Nb alloy.

At the Nb-rich end of the gap, as shown in Figs. 15 and
16, Y1+Yo decomposition was detected microscopically in the :
U-63 a/o Nb alloy after 21 days at 6809C, but not in the U-66 a/o
Nb alloy. On this evidence (which may require modification in the
light of longer anneals), the end of the gap is placed at 65 a/o Nb,
Using the parameter composition curve for y alloys obtained by
Rogers et al”, however, the composition-of the yp phase in a+yp
type alloys is thought to be nearer 70 a/o Nb, The present
evidence suggests therefore that the end of the gap is located
in the region 65-70 a/o Nb, :
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The rate at which the y phase decomposes to yvq+yp at
640 - 660°C becomes very much slower in alloys of increasing
Nb content, The decomposition occurs on a fine scale and in a
characteristic manner, illustrated by Figs. 17 and 18, On heating
the y4+Yo structure to higher temperatures, some coarsening takes
place as the annealing temperature approaches the T/Y1+Y2 boundary,
as shown in Fig,19., The peak of the miscibility gap occurs at or
near the 50 a/o composition and a temperature of 950°C., The 50 a/o
alloy arnealed at 960°C for 8 days showed a diffuse ghost structure
in parts, but this 1is tentatively assigned to incomplete diffusion
during the amneal, or incipient decomposition on quenching, rather
than to the stability of the Y47Yo structure at 960°C,

3. The a + Y4 field.

The o phase in the o + y, structures tarnishes in air,
giving in the unetched condition structures comprising darker
globules or plates in a light matrix (Fig,20). The a-phase can
be darkened further by electro-etching with oxalic acid, or
omumammmmu%u%,mﬁme.

L, The o + Ty field.

The a + vy, structures encountered were virtually the
reverse of the a + vy, type noted above, The o groundmass
tarnishes characteristically, revealing a light dispersion
of v, (Fig.21).

It should be noted that the four structures listed in
the key of Fig.9 appear on the 6,0°C isothermal, and that this
has been interpreted_to mean that the monotectoid temperature
lies so close to 640 C that inaccuracies of a degree or two
in the annealing temperature can result in the structures
lying Jjust above and just below_ the monotectoid line being
attributed to the range 640 + 2°C.

{(b) The Ternary U-Nb-Zr Isothermal Sections.

1, The Limiting Binary Systems,

(i) The U-Nb System. The diagram of Fig.9 has been used,
with supplementary information on alloys of high U gontent
taken from the report by Pfeil Brown and Williamson™,
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(ii) The U-Zr System. The diagram proposed by Summers-
Smith "1 apparently requires modification solely in
connection with the UZr,(8) phase, which affects the
form of the diagram only below 606°C, The diagram
assumed is that used by Dwight and Mueller-”, ~ando
comprises the diagram of Summers-Smith abo¥§ 606°C,
ancéo that of Rough, Austin, Bauer and Doig below
606°C.,

(iii) The Zr-Nb System. The diagram put forward by Rogers
and Atkins '¢ has been used, except where this is
inconsistent with the few results obtained in the
present investigation on Zr-Nb alloys., The miscib-
ility gap in Rogers and Atkins diagrem extends from
18 to 87 a/o Nb at the monotectoid temperature of
610°C. A minor discrepancy between this and the
present results is that the 85 a/o Nb. alloy in the
pregent work is single phase at temperatures of
600°, 650° and 700°C, The more serious discrepancy
concerns the location of the mongtectoid horizontal;
alloys annealed at 600°, 650° and 700°C in this
investigation decomposed within the miscibility
gap, indicating that the horizontal lies below
600°C, The prese?t results are consistent with
those of Bichkov '+ et al, who state the monotec-
toid composition and temperature to be 12 a/o Nb
and 560°C, respectively.

. 2o The Isothermal Sections.,

The isothermel sections at 700°, 650° and 600°C are
presented in Figs, 22, 23, 2, respectively, and will be dis-
cussed in that order, It will be observed that each of the
binary miscibility gaps closes within the ternary composition’
triangle, so that above the peaks of the binary gaps, U, Nb
and Zr are soluble in all proportions in the ¥ b.c.c. solid
solution, Over much of the central region of the composition
triangle the stability of the y phase extends to below 600°C.

68 009
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The results shown in Figs. 22, 23, and 24, are based upon

the microstructures obtained after anneallng perlods of between
40— and 20 days. The more critical of those annealed for short
times were later annealed for a further 66 days after which the
microstructures confirmed those already observed.

(1)

The Isothermal Section at 700°C, (Fig.22)

The terminal phases present at 700°C are BU, aZr,

and ¥ O(Nb--rlch beCeCe s0lid solution), The section

at 700°C intersects the miscibility gaps in all three
binary systems, and the limits of these and other phase
fields in the binary systems are marked with the symbol
X in Fig. 22 (a similar procedure is used in Figs, 23
and 24).

The Y decomposition in the Zr-40 a/o Nb
and Zr- 2/0 Nb binary alloys was incomplete,
indicating sluggish transformation kinetics. As
shown in Fig. 25, decomposition occurs preferentially
at the grain boundaries, and the manner of decomposition
is reminiscent of that found within the U-Nb miscibility

gaP.

The most striking feature of this section is the
closure of each of the mlsciblllty gaps on extending
into the ternary, At 700 C the U-Zr gep closes with
additions of less than 5 a/o Nb., The extent to which
the Zr-Nb gap extends into the ternary is not known with
certainty., Alloys 17 and |41, for example, have been
assigned to the y phase, ?hough as shown in Figs. 29
and 30, their microstructures obviously contain a second
phase. However, the’dispérsion of this phase does not
resenmble the Yot decomp351tlbn in the binary Zr-Nb
alloys, and fufthsr, the amount appears to vary erratically
between alloys of . dlfferent comp031t10ns. Due. to the
sluggishness of transformatlons in this region of the
composition triangle, much longer annealing times will be
required to settle this pﬁrt .of the diagram conclusively.

| g68 (10
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The closure of the gap in the U-~Nb binary system
has been studied in more detail using a bracketing
technique. About 14 a/o zirconium was sufficient to
close the gap but the limiting iscthermal was not
symmetrical, The latter was drawn giving weight to
the amount of second phase found in bi-phase alloys
and is well established except at the uranium-rich
end, It is of interest to note that precipitation took
place mainly within the grains in the uranium-rich
alloys whilst it was confined to grain boundaries
in niobium-rich alloys. The main feature is that
up to 5% zirconium had little effect on the width
of the gap e.g. in the binary system the two-phase
region extended from 20-65 a/o Nb, at 5% Zr from
174 - 62 a/o Nb, and at 10 ao Zr from 20 - 57 a/c
Nb. Beyond 5 a/ o the gap was closed sharply. It
is however possible to regard the results as follows,
At the uwranium-rich end the isothermal ran close to
the 20 a/o Nb line up to 10 a/o Zr i.e. zirconium
preferentially replaces uranium atoms initially.

‘" On the other hand at the niobium-rich end the isothermal

(1)

runs close to the 62 &/o uranium line i.e. zirconium
predominately replaces niobium atoms,

Examples of the type of microstructure obtained
at 700 °C are illustrated in Figs 25 -~ 32 and 34.

Isothermal Section at 650°C (Fig. 23)

This differs 51gnif1cantly from that at 700 °C in
two respects only., Fu‘stly 650°C is below the monotectoid
temperature of the U-Zr sysiem and the section intersects
the o + y phase fieldin that system,: ‘Secondly whilst
the width of the binary miscibility gap increases in
size as the temperature 1§ lowered, the amoynt of zirconium
required to close it remains constant at about 14 a/o.
The niobium~rich end of the limiting isothermal remained
the same as at 700°C whllst the uranium-rich end extends
to higher uranium contents. Again the first 5 a/o of
zirconium has little effect on the width of the gap the
main effect occurring with the addition of over 10 a/o.

<o
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(iii) Isothermal Section at 600°C.(Fig.2k).

This temperature lies below the monotectoids
in both systems and the isothermal represents the
limit of solubility of uranium in the Nb - Zr rich
BCC solid solution, The niobium-rich part of the
isothermal (with)» 40 a/o Nb) is similar to that
at higher temperatures, With up to 10 a/o Zr it
lies close to the 33 a/o U line and then turns
between 10 and 14 a/o Zr to lie parallel to the
U - Nb axis., With less than 40 &/o Nb, the effect
of the monotectoids with a predominates,

DISCUSSION,

(1) U-Nb Binary System,

Three investigations of the U-Nb system have been
reported since this work was undertaken, and a comparison of
the present diagram with the results of other workers is given

in Table 3-
TABLE 3
Characteristics of the miscibility gap
in the U-Nb system,
Investigators Monotegtoid Compjosition limits | Composition| Peak
Temp. C (3/01) at , at Temp .
the mono-{ the Nb peak a/o %
tectoid rich
i . end
Sawyer | 656 o1 78 68 1020
Dwight 2 634 + 2 18,241 | = - -
Rogers ot al” | 647 .5 73 5 960
Pfeil et al® | 650 + 5 1% 70 50 950
Present work 640 + 2 17.5+1 | 65-70 | 50 950

o
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Agreement on the peak temperature, peak composition, and Nb rich
limit of the gap is considered satisfactory, Taking the limits
of error into account, the agreement on the monotectoid temperature
is also considered satisfactory, whereas the differences in the
monotectoid composition appear more serious, In this connection,
the presence of different amounts of C in the basis U does not
appear to be an adequate explanation, It is observed that U-Nb
alloys contain a white impurity phase which is not present in
either the U or Nb starting materials, and which may reasonably
be supposed to be NbC, However, even if all C forms NbC, an
alloy of intended composition 15 a/o Nb made from U containing
as much as 500 ppm C would in fact have an effective composition
14,3 a/o Nb, a difference which is not as large as those between

. the various monotectoid compositions in Table 5, The faint extra

lines found on some of the X-ray photographs have not been
positively identified, They do not correspond either to NbC or
U0,. As another line of thought, segregation in the alloys
wolild have the effect of broadening the miscibility gap snd
moving the eutectoid to lower Nb contents,

(ii) U-Nb-Zr Ternary System,

The work on the U-Nb-Zr system has revealed the large
range of stability of the y phase due to the closure of each of
the miscibility gaps in the binary systems., In order of potency,
Nb exerts the strongest influence, closing the U-Zr gap on
addition of less than 5 a/o Nb. The extent of the penetration
of the Zr-Nb system into the ternary hsas not been established with
certainty, and longer amnealing times.appear necessary to do so.
However, it seems probable that addition of U to the Zr-Nb system
is the least effective of the 3 conbinations in restriction of
the miscibility gap.

