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ABSTRACT; 

The metallograph!c and hardness cfranges 
associated with the rolling and subsequent annealing of 
aluminum alloys containing up to 30-wt.% uranium have been 
described. The alloys possessed good rolling properties. 
However, the richer alloys were unusual in that after an 
initial reduction, further cold rolling caused softening. 
In the alloy range examined, increasing uranium contents 
caused reduced preferred orientation. Qualitative expla
nations have been proposed to account for the observations 
on roll softening and preferred orientation. Heat-treat
ing and ageing experiments confirmed that the solid solur 
bility of uranium in aluminum is negligible. 
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1. INTRODUCTION; 

The suitability of aluminum-plutonium alloys 
for power reactors is being investigated at Chalk River ( 1 ) , 
Due to the precautionary measures required for handling 
plutonium bearing materials, the development program can be 
accelerated by using a realistic "stand-in" alloy. The extent 
to which "stand-in" experiments can be used will be determined 
by the degree of similarity between the alloy systems. 

Aluminum-uranium alloys in the cast form have 
been used at Chalk River in a "stand-in" capacity for 
aluminum-plutonium alloys for Zircaloy-2 sheathing, compati
bility and corrosion tests (2,3)» The purpose of the present 
work was to investigate the effects of increasing quantities 
of hard brittle intermetallics on the rollability and hard
ness of alloys containing up to 30 wt.% uranium. Changes 
brought about by both hot and cold rolling were determined and 
the structures examined metallographically. Similar but less 
detailed experiments, now in progress on aluminum-plutonium 
alloys, will be described in a later report* 

Aluminum-uranium alloys have found extensive 
use in experimental reactors ( 4 , 5 )» To permit high neutron 
flux densities with these alloys whilst maintaining a low 
operating temperature, the fuel elements require a large 
value for the ratio of surface area to volume» This led to 
the development of plate fuel elements by the picture-frame 
technique which included heavy hot- and cold-rolling stages, 
as described by Cunningham (6). Sailer (7) first described 
the properties of some cast and rolled aluminum-uranium 
alloys, and later work at the Battelle Memorial Institute 
(8,9) emphasized the casting difficulties involved in preparing 
larger ingots for rolling and extruding. 

Alloys containing up to 68 wt.% uranium, in the 
equilibrium condition, possess two components, aluminum and 
UAI4 (10), with the latter present as plates in the eutectic 
phase and also as primary crystals in hyper-eutectic alloys. 
However, due to non-equilibrium conditions during solidifica
tion, primary crystals of UAI3 and UAI4 are often formed in 
alloys containing about 30 wt.% uranium. 

The present work should be of direct application 
to further aluminum-ui*anium alloy fuel element technology. 
Also, the range of alloys examined was interesting from the 
purely metallurgical viewpoint; few commercially fabricated 
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alloys possess large quantities of a hard component or phase 
in a soft matrixo Finally, since some controversy still 
existed regarding the solid solubility of uranium in aluminum, 
the experimental program included heat-treatment experiments. 

2. CASTING OF ALUMINUM-URANIUM ALLOYS ; 
2.1 Method -

An aluminum - 30 wt.% uranium master alloy was 
prepared by the direct dissolution of reactor-grade uranium 
metal (purity <99.5 wt.%) by super-purity aluminum at 1100°C, 
in air. Melting was carried out using an induction furnace 
with a graphite crucible as the susceptor. After thorough 
stirring with a graphite rod, the alloy was top-poured into 
a tilted graphite mould preheated to 100 C. 

The master alloy was remelted with, additions of 
super-purity aluminum to produce a hypo-eutectic, an eutectic 
and two hyper-eutectic alloys, Samples for analyses were 
obtained directly from the molten alloy immediately before 
castingo Analytical results are given in Table I. 

TABLE I 
Alloy Compositions 

Nominal uranium 0 7 13 21 30 
Actual wt.% uranium 0 7.0 12.8 21.4 30.2 

Spec frographic analyses revealed the following impuritiesî 
Co>0 o04 wt.%; Ca, Cu, Fe, Mg, Na, Si, Sr, >0.01 wt.% 

Alloys containing up to 21 wt.% uranium were 
cast at 900-950°.C, and the .30 wt.% alloy at 1050°C. A 
bottom-pouring method was employed using a 100°C preheated 
graphite mould to produce a l/2 x 1 x 6 in. rolling ingot. 
The metal comprising the down runner, 0.3 in. diameter, was 
used for annealing experiments on cast alloys*. 

Two super-purity aluminum castings were made 
under identical conditions. A thermocouple, lightly protected 
with asbestos, was inserted into one of the moulds before cast
ing. Between 800 and 500