In their work on the ternary system, Dwight and Muel.'Ler5
concentrated their investigations on the U-rich corner of the
diagram, Their investigation of the U-Nb and U-Zr miscibility
gaps was very limited end their proposed phase boundary is
supported by only two of three alloys. However, where comparison
between their results and the present work is possible, the agreement
is very good, particularly at 600°C where their work is rather
more detailed,




| i

-13 =

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 small additions of zirconium up to 5 - 10%, the
isothermal approximeted to a constant uranium .content at
the niobium rich end (approx. 33 a/o) and to lines of constant
niobium content at the uranium-rich end. At higher zirconium
contents the isothermal changes direction sharplg and approximates
to the 14 &/0 zirconium line particularly at 650 C. The examination
has not been sufficiently detailed to determine how accurate this
approximation is particularly at the U-rich end. For example it is
possible to make the contrary suggestion that the first 5 a/o of
zirconium have little effect on the width of the miscibility gap.

The results confirm the general interpretation of
miscibility gaps in terms of size factor, namely that the
occurrence is dependent on the balance between strain energy
favouring immiscibility and the entropy effect which increases
with temperature end favours miscibility*. The atomic diameters
of U, Nb, & Zr expressed as the closest distance of approach in
the body centred cubic lattice (extrapolated to RT in the case
of Zr) decrease in the order 2Zr» U Np giving size factors with
respect to uranium of +2% for Zr and - 5% for Nb. Thus niobium
causes more lattice strain in uranium and gives rise to a more
pronounced miscibility gap than does zirconium, Hence relatively
small amounts of niobium (&5 a/o) were required to eliminate the
weak gap due to zirconium whilst more zirconium (14 a/c) was
required to eliminate the stronger U-Nb gap, The small amounts
of Zr and Nb required to eliminate these two gaps arises in part
from the fact that they strain the uranium lattice in opposite
senses, Uranium is intermediate in size with respect to niobium
and zirconium and larger amounts would be expected to eliminate
the Zr-Nb gap.

The bulge of the y isothermal at 600°C towards the
uranium - corner indicates that at this proportion of niobium
and zirconium, the distortion of the uranium lattice is a minimum
thus allowing stable ¥y to exist with as much as 55 a/o U,
It is probable that in a2lloys with this proportion of niobium to
zirconium (about 3 2) metastable ¥ can be retained on gquenching in
alloys with much higher uranium contents than in either binary system
and it is probable that alloys with Nb/Zr atom ratios of 3:2 would
give maximum thermal stability of y.

g6s (14
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Nominal

TABLE 1

Compositions of Binary Alloys.

Ref A/0 W/0
No. U Nb Zr U Nb Zr

1 89 11 - 95,40 4,60
26 87 13 - 94049 5051 -

8 85 15 - 93056 6044 -
27 82.5 17.5 - 92.36 7.64 -

2 80 20 . 91.12 8.88 -
28 70 30 - 85.68 14.32

3 60 40 N 79.36 20,64 -
4 50 50 - 71.94 28.06 -

5 40 60 N 63.09 36.91
29 37 63 - 60.11 39.89 -
30 34 66 - 56.93 43,07 -

6 32 68 - 54.67 45.33 -
31 31 69 - 53.54 46,46 -
32 28 72 - 49,94 50,06

7 25 75 - 46.07 53.93 -

42 - 85 15 ‘ - 85.23 14.77
19 - 60 40 N 61.44 38.56
43 - 40 60 - 40.53 59.47

cos8 017




TABLE 2.

COMPOSITIONS OF TERNARY ALILOYS,

Ref A/0 W/0
M. U Nb 7 U Nb Zr
9 15 75 10 31,19 60,84 7.96
10 24 60 16 43,98 44,72 11.23
1 36 40 2L 58.55 26,45 14..95
124 47.5 21 31.5 69.72 12,53 17.71
%13 52,7 10,9 3645 74,0 6.0 19.7
A7 57 5 38 7749 2,76 19.79
#16 33,0 56,9 10.2 56.0 37.8 6.6
17 15 60 25 30,63 49,83 19.55
21 92 3 5 96,68 1.281 1,967
22 87 5 8 Ok o 52 2.21 3433
23 75 10 15 88.59 L .61 6.79
2 63,68 15,09 2119 81,98 7577 1046
25 25 10 65 46,33 7.536 46,14
33 80 5 15 91,23 24229 64554
' 70 15 15 85.78 7:171 7.042
35 65 20 15 82.73 9,936 7.316
%36 5641 27.8 16,1 7646 14,8 8t
#37 4,0 39.3 16,7 66.8 23,3 9.7
38 35 50 15 58,09 32437 9,537
39 15 70 15 31,21 56.82 11.96
40 25 40 35 46,27 28,88 24,82
w41 241 3749 38,0 4541 27.7 273
“LI-6 38.8 20-9.8 11 o)-!- 61 07 3009 6.9
L7 45 50 5 6747k 29,38 2,88
9‘}-}8 31{-07 60-3 500 5706 39-0 . 302 :
L9 38 60 2 61,11 37.66 1,23
#50 59,0 29,1 11,8 784 1541 6.0
151 6 o5 2542 . 10,2 82.5 12,6 5.0
#52 y/ N 14,6 114 88. 6.8 5.2
#55 67.1 21,08 1149 . 84..39 40,35 5.73
%57 48,1 37.1 14..8 70.8 21,36 8.35
58 355 55 745 60,63 3,72 L4465
%59 33.3 541 12.7 5645 35,9 8.2k
» Analysed specimens,
¢68 (18
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IN THE U-Mo SYSTHEM (U:Mo)
by

R.S,A, Fl-Anseri, M.Sc.,.
and

G.B, Brook. B.Met.,

I INTRODUCTION,

The purpose of this research is to study the
conditions for the formation and the range of existence of
the UpMo or 6 phase in the U-Mo system., This ngctwe forms
from the v phase by an ordering transformation '»< and the cell
of the new structure may be considered as being formed from
three cells of y in which U and Mo have preferred sites so that
a contraction occurs in one direction to give each pseudo-cube
an axial ratio of 0.957. The U2Mo cell is thus tetragonal
with parameters ay = 5’),-4278, c = 9.8343, ¢/a 2,871 and is of
the C 11b, _MoSiztype. ) :

' The investigation was criginally hampered to some
extent by uncertainties in the phase relationships in binary
U-Mo alloys and therefore- some work has been carried out to
check ;‘:he validity of the earlier diagram given by Pfeil and
Browne and the recently published modification by Bostrom
& Halteman 2 which shows a much narrower range of composition
for the & phase. (Fig.1). :
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The main effort of the research has been devoted
to the study of the effects of elements of body-centred cubic
structure on the range of composition and structure of the
& phase and the effects of Cr, Nb and Zr are described in this
report.

In many systems there is a tendency, for ordered
structures to form where the atomic dlameters are ncither
too similar or so unequal that insufficient solid solubility
occurs. This tendency may be observed in uranium alloys where
an ordered structure forms at 33 a/o Mo in the U-Mo system
(size factor - 107)+but not in U-Cr (size factor - 20%; maximum
solid solubility in v &4 a/og or in U-Nb (size factor - 5%
complete y solid solubility

It was expected that Cr would increase lattice
strain and reduce the overall solubility in uranium thus
reducing the extent of the ordered structure but would probably
accelerate ordering, As chromium probably exerts the same
apparent valency as molybdenum it may allow a separation of
effects due to atomic size and electronic factors.

On the other hand the zirconium atom is larger than
that of uranium and may allow relief of lattice strain by local
ordering of molybdenum atoms around the zirconium ones and
may thus inhibit long range order of the U2Mo type. It is also
possible that zirconium may occupy the uranium lattice sides
preferentlally and extend the phase field to lower uranium
contents.

Niobium, intermediate in atoni:x.c size between uranium
and molybdenum, would be expected to reduce the tendency to
obtain an ordered structure. .

Some idea of the effects of these elements may also
be obtained from consideratiors of the relevant binary systems.
At temperatures below which ¥ (U-Mo) orders to 8 (UpMo) i.e.
€ 560° C, aU is in equlllbrlum with chromium and niobium-rich
solid solutlons in the U-Cr and U-Nb systems respectively whilst
molybdenum forms continuous solid solutions with both chromium
and niobium,  Hence in the absence of any ternary compounds,

* All atomic diameters in this report are derived from the closest
distance of approach in the BCC form of the element at R.T,
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additions of chromium and niobium should terminate the & phase
field to form a three phase field of aU, & and a molybdenum -
chromium or niobium - rich solid solution.

On the other hand zirconium forms UZr2 with wranium
and a fairly high melting-point compound Zr Mo,“with molybdenum,.
Hence 6 may form a pseudo-binary system with ZF Moo and/or

possibly U Zrp,

Since this investigation started, a very sbbreviated
account of Russian work in this field has been published.
Whilst details of various phase fields were not given, the.
general outline of each diagram was as follows:-

‘In the U-Mo-Zr system, equilibris were dominated by
the high melting point compound Zr Mos which formed pseudo binary
systems with & (UoMo), aU and & (U Zrs)

In the U-Mo-Nb systems the eutectoid decomposition of
¥ to a + & of the binary U-Mo alloys became a ternary eutectoid
decomposition of ¥ to o + & + Mo-Nb solid solution at 56500, v
Similarly in U-Mo-Cr, there was a ternary eutectoid decomposition
of ¥y to a + & + Mo-Cr solid solution at 570°C. The small drop
in temperature between binary and ternary eutectoid (the binary
eutectoid is at 572°C according to the Russian authors) indicates
that only small ternary additiorgof Nb and Cr are required and that
therefore solubilities of Nb and Cr in & (U Mo) would be small.

EXPFR IMENTAL

(1) Materials.

The Uranium was supplied as 1" diameter bar, of total
impurity content about 350 p.p.m of which carbon was accounted
for 250-300 p.p.m. , o

Johnscn-Matthey' spec~pure' molybdenum rods of purity
better than 99.95% Mo were used and contained sbout 90 p.p.m
oxXygen 60 p.pem nitrogen and less than 0.1 w/o C. 'The
nicbium was in the form of sheet off cuts containing &% Ta
and having a hardness of 90-150 DPN (corresponding to a mean
oxygen and nitrogen contemination of about 0.1 w/o)
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Zirconium pellets were prepared by erc melting low
hafnium zircaonium sponge, the major impurities of which were
Fe-ooz% Np - 0.005%, Cr - 0,002% Hf - 0.03 * 25%

- 510 ppm ¥ 15%, Oy - 750 ppm. The hardness after melting
was 145 - 150 DPN, The electrolytic flake chromium used contained
0.13% oxide (expressed as Cry 03) 0,01% C and 0.01% S.

(1) ¢

10 gm buttons ef each alloy were melted on a water
cooled copper hearth in an argon arc furnace, 10 times on each
side to eliminate segregation. Titanium buttons were melted
before and af'ter 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 to ensure
freedom from segregation, Weight losses were usually 1 - 1.5%.

Samples of each alloy were wrapped in melybdenum foil,
sealed a.n evacuated silica capsules and homoggnised for 1 week
at 1000°C. Micro examination showed that this was sufficient
to remove all coring,

The alloys were then sealed in evacuated s:LlJ.ca
capsules and annealed at SOOOC for four weeks and 400°C for
12 weeks (except for certain alloys containing zirconium which
were annealed for five months). These heat treatments were
interrupted after two weeks at 500°C snd six weeks at 400°C
when the alloys were examined metallographically and then
returned to the furnace for further heat-treatment.

In view of the lack of agreement between the results
of alloys heat-treated for four weeks at 500 °C and those reported
by Bostram and Heltemon, - for binary alloy(s) additional specimens
were heat treated for twelve weeks at 400 C (which gave results
similer to those of Bostrom and Haltemsn at 400°C) end werg then
annealed for cne day at 50000 to attain equilibrium at SOO c.
The short time at 500°C was considered adequate to redissolve any
precipitate formed at 400°C which was not stable at 50000
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(iii) Metollographic Examination.

After mounting in bakelite, the specimens were
polished on silicon cerbide papers followed by diamond paste
on a revolving pad, and finally electropolished in one of the
following solutions:—

Solution 1: orthophosphoric acid seeesseses 100 ml
‘ Glycerol B000s 0000 sROISIVYOEIOIRGSDS 100 ml
eth\yl alCOhOl (absolute) sessse 100 Inl

Solution 2: orthophosphoric acid ssesecseee 50 ml
concentrated HZSOZJ."’" eesssess 100 ml
diStilled Wa-ter [ AN E NN X NN ENNENN}.] 1001r11

A stainless steel cathode was used with a cell voltage of about
12 volts, Alternatively some specimens were prepared by polish
attack methods using a chromic-nitric acid solution, Etching
was carried out either by swabbing the specimens with 1:1 by
volume nitric and acetic acid solutions or by electro-etching
with solution 1 by reducing the voltage to 2 volts.

The molybdenum solid solution was identified by
darkening on etching in 10% potassium hydroxide and 10%
ferro-cyanide in water. A solution containing 3% nitric
acid and 2% hydrofluoric acid in water derkened Zr Mo, without
affecting the molybdenum solid solution. As a routine measure,
all metallographic specimens were examined by X rays in a solid

specimen Debye-Scherrer camera in which the specimen was oscillated

and rotated, This allowed identification of minor phases present
and indicated whether y was ordered or not, -

oy (39
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111 MICROSTRUCTURES OBSERVED,

w.

The microstructures observed in the alloys investigated

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

ii, Delta phase showing marked anisotropy and "cross-hatching"
under polarised light especially after deep etching (Fig.3).
This will be referred to as anisotropic delta and denoted
as ab,

1ii. Delta phase without cross-hatching and apparently
isotropic when examined under polarized light (Fig.l).
This will be referred to as isotropic delta and denoted
as id.

iv. Isotropic & phase with molybdenum solid solution at
grain and sub-grain boundaries Figs. 5 and 6.

ve. Delta phase with a + & + Mo solid solution inside
grains and along grain boundaries Fige. 7. This is
observed only in ternary alloys with Nb or Cr.

vi. Delta phase with Zr Moo preciritated at grain boundaries
(Fig«8). At higher zirconium and molybdenum contents
Zr Mop and the molybdenun solid solution co-exist (#ig.9).

BINARY AILOYS.

(1) Results (Figs. 10 = 12) °

At 500°C, the o'+ & phase field existed to 265 2/0 Mo
at which it was replaced by an apparently single phase 6 phase
with an optically anisotropic structure (Fig.3). With more than
31 a/o Mo, this structure remained single phase but was completely
isotropic under polarised light-(Fig::n%. With 34 a/o Mo, the
molybdenum solid solution appeared, After 12 weeks at 4L0O0°C, alloys
with up to 31 a/o Mo contained o in equilibrium with anisotropic &,
At 32 & 33 a/o Mo the 6 was completely isotropic and molybdenum
solid solution first appeared at 34 a/o Mo,

¢es8 40
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Reheating at 500°C alloys annealed for 12 weeks at
400°C caused no change in the position of the phase boundaries,

Alloys of compositions within the & phase fields as
determined by Bostrom and Halteman and Pfeil and Browne
respectively have been prepared metallographically by three
methods. (1) normal mechanical polish and etch; (2) elcctrolytic
polish and etch; (3) polish-attack using a chromic/nitric
acid solution,

In all cases, the alloys supersaturated with uranium
according to Bostrom and Halieman's diagram i.e, between dotted
line and Uy 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 field illumination looked similar to
the anisotropic structure under polarized light of alloys richer
in uranium, After 12 weeks at 4L000C, the & in two-phase a + &
alloys was anisotropic but & in single phase alloys remained
isotropic. This suggests the existence of a narrow anisotropic
& phase field between 31 and 32 a/o Mo.

(ii) Discussion,

At AOOUC the & phase field has been found to extend
over the range 31% a/o to 33+ 8/o molybdenum which compares well
with the range of 31 - 324 a/o Mo obtained by Bostrom and Halteman,
At 500°C the maximum asnnealing period of four weeks did not bring
about equilibrium, However specimens held for 12 weeks at 4L00°C
did not change in microstructure on reheating to 500°C and it is
probable that this treatment represents the true equilibrium at
500°C, In alloys annealed for four weeks at 500°C, the change
in microstructure from the anisotropic to the isotropic form
of 8 occurred at between 31 and 32 a/o molybdenum and it appeared
that the anisotropic structure was associated with the 0 phase
supersaturated with uranium., However no difference could be found
between the X ray structure of isotropic and anisotropic microatructure.
For the purpose of the ternary systems, the U-rich limit of the 6
field in the binary alloys at 500°C has been taken as 31% a/o Mo.
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URANTUM - MOLYBDENUM -~ ZIRCONIUM ALLOYS,

(1) Results (Fig. 10 to 12)

At both 4009C and 500°C, additions of zirconium
moved the O phase boundaries to lower uranium contents and
had little effect on the width of the phase field., The
direction of the boundaries was towards Zr Moo and 6 formed
a pseudo-binary system with that phase the maximum solubility
of zirconium in & being about 2% a/o. The existence of Zr Moo
was confirmed by X ray examination, To the molybdenum-rich
side of &, a ternary phase field of &, Zr Moo and the Mo solid
solution existed with zirconium contents above 2% a/o.

To the uranium-rich side of & no alloys with more
than 2 a/o Zr were examined, At and below 2 a/o, an o + &
phase field existed, At LOOCC after 12 weeks and 500°C af'ter

~four weeks o precipitated (as eutectoid) in alloys with up to

32 a/o No; in binary alloys of comparsble composition no o
was precipitated at 500°C and an anisotropic & resulted.

All the alloys with 2 a/o zirconium or above
and the molybdenum-rich alloys with 1 a/o zirconium were not
fully ordered after four weeks at 500°C or 12 weeks at 4.00°C,
Prolonging the anneal at 400°C to 20 weeks did not bring about
full ordering of the y phase in these alloys.

On taking alloys snnealed at 400°C for 12 weeks
and reheating to 5000C, no change in microstructure was observed

but X ray examination indicated that alloys with 1 a/o Zr
ordered fully. = .

(ii) Discussion,

The phase boundaries of the & phase were modified
by additions of zirconium in such a way as to suggest that
two U atoms are replaced by 1 zirconium and 1 molybdenum,
Complete replacement of uranium in this mamner would of course
produce Zr Mo, but the & structure (or strictly speaking partially
ordered ¥ structure) will only tolerate the replacement of some
4 to 5% of the uranium atoms, The fact that these small

668 (42
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additions of zirconium delayed ordering apprecisbly suggests

that zirconium does not replace particular U sites preferentizlly,
Insufficient X ray examination was carried out to check this

but it is unlikely that such an effect could be detected if
present,

, Zirconium appreciably reduces the rate of ordering.
The observation that the alloy U - 34 a/o Mo -~ 1 o/o Zr fully
orderegl on heating at 500°C after a previous anneal for 12 weeks
at 400°C had failed to order it, is the only evidence that the
zirconium does not reduce the degree of order 8f ¥. Practically
full precipitation of o from ¥y occurred at 500 C and confirms
Bostrom and Halteman's suggestion that once y has ordered
precipitation of any excess urenium as o is d@ifficult,

URANTUM - MOLYBDENUM - NICBIUM ALLOYS.

(i) Results(Figs 10 = 12)

At both l..OOOC and BOOOC, niobium progressively
narrowed the & phase field until it terminated in a three
phase field of a, & and a molybdenum -Oniobium solid solution.
Alloys brought into equilibrium at 400 °C and reheated to 500°C
showed no changes in the relative positions of the phase fields
and it is probable that there is no difference in the equilibria
at the two temperatures, Fig, 11 tlc"xerefore represents a pseudo
equilibrium after four weeks at 500°C.

Between 1% and 2 a/o nicbium was required to eliminate
the 6 phase field, The composition of the & phase in the ternary
eutectoid is estimated at 28,2 o/o Mo, 1.8 a/o No 70 a/o U, At
the pseudo equilibrium at 500°C this occurred at 27 a/o Mo,

71 8/0 U 2 a/o Nb but further precipitation of a occurred on
prolonged smnealing. At both temperatures no single phase
anisotropic 6 was found but in the a + & alloys, & was onisotropic.

Ordering wos not complete after two weeks at 500°C
or 6 weeks at 400_C but all alloys were fully ordered after
four weeks at 500°C., After 12 weeks at 400 C ordering
appeared complete but there might be some slight disorder in
alloys with mcre than 1 a/o Nb, :
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(ii) Discussion,

Niobium modified the molybdenum-rich phase boundary
of the 6 phase in such a way es to suggest that 2 atoms of
uranium and 41 atom of niobium replaced 3 atoms of molybdenum,
the maximum solubility of niobium corresponding to replacement
of 15% of the molybdenum atoms, Extrapolation of the molybdenum-
rich boundary meets the U ~ Nb binary system at about 11 a/o Nb.
This is within the range of composition over which Dwight and
Mueller 2 report evidence of a body centred tetragonal phase
(9.5 ~ 20 at % Nb) Berry 6 obtained a similar structure in a
17.5 a/0 niobium alloy whilst in alloys of 11 and 15 a/o niobium
he found structures believed by Harding, Waldcon and Knight 7
to have trensformed from an ordered tetragonal 4 There was
evidence to show that the latter existed only below a temperature
of about 660 - 680°C, Hence, whilst there is no direct 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 & (Us Mo) under conditions not yet understood
at composition approximating to the extrapolation of the phase
boundaries in the U - Mo - Nb system,

Niobium reduced the rate at which y ordered appreciably
but did not appear to reduce the degree of order as far as could
be judged from a visual inspection of X ray films. As little as
+ a/o niobjum delayed the onset of ordering sufficiently to allow
precipitation of a at 500°C in alloys containing up to 30% a/o
molybdenum, In the absence of niobium no precipitation of «
occurred in alloys with 27 - 31 a/ o molybdenum before vy ordered
to 6. :

-URANTUM - MOLYBDENUM - CHROMIUM ALLOYS.

(1) Results (Figs 10 - 12)

In general the effect of chromium resembled that
of niobium. At 500°C under conditions of pseudo-equilibrium,
the & phase field was identical with that in the U - Mo - Nb
system and terminated in a three phase field of a, & and a
molybdenum-chromium solid solution, However at 400°C appreciable
precipitation of a occurred and the apex of the 0 phase field was
found at 68.6 a/o U, 29.6 5/o Mo and 1.8 a/o Cr. An identical
diagram was obtained on re~heating at 500°C alloys in equilibrium
at 400°C,
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At 400°C no single phase anisotropic & was found
but in all a + & bi-phase alloys, the § was anisotropic.
However at 500°C after four weeks annealing, y ordered to 6
bef'ore o precipitation and an extensive apparently single
phase anisotropic & region. was obtained as in the binary
U ~ Mo alloys., The vy ordered rapidly at both temperatures
i.e, within two weeks at 500°C and six weeks at 400°C,

(ii) Discussion,

Chromium modified the molybdenum~rich boundary of
the & phase in such a way as to suggest that 1 atom of uranium
and 1 atom of chromium replace 2 atoms of molybdenum the
maximum solubility of chromium corresponding to the replacement
of about 10% of the molybdenum atoms.

Ebctrapolatlon of the molybdenum-rich boundary meets
the U-~Cr binary at 16 2/3 a/o chromium,

The addition of chromium did not delay the onset of
ordering of y to & which took place at 5009C before o precipitation
was complete as in the binary. Whilst this was not established
definitely, it eppeared that chromium had little effect on ordering.

GENERAL DISCUSSION.

This investigation has confirmed that precipitation of
a from 4 in supersaturated alloys is severely inhibited by the
ordering phenomena., Where the third element added,e.g. 1% Zr,
delayed or reduced the rate of order:mg, it was possn.ble to obtain
almost complete precipitation of o from y before ordering began
and the phase boundaries obtained at 500°C were the same whether the
alloys were armealed directly at 500°C for four weeks or reheated
at 5000C after three months at 400°C, More complete precipitation
of a was obtained too with nicbium additions but these reduced the
onset or rate of ordering less and complete precipitation of a
was not obtained in four weeks at 500°C, . On the other hand, with
chromium additions o precipitation was delayed as in the blnary
alloys. .
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In binary alloys, the anisotropic & phase was
observed whenever 0 was supersaturated with respect to
uranium, The isotropic structure was obtained in the single
phase & field at 400°C and whenever & was in equilibrium
with molybdenum, In ternary alloys whenever & co-existed
with any phase but a, its microstructure was optically
isotropic, However whenever o was present the & phase became
optically anisotropic in both bi - and tri - phase alloys at
both temperatures, Hence it is probable that the anisotropic
structure of § is associated with some supersaturation with
respect to o uranium and that even after three months at 400°C
the uranium rich 8 + o alloys are not completely in equilibrium,

The cause of the anisotropy is not clear, As it was
only found in alloys believed to be supersaturated with o when
ordering took place it might be a manifestation of the effect
of excess uranium atoms on the mechanism of ordering or on the
ordered structure or the result of some pre precipitation form
of a, X ray examination could detect no differences in structure
between the two microstructural forms of 6. A detailed examination
of the ordering process would be required before this is understood
fully. Nevertheless the examination of the ternary alloys
particularly those with zirconium supports the suggestion that the
anisotropic form of & is supersaturated with respect to uranium
and that the limits of the isotropic phase represent the 6 phase
boundaries. ’ .

The effects of the three elements on the 6 phase field
differed markedly, Zirconium replaced uranium in the proportlon
of 1 Zr to 2U. In smell quantities, it is probable that zirconium
took uranium sites in the & structure but as zirconium reduced
the amount of order attained under the experimental conditions,
zirconium replaced uranium atoms at random, The effect of zirconium
on the ¥ or & phase field at LOO®C and 500°C is a measure of the
dominance of the ternary system by the high melting point compound
Zr Moy (forming peritecticallyat 41880°C)., The Russian.work
suggests that Zr Moo forms pseudo binary systemswith all phases
in the ternary system and the solubilities of Mo and Zr in the
ternary system are markedly decreased in the manner characteristic
of cases where the solid solution is in equilibrium with an
intermetallic compound of low free energy. Zr Moo has a Laves
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phase structure (C 15 structure Mg Cup type) which is a
particularly close packed structure occurring when the ratio
of the interatomic distances of the two components is
approximately 1.2:1. Relative atomic sizes are the main
factor in deciding the stability of this structure and it can
be constructed by the correct packing of hard spheres of the
correct relative sizes, the smaller atoms being at the corners
of tetrahedra round each large atom axd the large atoms forming
a lattice similar to that of diamond. Hence it is probable
that addition of zirconium to alloys of 6 phase composition
causes short range order of this type with molybdenum atoms
and thus hinders the establishment of long range Us Mo order,

On the other hand, whilst reducing the rate of
ordering,niobium had the opposite effect on the phase boundaries
of the & phase, one atom of niobium replacing three of molybdenum.
No ternary compounds were found and the 0 phase formed a ternary
eutectoid with a U and a niobium -~ molybdenum solid solution,
Extrapolation of the 0 phase boundary met the U - Nb binary at
11,1 a/o Nb which is within the range of composition in which
there is evidence of ordering within the y phase. In view of
the effect of aw 2 a/0 nicbium on the ordering of y (U - Mo),
very long annealing times would be necessary to establish any
ordering of the Up Mo type in U - Nb alloys and an ordered
structure in U - Nb is probabliy never stable but may form as
a transitional metastable structure under certain conditions.

The significance of this extrapolation can be
considered from another point of view, The uranium-rich
vy (U - Nb) phase is not stable below about G40°C on account
of the monotectoid decomposition, However the hypothetical
solubility of niobium in y uranium at LOOCC can be estimated
from the extrapolation of the y immiscibility loop to lower
temperatures. There is some lack of agreement in the form of
this curve but as a matter of convenience the curve determined by
Berry 6 at F.R.I, has been used, This is a parabola and fits
approximately the equation t ='- 0,625x 2 4 52,5 x - 92,5 where
t is the temperature in °C and x the atomic fraction of niobium,
This gives a hypothetical solubility at 400°C of 10.8 a/o Nb
in the ¥y phase which agrees well with the extrapolated 0 phase
boundary. The molybdenum-rich boundary of the 6 phase in U-Mo
lies very close to the maximum metastable solubility of molybdenum
in y before ordering takes place as would be expected from the
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similarity of structures and it can therefore be seen that

the direction of the molybdenum-rich phase boundary of 6 is
approximately that expected if the probable metastable ¥ phase
boundaries in the two binary systems were joined by a atraight
line, In other words the effect of niobium on the 6 phase
boundary is more or less what would be expected from the relevant
binary systems and the limitation of the & phase field is a
consequence of the monotectoid and eutectoid decompositions.

Both niobium and molybdenum affect the lattice
parameter in the same sense, molybdenum providing the greater
reduction, (The ratio of the distortions produced by equel atomic
percentages of molybdenum and niobium is 3:1 tagmg the low niobium
part of the lattice parameter curve for U -~ Nb ©), Where the
distortions produced by two solutes are in the same sense and one
is much greater than the other, Hume-Rothery 2 has pointed out
that in copper -~ and silver base solid solutions, the solid
solubility isothermal is not a straight line from one binary
system to the other but is concave to the solvent-rich corner.

If this was appliceble to uranium solid solutions, the U - Nb - Mo
isothermal should be somewhat concave, However the suggestion
above that the latter is a straight line is based on sufficient
assumptions and extrapolations for a slight concavity not to be
detected, Also the main divergence from a straight line would
be expected at the niobium-rich end., Secondly in the copper

and silver-base alloys the ternary isothermals usually lie along
lines of constant electron/atom ratio except where differences
in size factor causé small divergences from this, It seems
unlikely at first sight that the U - Nb -~ Mo temary isothermal
correspond to lines of constant electron/atom ratio, Assuming
that lattice distortion did not affect 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, Hume-Rothery and Andrews 10 pave shown that in copper=-
rich alloys the deviations from a constent electron/atom ratio
were directly related to the lattice dlstortlon the greater

the lattice distortion produced, the lower the electron/atom
ratio of the soiubility limit.
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As the relative lattice distortions produced by molybdenum
and niobium in uranium are approximately 3:1 respectively,
this would require a higher valency still for niobium, There
is however some evidence that the valency of uranium may be
higher in alloys with small amounts of nicbium S, as in dilute
alloys of uranium in palladium T PU aid exert - higher valency
in alloys containing niobium, the normal group valency of 5
for niobium would be. possible, The purpose of this conjecture
is to show the need for further work on the measurement of
physical properties and solubility limits of the uranium-rich
solid solutions,

The effect of chromium on the & phase boundary is
mich less than that of niobium, one atom of chromium replacing
two of molybdenum, No ternary compounds were formed., This is
somewhat surprising for several reasons, Extrapolation of the
phase boundary meets the U - Cr binary system at 16 2/3 a/o Cr
which is well outside the maximum solubility of chromium in ¥y U
at any temperature, As chromium causes greater distortion of the
y uranium lattice than does molybdenum then by analogy with
Hume - Rothery's arguments on solubility 1limits in copper-base
alloys, one would expect the solubility limit of a stabilized
Y phase in U - Mo - Cr to be markedly convex to the U corner.
Hence small amounts of chromium would have been expected to reduce
the & phase field more repidly to higher uranium contents than
does niobium, As chromium would be expected to exert the same
group valency as molybdenum, no electronic effects would be
expected in this system unless small amounts of chromium modif'y
the uranium valency.

CONCLUSIONS,

1. "~ In binary U-Mo alloys, the 0 phase was located at

31% a/o Mo to 33% a/o Mo at LOOOC and 500°C which is in reasonable
agreement with Bostrom and Halteman 2, On annealing directly at
500°C only partial precipitation of o occurred before ordering

of y took place and a pseudo & phase boundary at 26% a/o Mo at
500°C and 31% a/o Mo at LO0°C which agree with the position of
the U-rich boundary determined by Pfeil & Browne.
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The opticel anisotropy of the & phase was found to
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 result of excess U atoms on the mode of transformation.,
X ray snalysis by powder and single crystal methods has not shown
any difference between the two types of metallographic structure,

2, Zirconium dissolved in the & phase (or partially
ordered y) to a maximum of 2% a/oc and moved the phase boundariss
to lower uranium contents in' the proportion of 1 Zr and 1 Mo
replacing 2 U atoms., The & rhase formed a pseudo-binary system
with Zr Moo 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 Zr alloys were not
fully ordered after 5 months at 400°C. It is suggested that
short range order of Mo atoms around each Zr inhibited the
formation of the long range U:2 Mo order.

3 Niobium also delayed the onset and reduced the rate

of ordering but not to the same extent as zirconium did, A
maximum solubility of 1.8 a/o niobium terminated the ternary

b phase field in a three phase field of a U, & and a niocbium-
molybdenum solid solution. The phase boundaries were moved to
higher uranium contents in the proportion of 1. Nb + 2 U atoms
replacing 3 Mo atoms. The molybdenum-rich boundary extrcpolated
to cut the U - Nb binary system at about 11 a/o Nb which is
approximately the maximum solubility of Nb in yU when extrapolated
to 400°C, This suggested that the y (&) solubility isothermal
at 400° would be approximately a straight line in the absence

of the eutectoid and monotectoid transformations and may well
be so at higher temperatures(>6400C)

L, Chromium had little effect on the rate of ordering

as far as can be seen and moved the phase boundaries to higher
uranium contents less severely than niobium did, 1 atom of Cr +

1 atom of U substituting for each 2 Mo atoms, This is unexpected
as Or increases distortion in uranium and has a much lower solid
solubility th n would be expected from extrapolation of the & phase
boundary.
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It is considered that useful information about the
be obtained

5
alloying behaviour of BCC. elements in uranium would
from studies of solubility isothermals in y uranium, Further
work on the effect of alloying elements on the ordering of the

vy phase to & is also required.

RSE1LA/GBB/AK.
12/6/69,
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PART B

X-RAY INATION OF THE § PHASE

by
H. I-vnton, B. SG. ’PhQD.

YE-SCHERRER METHODS

Three specimens of coarse grain size have been
examined in detail, These are:~

Specimen U A M

This had been homogenized for 1 week at 1000°C,
water quenched and annealed for 2 weeks at 500°C,  The
microstructure showed large grains of the § phase with
a + § precipitate at the grain boundaries and within the
grains,  Under polarized light the matrix had a cross-
hatched appearance, Debye-Scherrer type photographs of
the block specimen with filtered CoKa radiation indicated
the presence of the § phase only,

ime Ve

This had been homogenized for 1 week at 1000 C
water quenched and annegled for 2 weeks at 500°C followed
by 4 weeks at 400 C. Microstructure showed a fine
precipitate at the grain boundaries with weak cross-hatched
appearance of the grains under polarized light,  Debye-
Scherrer photographs indicated & only,

S en ¢) U= %M
The heat treatment was the seme as for b)e
Large grains of § phase only were observed and these were

isotropic under polarised light, Debye=-Scherrer photographs
confirmed that these were § phase. "
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&s the Debye-Scherrer type photographs of normal
exposure time did not show the presence of the small
quantities of alU precipitate seen visually in spocimens a)
and b), extra long exposure photographs were taken, Faint
additioml lines appeared on the films but these can all be
explained as due to weak KB radiation passing the filter.

No alU structure lines appeared and no detectable difference
was seen between the isotropic and cross~hatched specimens,
Without the further refinement of using crystal monochromatized
radiation to reduce the background scatter and remove the

KB lines, it is unlikely that either small differences or the
presence of small quantities of aU will be detected.

SINGLE CRYSTAL FXAMINATION

Single crystal photographs have been taken with a
Unicam Weissenberg goniometer using CuKa filtered radiation.
Large single grains in all the three specimens were exomined
by mounting the whole block on the goniometer and directing
the X~rays through a small collimator on to a single grain,
With the 25 4t.% Mo specimen, a large grain was also cub out
of the block and mounted alone,

Zero and higher layer equi-inclimation photographs
confirm the erdered UpgMo structure proposed by Halteman and
glve unit cell dimensions of a = 3.4§ s C = 9,82 R in good
agreement with the values a = 3,427 &, c = 9,834 2 published,
Intensities from the isolated grain of the 25 Lt.% Mo specimen,
estimated visually into ene of seven groups; agree very well
(apart from & difference in scale) with those given by
Halteman, These intensities are listed in Table 1 and the
agreement shown graphically in Figure 1 where the full line
gives Haltemen's data and the broken line the writerts,

Five very weak reflections lele4s 240.4, 0.0,10,
1.1.,10 and 2,0.10,. not observed by Halteman, were seen and two
further strong ones 1,1,12 and 2.,1,11 at the limit of CuKa
radigtions 4 parameter of z = 0,328, assuming space group

ng - I//mom ie consistent with the observed data.




The additional weak lines reported in the
previous progress report No, 2 were very probably due to

foreign radiation as they do not appear with the radiation
from a new Cu Z-ray tube,

It has been suggested that the cross-hatched appearance
under polarized light of the & grains in some specimens may
be due to either the preprccipltation of oll er a stage in the
ordering process, This could be irvestigated using crystal
monochromatized x-radiation by following the annealing of a
single v grain,
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PART C.

KINETICS OF TRANSFORMATION FROM THE y PHASE OF URANIUM ALLOYS,

THE EFFECT OF THIRD ELEMENTS ON TRANSFORMATIONS
IN URANTUM MOLYBDENUM AILOYS,

by
G.B, Brook,.,, B, Met,
E.H. Welch., L.I.M
and

D.H, Désy., B.Sc., M.Met.E,, Fng.Sc.D,

I, INTRODUCTION,

Meny transitional elements form solid soluticns in
the y phase of uranium but only those of titanium zirconium,
niobium and molybdenum are at all extensive and it is from the
alloy systems with these elements that the useful y phase alloys
are to be found, In all four systems the gamma phase can be
retained on quenching from high temperatures on the addition of
sufficient alloying element,and much attention has been devoted
to the stability of the retained y phase on reheating, In general
the effectiveness of the alloying element in stabilising gamma
increases in the order titanium, zirconium,niobium,molybdenum
and it 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 to study the manner in which small ternary
additions canaffect the isothermal decomposition of the gamma
phase, If elements can be found which delay the nucleation of
the precipitating phase ond/or diffusion, the metastable Yy phase
may bs rendered more stable at higher temperatures,or the use of
alloys of higher uranium content may be possible without decreasing
thermal stability.
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In alloys containing less than sbout 31 a/o molybdenum,
the wltimate decomposition product of the y phase below about 500 C
is o-uranium and an ordered phase corresponding to UoMo and known
variously as y' or 6. The transformation of different alloys on
quenching from the y phase field has been investigated widely 1 -
both by quenching to room temperature and tempering,and by gquenching
direct to the tempering temperature (stepped quenchs and all have shown
that decomposition takes place by precipitation of lamellar o +
enriched y at the boundaries and within the grains. The ¥ subsequently
orders to the y' or 6 phase, Since this work was begun, Van Thyne
and McPhersont have reported a limited amount of work on the influence
of niobium and platinum on the start of decomposition of y phase
in U-8 w/o Mo alloys and showed that 1.5 w/0 nicbium delayed
precipitation at all temperatures whilst 3 w/o nicbium had little
effect at about 500°C but delayed precipitation appreciably at 1400°C,
The effect of 1 w/o platinum was less marked then 1.5 w/Q nicbium,
In a more extensive survey, Storhok, Bauer and Dickinson® have shown
that at 500°C, the stability of the vy phase in U - 7.5woto 12 wfo Mo
alloys is a maximum for critical nicbium conients., Ruthenium was
more effective in delaying decomposition of ¥y, zirconium had an
adverse effect whilst chromium and vanadium were reported to have
little effect.

The purpose of this investigation has been to study the
transformation of a uranium - 10 a/o molybdenum alloy in detail
using dilatometry, metallographic techniques and hardness measurements
supported by X-ray examination and to study the effect of ternary
additions selected to throw light 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 free energy of the solid sulution it can extend
its range of stability, As this will normally require large
ternary additions or only be applicable where the total change
in free energy required is small this probably camnot be applied
to the U -~ Mo alloys, However small amounts of ternary addition
can change the free energy of the solid solution sufficiently
to alter the kinetics of transformation so that precipitation
may be accelerated or retarded appreciably. This is because
the activation energy which has to be supplied in forming =
nucleus of precipitate or segregate of critical size is inversely
proportional to the square of the free energy change.
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B, The activation energy for nucleation is proportional to
the cube of the interfacial energy of the nucleus, This
includes the coherency strains holding the lattice of the
precipitate in register with that of the matrix and it has
been shown, in aluminium copper alloys, how very small
ternary addlulons, (0. 1&), may influence markedly the
nucleation of a particular phase®,

C. The activation energy for nucleation is also inversely
proportional to the square of the strain energy due to
volume changes, This is not likely to be altered significantly
by small ternary additions.

D. The initial rate of precipitation usually follows a
relationship of the form I =K exp [« (A + Q) where
the constant A is a composite activation eneréy for nucleation
and Q the activation energy for diffusion. At low temperatures
A becomes small in comparison with Q and precipitation becomes
primarily, though not entirely, dependent on diffusion,
Hence it would be possible to affect precipitation at
temperatures below the nose of the TTT curve by altering
the activation energy for diffusion,

M though D (effect on diffusion) is known to occur, little
is known of the mechanism other than that certain elements may associate
with vacancies thereby reducing the number availsble for diffusion.
Many examples of the effect of trace additions of ternary elements
on precipitation in aluminium alloys have been attributed to the
effect on interfacial energy7 and it has been possible to correlate
similar effects with gize factor of the ternary element added to
magnesium-lead alloys®., However it is not possible yet to use this
hypothesis to guide the choice of ternary addition for uranium-base
alloys .

Nevertheless it is possible to estimate qualitatively the
way in which ternary additiong might modify the free energy of the
Y phase as follows, If the interaction energies between unlike
atoms, VAB 1s equal to the mean of the interaction energies of
like atoms, Vap + VBB i.e, the internal energy, Eo is proportional

to the amount of each component the free energy / composition curve
shows a minimum and is convex to the cg%posit'on axis and a comglete
renge of solid solutions is obtained. 1gc1a$ 1r VAB < VAA Z

i.e. &V is negative, a more pronounced minimum is obtained (Fig.1(c))
end if AV is negative and large superlattice formation within the solid
solution may occur and in the extreme, stable compounds may form and
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reduce mutual solubility in the primary solid solutions. A
negative AV is usually associated with negative heats of
solution in the liquid state and with high meltin% point

compounds. If AV is positive i.e. VAB >VAA + VBB | an

inflected curve is obtained part of which is concave to the
composition axis and this results in phase separation and a
miscibility gap (Fig.1(b)). If A V is small and positive,

as the temperature increases, the entropy term, TS, becomes KT
relatively more important and at a certain temperature ( given by'-zﬁ = 0,5,
where K is Boltzmemn's constant and 2 the co-ordination number

is s0 large that the maximum in the free energy curve, due to the
increase in internal energy is counteracted and the curve becomes
convex to the composition axis and the miscibility gap is closed.
If AV is large and positive this condition may not be reached
below the melting point and two separate solid solutions will

be chtained up to the solidus, A positive & V is generally
assoclated with a positive heat of solution in the liquid state.

The theory on which this is based assumes that the
relative sizes of the atomsere the same, As the relative size
factor is increased, there will be an increasing tendency to
phase separation and restricted solid solubilities i.e. to
decrease the stability of vy.

Little has been published on the thermodynamic
properties of uranium alloy systems but a guide to the relative
values may be obtained from a study of the phase diagrams,

That for uranium-molybdenum is characteristic of a system in
which AV is positive and moderately large, Whilst ordered
structures are usually associated with a negative intermal

energy ( AV negative), the ordered phase, UpMo, is not typical
as the structure comprises layers of atoms, every third layer

of which is composed of molybdenum atoms which is consistent

with a positive /AV. Hence the free energy/composition curve

for the y U-Mo phase can be regarded as an inflected ecurve similar
to Fig.1(b) with a maximum towsrds the molybdenum rich side of

the diagram . The rather unfavourable size factor of - 9%

for molybdenum in uranium would also contribute to the high
internal energy. Hence in order to reduce the free energy of the
y U-Mo solid solution, the ternary addition should have a negative
AV, i,e. negative heat of solution, with uranium and also with
molybdenum. On the other hand for an increase in free energy,

to give more rapid precipitation, the ternary addition should have
a positive £ V with uranium but a negative A V with molybdenum,




It is not known how important the effect of size factor would
be,or if it can be distinguished but it seems likely that for
greater stability the size of the ternary atom should be such as
to reduce lattice strain and vice versa.

The three additions chosen represent three different
types of equlibrium diagram with wranium, Tantalum and uranium
have very limited mutual solid solubility!0 and therefore AV
would be expected to be large and positive, The molybdenum-
tantalum system consists of a continuous solid solution the
lattice parameters of which show a slight negative deviation
from Vegard's law, This suggests a & V close to zero and
probably negative., Hence additions of tamtalum to uranium-
molybdenum alloys would be expected to decrease the stability
of the metastable y phase, Whilst the size factor of tantalum
with respect to uranium is sbout -5%,%* the stabilising effect
of this change is unlikely to compensate such a marked effect as
that of the large positive AV,

The second addition, niobium, also has a phase diagram
indicating a positive ?Sat of solution but as the miscibility gep
is closed at ~ A 900°C it suggests that AV though positive is
small. The molybdenum-niobium system forms a continuous range
of solid solution with lattice parameters showing a slight negative
deviation from Vegard's law 11, This suggests a A V close
to zero and probably negative., Hence additions of niobium would
not be expected to increase the stability of gamma but the
decrease in stability would be less marked then with tantalum
additions., The size factor of niobium with respect to uranium
is about -5% being similar to that of tantalum, and this would
be expected to increase its stabilising effect, Therefore the
effect of niobium is of particular interest and it is possible
that the stabilising effect of size factor and opposite effect
on internal energy may either balance or vary with composition
as the work of Ven Thyne and McPherson® and Storhok et al 2
has indicated.

* This is based on the interatomic distances in the pure metal
and to that extent is open to question,
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At the other extreme, rhenium forms a very stable
high melting point compound URep of C 14 (Mg Zn, type) laves phase
structure (at elevated temperatures).1 This type of structure

is a geometrically close packed solutions and shows great
stability in metastable solid structure e.g. Mg Zno in Al-Mg-Zn alloys.
From this it is fairly certain that in uranium rhenium alloys,

AV is strongly negative., The mutual solubilities of molybdenum
and rhenium in each other are fairly high (42 a/o Re and 14 a/o Mo)
and the terminal solid solutions are separated by two high
melting point compounds, Again this is strong evidence that AV
is negative and fairly large. Together these factors indicate that
rhenium should increase the stability of the ternary y phase,

The size factor of -11% is fairly close to that of molybdenum

in urenium,

The important factor in determining the stability of ¥y
phase is the 2ifference in free energy between the y phase and
its decomposition products and so far the effect of the third
element on the latter has not been considered, The phases formed
are o and a Mo - enriched y. The free energy of enriched vy is
probably affected in the same way as the homogeneous ¥ stable at
the higher temperature and it is unlikely that the free energy
of o will be altered much as the solubilities of all the solutes
in o are small, Hence the difference in free energy between the
metastable ¥ and the equilibrium phase mixture will be decreased
by an addition which lowers the free energy of metastable vy and
vice versa.

Therefore the effect has been compared of additions of 1 a/o
tantalum, niobium and rhenium to a U-10 a/o molybdenum alloy to
illustrate three possible effects on transformation rates,




II. FXPERIMENTAL,

(a) Materials and Alloy Preparation.

The details of materials are given in Table 1.

TABLE 1.
Metal. Remarks.
Uranium Ca reduced rolled bar. Main impurity C ( A/ 300 ppm)
Molybdenum HP. rod. Main impurity Fe (LO ppm)
Niobium Sheet off-cuts. Hardness on re-melting, 90-150 DPN.
Rhenium Pre-melted potassium reduced sponge.
Tantalum Sheet off cuts,

Alloys of analysed compositions shown in table II were melted
in an arc furnace with a water cooled copper hearth in an atmosphere
of argon at 15 cm pressure.

TABLE II
Composition (a/o)

Alloy Use U Mo | Nb Ta Re Homogenising
No: (by Qiff) treatment.
Mo 1 Dilatometry 89.40 10,60 - - - 15 days 1030°¢C
Mo 2 | Metallogrephy | 89.47 10,53 - | = | = | 7 days 1020°%C
Nb 1 | Dilatometry | 88.87 10,05 | 1,08 - - |14 days 1000°C
Nb 2 | Metallography | 88.67 10.31 | 1.02] - - 7 days 1020°C
Ta 1 | Dilatometry | 89.11 10.04 | = | 0.85| -~ |14 days 1000°C
Ta 2 | Metallography | 89.48 9.50 | - |1.02]| - 7 days 1020°C
Re 1 | Dilatometry | 89.03 9,98 | - - 10,99 {14 days 1000%C
Re 2 | Metallography | 89.50 9,70 | - - | 0.80 | 7 days 1020°%C
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After homogenising for the times given above the
elongated buttons of each alloy were hot-rolled to 0,040"
thick sheet using intermediats heating in a eutectic lithium=-
potassium carbonate bath at 775°C. Specimens for both dilatometry
and metallography were cut to shape by a precision abrasive wheel.

(b) Dilatometry.

The transformation characteristics of the binary U-Mo
alloy and ternary alloys containing Nb, Ta or Re were determined
using the recording dilatometer described in F,R.I. Report R126/3.

The specimens in the form of sheets 1%" x 2" x 0.04"
were first heated in the y phase region for % hour at 9000C then
quenched directly to the transformation temperature and allowed
to transform to completion,.The time taken to cool from 900°C
to within 5°C of the transformation temperature was 1-1% mins.
A complete recormd of expansion and contraction was cbtained for
each run, The mean of several satisfactory transformation curves was
taken for each temperature,

(c¢) Metallographic Examination.

Specimens 1/16" x " x 0,04" were sealed in small evacuated
silica capsules to avoid attack by the heating medium and to
simudate conditions in the dilatometer., These were then heated
for 15 mins at 900°C in a lead bath and quenched directly to a
second lead bath at the transformation temperature, The time to
attain the temperature of the second bath was less than 30 seconds.
After holding for appropriate times the specimens were quenched
into water. After mounting in a cold setting resin microsections
were prepared in the usuel mamner finishing by diamond dust and
"attack polishing" using y alumina with a solution of 50 gms CrOz
and 10 ml HNOz in 100 ml water. Where appropriate, specimens were
lightly electropolished in a solution of 50 ml phosphoric acid,

100 ml. sulphuric acid and 100 ml water, Specimens were exXamined
under polarised light, after etching in 10% oxalic acid in water
and after tarnishing for several days in air, All hardness
measurements were made on the metallographic specimens using a
Vickers diamond indenter at 5Kg load.

(68 071




III, RESULTS.

A. Dilatometric Meagurements.

The isothermel transformation diagrams obtained from
the dilatometric measurements are shown individually in Figs,
2=5 and compared in Fig,6.

The binary alloy (Fig.2) gave a normal C curve with
rather a flat nose at about 525°C, The lines for 20, 40, 60
and 80% trensformation showed slight irregularities with
temperature but could not be interpreted as evidence of a double
nose, The C curves for all the ternary alloys were double
nosed, the upper one being at about 525=5500C and the lower at
450-475°C, These varied in prominence, being relatively weak
in the alloy with rhenium and more proncunced in the alloys
with niobium and tantalum, The nearest corresponding feature
in the binary alloys was the rather flat nose at 500~-550°C
which might possibly be interpreted as two almost overlapping
noses, The relative prominence of these features are compared
in Table III in which the comparable incubation times are given
for binary alloy at 525°C, 500°C and 475°C,

TABIE III.

Comparison of Incubation Times to Start of
Irangformation.

Alloy Upper Nose. Lower Nose Maximum Incubation

° | o time between noses

Time (min) | Temp C Time (min){ Temp C Time (min) | Temp ©C
!

U=Mo=Ta 3.3 530 6.0 450 8.0 485
U-Mo-Nb 3ok 535 6.0 475 7.6 500
U=-Mo~Re 11.0 535 14,0 475 16,0 500
U-Mo ¥ heb 525 77 415 5.0 ‘ 500

¥For the binary alloy, the incubation times are given for temperatures
corresponding to those of the noses and maximum incubation time in the
ternary alloys.

[5 )
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Otherwise the main features were the acceleration of
the whole transformation by niobium and tantalum at all
temperatures except those close to 500°C and the delay in
transformation by rhenium,

In all experiments the total contraction on quenching,
transforming, and cooling to room temperature was the same,
about 0,014", as the total expansion on reheating to 900°C for
the next experiment within an experimental error of 13%.

Ba Analysis of Dilatometric Transformation Curves,

Numerous analyses of rates of transformation at

constant temperature have been made and these have been discussed
at length in the literature, e.g. see 13. Several of these have
been examined and the dilatometric transformation curves show
most satisfactory correlation when the rate of transformation
is set as

o, _ y=1

i Kl(l -a)t
where t! is the growth time, (1 - a) allows for interference between
particles and depleted areas and Kq and m are constants,

Integration gave

In (1 ~-a) ==

- Kl m
l1-exp [ —=1t'7]

or a

m K
1 - exp [ -<%}> ] where E; = Ym

]

and ¥ is a constant with dimensions
of tima.

For plotting graphically this is more conveniently expressed as
1 wy "
1 - O - GXP [ (7) ]

1 —
) ) =

taking logs In In ( mlnt! +nin T

¢68 073




From the slope of the plot of 1lnln == ) and In t!' can be
determined m which is usually found %o be 1.5 to 2.5

depending on the shape of the nucleus of precipitates., The
transformation curves were plotted in this way and gave straight
lines over the range 20% to about 80% transformation. Values
for the slope are given below,

TABLE_IV.

Values_of m taken from plots of transformation

P\ I
curves according to the equationa =1 = exp [~ (t—,:-/) ]

ALLOY .
Temp, C U-Mo U-Mo-Te | U=Mo=Nb U~Mo-Re
565 200 i hend 1.8
550 Re2 2.0 1.6 2.1
525 245 1.6 242 2.0
500 2.1 1.4 1.8 1.7
475 1.7 1.8 1.8 1.8
450 1.7 1.4 1.7 1.8
4,00 1.0 1.5 1.3 1.9
Mea-n. l.9 106 107 109

. Only in the ®henium alloy was the agreement at all
satisfactory and the mean value for m was approximastely 2,
Values about 2 were obtained at the higher temperatures in the
binary and over the range 525-475°C in the niobium alloy.

The reason for the variation in the other alloys is probably
that some precipitation started during cooling past the nose,
particularly in the alloy with tantalum and this has introduced
an error in the estimation of the start of the 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. Where desirable the structure of
the specimen was determined by a glancing angle X-ray
technique.

On transforming at each temperature, the hardness, measured
after quenching to room temperature, remained constant for a
short incubation period and then increased in proportion to the
logarithm of time and reached a maximum value beyond which the
hardness remained constant. It is probable that had the heat-
treatments been continued a slight fall would have been
experienced. Typical curves for the U-Mo-Ta alloy are shown
in Fig,7 and all are summarised in Fig,8. The hardness as
quenched from 900°C and the hardness before transformation started
at each temperature were virtually the same:~ 160 DPN for the
binary alloy and the one with Tay 145 DPN for that with Nb and
120 DPN for that with Re., With the exception of the tantalum
alloy, the difference in as quenched hardness is proportional
to the analysed molybdenum content.,

In the binary and the rhenium alloy the maximum
hardness increased with decreasing transformation temperature
to the highest values of 530~550 DPN at 450°C, The rhenium
alloy was some 40 points harder at 550°C but the difference
decreased to 20 DPN at 475°C and was reversed at 450°C.

The hardnesses at 450°C and 475°C were higher than would be
expected from extrapolation of the values at 550°=-5000C,

The niobium and tantelum allogs had similar hardnesses to the
binary over the range 550~500"C but had much lower hardnesses
over the range 450-475°C, Those of the tantalum alloy lay on
& straight line from 450°C=550°C but there was a discontinuity
in the curve for the niobium alloy at 475°C.

The hardness changes can be correlated with
metallographic observations, These are summarised in Figs,
9-12 and also plotted for comparison are tho TTT curvos taken from
the incubation time and time to maximum hardness, and from the
dilatometric studies,
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In the binary alloy,the first change detected at all
temperatures was the formation of a grain boundary precipitate,
which in larger quantities in specimens transformed at 500~550°C,
could be resolved as a lamellar eutectoid-like structure,
(Fig.13). At lower temperatures,it was not resolvable optically
but from the similar general appearance it is inferred that the
lamellar structure is formed at all temperatures. On quenching
to room temperature, the matrix transformed by shear to a
slightly lenticular bended structurs of hardness~- 160 DPN
identified by X-rays as a" (Fig.14). On isothermal treatment
of samples at all temperatures, the lamellar structure grew
from nuclei at the grain boundaries at the expense of
Y (@ at room temperature). The hardness rise starbed some
2=5 minutes after the first appearance of the lamellar structure,
and the TTT curves for the start of precipitation and hardening
both formed continuous and parallel curves over the range of
temperature 550°C=450°C with no sign of any discontinuity,

Hence it can be inferred that over this temperature range the
phase from which the lamellar structure precipitates is the
same, that is,metastable y,and that the shear transformation
to al must occur at below 450°C,

At 500-550°C the growth of the lamellar structure
continued until all y had been consumed and no a" was found on
quenching to room temperature., Over this range of temperature
(500=550°C) the TIT curves derived from hardness and metallography
agreed reasonably well, the maximum hardness corresponding to
the complete decomposition of y to the lamellar structure.
Dilatometric measurements gave rather later TTT curves but it is
clear from the metallographic work that some precipitation of
the lamellar structure probably occurred during cooling to the
transformation temperature and this would affect the detection
of the start of the transformation.

At 475°C and 450°C, after 15-22 minutes, and 32-48
minutes respectively, the lamellar structure ceased to grow and
the matriz ceased to transform to a" on quenching, The matrix
was faintly anisotropic and had an irresolvable internal
structure which might be very fine precipitation or an optically
active variation in structure (Fig,15). X-ray examination
indicated that this was retained y., The pattern was rather

(6B 0T




__\-/

diffuse but was identified as one of the slightly tetragonal
modifications, No further growth of the lamellar structure

was observed within the limits of the treatments (4 hours) and
the maximum hardness was attained at logardithmically equal

times after the retention of y wag first observed. It is quite
probable that longer heat-treatment times would have led to
either further growth of the lamellar structure or precipitation
of o within the retained y.

The addition of 1 &/o tantelum accelerated the whole
transformation, (Fig,10), and caused much finer precipitation,
At the minimum time examined, 1 minute after quenching at
500-525°C and 2 minutes at 450-4759C, precipitation at grain
boundaries had started. Fortunately it was possible to detect
the start of the hardness increase and, as,in the early stagos
the hardness and metallographic changes could be correlated in
the binary alloy, it is reasonable to suppose that this is true
for the ternary. The whole transformation was completed rapidly
and, at all temperatures, Yy (a" on quenching to room temperature)
transformed isothermally completely to the lamellar structure.
The time for the rise to maximum hardness agreed well with the
completion of the metallographic change, The end of the
transformation at 475°C and 450°C occurred after 7-10 mins and
21-32 mins, less than the time required for the develogment of
the mechanism by which y was retained at 475°C and 450°C in the
binary alloy. The transformation detected dilatometrically
started later and finished much later than that examined
metallographically,

In the niobium~bearing alloy, ell samples showed signs
of the grain boundary precipitate at the shortest times
examined and no satisfactory curve for the start of the
transformation can be given, However, the precipitate grew only
slowly and the start of the hardness increase occurred at roughly
the seme time as in the binary alloy, and was completed a little
more rapidly. Except at 500°C the start of the transformation
as determined dilatometrically was close to that obtained from
hardness measurements, The transformation followed the same
course as in the binary alloy with the exception that in one
sample at 500°C (15 minutes) the stabilised y structure was
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obtained but was later absorbed by growth of the lamella
autectoid, At 475°C and 45006, the stabilised y structure
appeared at the same time as in the binary alloy, but the
lamellar complex continued to grow and at 475°C completely
absorbed the y phase in about 14 hours,

As in the binary alloy the hardness change reached
its maximum shortly after the absorption of all the original -
Y phase at the higher temperatures and at logarithmically equal
timos after the stabilisation of y at the lower temperatures.
The end of the dilatometric change occurred somewhat later than
the metallographic change but the form of the TTT curve was
similar to that of metallographic and hardness changes at
500-550°C, _

The effect of rhenium was of special interest in that
it delayed appreciably the decomposition of the y phase, 6.ge
the shortest time for precipitation to start at the grain
boundaries was 2 minutes at 500°C instead of <1 minute in the
binary and it took 12 minutes at 450°C instead of 3 minutes in
the binary, The shortest time to meximum hardness was 15 minutes
(525°C) in tho binary but 70 minutes (525%0) in the rhenim
ﬂucyo ’

The course of transformation was, however, the same as
in the Mnexry with tho following exceptions, The growth of
the lamellar complex was slower and at 500°C after 70 minutes,
(a time at which the transformation was complete in the binary),
Yy was stabilised and no longer transformed to a' on quenching,
At 475°C y was stabilised some 20 minutes later than in the
binary alloy, and at 450°C in the same time as in the binary.
The time required to develop maximum hardness did not bear the
same relationship to the time to stabilise y as in the binary;
progressively longer times were needed as the temperature fell.
The TTT curves determined dilatometrically agreed fairly well
with those determined from the hardness teosts except that the
latter gave no support for the slight double nose form of the
former,




IV, DISCUSSION.

This examination has confirmed results of earlier
workers in that the mechanism of the decomposition of the
y phase in U=~10 &/o Mo is by the growth of & lamellar structure
comprising plates of & in a matrix of enriched y., The latter,
given sufficient time, would no doubt have transformed to the
ordered y! or & (UoMo). At 500°=550°C the lamellar structure
grew at the expense of y which transformed by shear to a" on
quenching until; ultimately, complete formation of a + enriched
Y had occurred and no a" could be detected, However, at
450-47500, this type of transformation was interrupted suddenly
by the apparent retention of the y phase after a certain time,
This was not a gradual process and at no time were the a'" and
Y phases present together, Subsequently no further growth of
the lamellar complex was detected, The maximum hardness attained
was higher than would have been expected from the transformation
at 500-550°C,

There are three possible reasons for the retention
of yi-

(i) during growth of the lamellar eutectoid, the
residual y might be progressively enriched until
such a composition is attained that a variant of
Y is retained. This may be discarded for two
reasons, In the first place this should occur
quite readily at 500-550°C also, and secondly &
composition gradient would be established so that
both a" and retained y would be expected in the
same specimen and that the transition from one to
the other would occur gradually with time,

This was not observed.

(11) a very fine precipitate or sutmicroscopic aggregation
of U or Mo atoms akin to G.P. zones in aluminium
alloys might have formed and prevented the shearing
necessary to form a' on quenching, This is feasible
and might explain the unresolved structure in Fig.,1l5
and the higher maximum hardness but not necessarily
the complete inhibition of the lemellerstructure.
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(iii) The first stage of ordering of y to y! or UsMo
might have started and prevented the transformation
to a' by shear, This would account for the higher
hardness and also for the inhibition of further
precipitation of & as it has been established?
that o precipitation from the ordered y is much
slower than from the disordered y, The X-ray
evidence of a diffuse y pattern does not contradict
this, Whilst it is trwthat no extra diffractions
were observed, it is possible that the first stage
of ordering could be the development of tetragonality
and extra diffractiorswould not be observed until
later,

The ternary addition of tantalum increased nucleation
of a and accelerated the whole decomposition, At all
temperatures y decomposed to @ + enriched y completely and no
retained y was detected., At 450°C and 475°C the transformation
was complete before the time required for y retention in the
binary alloy had elapsed, On the other hand, whilst niobium
accelerated nucleation slightly, the rate of decomposition.
was about the same as in the binary, At 450° and /75°C, y was
retained on quenching after times comparable to those in the
binary. Of particular interest is the observation that although
niobium did not interfere with the mechanism by which
untransformed y was retained on quenching, the growth of the
lamellar @ + y structure was not inhibited, with the result
that at 475°C complete decomposition of y occurred and was
almost complete at 450°C, The only tentative explanation of
the retention of y which accounts for the inhibition of a
precipitation is that the retention of y is a consequence of
the early stages of the process culminating in ordering of the
Y. It is known that niobium appreciebly reduces the rate of
formation of the ordered phase & in alloy of U=25 to 33 a/o Mo
and that complete precipitation of o occurs at 500°C and 400°C
before ordering takes place with as little as 0,5% niobium
presentld,

Hence the available evidence suggests that whilst

niobium delays the completion of the formation of the ordered
structure(%', 5 or UgMb;)ib doos not stop tho flrst stagos of
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ordering of y which lead to the retertfionof a distorted,

probably slightly tetragonal, y, However the presence of

niocbium alters the manner in which the first stage takes

place so that o precipitation on the form of the lamellar eutectoid
is not prevented in any way. It appears likely that the ordering

of ¥ is a two stage process, firstly the development of tetragonality
which is not, affected by niobium and the ordering of U and Mo atoms
which is inhibited by niobium, Clearly further work is required

on this topic,

Rhenium delayed nucleation of a and reduced the whole
process by a factor of 2 - 5 depending on temperature. By reducing
the rate of decomposition of y, rhenium allowed more time for the
Yy stabilisation mechanism to operate with the result that stabilised
y was obtained at 500°C as well as 450°C and 475°C. The times for
the development of stebilised y at 450°C and 475°C were about the
seme or g little longer than in the binary, This suggests the
important technological possibility that by the optimum oddition of
rhenium @nd/or other similar elements it might be possible to delay
or reduce o precipitation until the reaction which stabilizes y
starts.

These results are in general agreement with the conclusions
reached in the introduction namely that '

(a) tantalum would markedly accelerate the decomposition of ¥
because it would be expected to increase the free energy
of ¥y relative to that of a,

(b) niobium would probably have the same effect but would be
less marked and that its effect mightwell vary with temperature
and composition, In fact it was found that niobium reduced the
incubation time but that thereafter the rate of transformation
was little faster than that of the binary i.e, the net effect
on the stability of the y phase was small,

(¢) rhenium would increase the stability of the y phase by
decreasing the free energy of y relative to a,

These findings add support to the general hypothesis that
in order to increase the stability of a quenched solid solution in
a system displaying positive heats of solution i.e, A V positive,
the ternary addition should have a negative heat of solution with
the solvent ( AV negative, complete solid solubility or strong
intermetallic compound formation) and a negative heat of solution
or A V with the solute. To accelerate isothermal decomposition
of the quenched metastable solid solution, the ternary addition
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should have a positive heat of solution with the solvent

( AV positive, strong miscibility gap preferably extending

through the solidus and no intermetallic compound formation)

and a negative heat of solution with the solute. This hypothesis needs
further confirmationbut suggests the most useful additions to

be made for either effect,

Of particular importance is the further investigation
of the relative importance of size factor on changes im internal
energy. For instance it appeared to be of 1little importgnce in
the case of tantalum and rhenium but might have been almost of
equal importance in the alloy with niobium, However this is
of importance as it is possible that additionsof dritical size
factors may in fact assist or inhibit nucleation by altering
the -~ intelfagial energies as has been observed in magnesium-
base alloys. It is possible that for U - Mo alloys a size
factor of -5% with respect to uranium may assist nucleation.
For example the lamellar structure was much finer in the alloy
with tantalum. ‘

In the alloys which decomposed fully to eutectoid
(ternaries with Ta and Nb) the meximum hardness was roughly inversely
proportional to temperature, In those in which y was retained,
(binary and ternary with Re) the hardness was higher than in those
in which ¥ decomposed fully i.e., the hardness of retained y is
greater than that of the a + .enyiched. y complex,

From the dilatometric xpeasurements, the transformation. followed
the eruation a = 1 - exp [~ (-_I%) M]  where m was approximately 2.
According to Zenerl¥ this would be expected from g reaction which
involved precipitation in the form of cylinders whereas the probable
form of precipitate in this case was plate-like. This would require
a constant m of ~ 2,5, It is probable that the conditions of growth
in this alloy are not comparsble with those for which this constant
was derived.,

The main value of the dilatometric technique was the
speed with which the transformation curves were obtained, the
ability to repeat these to check reproducibility of the transformation
and the fact that the same specimen could be used repeatedly.
In 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, this was so and in
general it agreed well with the results of more tedious metallographic
and hardness examinstions, However there were differences in detail
in that the dilatometric results gave evidence of a double nosed
curve in three of the alloys., There was no evidence of a change in
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the manner of the carly stages of decomposition metallographically
which would account for this. It was noted that the rate of cooling
in the dilatometer was such that in all but the rhenium alloy some
transformation would have taeken place during quenching, Nevertheless
a genuine start of transformation was detected and it is probable
that dilatometrically the first appearance of precipitate caused

no detectable change, Alternatively at the slower cooling rate

in the dilatometer fewer vacancies might have been retained and
nucleation consequently be more difficult,

Since this research wes undertaken Hills et al’ have
published an account of a complementary examination of U - Mo
alloys in which they cooled specimens from 900°C to 600°C - 450°C
and held the samples for varying periods. In general, the slower
cooling rate which they used gave a slower transformation than in
this investigation e.g, in the 10 a/o Mo alloy at 550°C & peak hardness
of 390 DPN was attained in 8 - 10 hours at which an o + y structure
was Obtained compared with 35 mins in this work., At 500°C the penk
occurred at 5 = 10 hours (compared with 22 minutes) the micro-structures
being a + y with some y' (detected in the Harwell work). At 450°C
at 30 minutes Hills et al found lamellar o + y in a matrix of a",
After about 8 hours a peak hardness of 570 DPN was attained (560 DPN
at 2 hours in this work) and the structure comprised lamellar
structure in a matrix which correspondedto retained y in this work,
Hence the agreement is quite good taking into account difference in
rate which could have been a consequence of the rate of cooling.
There is a difference in interpretation of the results at 4.50°C
however., The existence of a" before the peak at 450°C in the paper
by Hills et al is interpreted as evidence that 450°C is below the
Mg whilst it is clear from the more detailed examination in this
report that this is unlikely to be so,

Hardening in U - 10% Mo did not start before visible
precipitation of o + ¥ was observed and was complete when the
eutectoid formation was complete, In this it differs from the
U - 10 a/o Ti alloy in which hardening occurred before any
precipitate was resolvable optically. The appearance of the
eutectoid at grain boundaries was associated with overageing
and softening in the U-10 a/o Ti alloy.
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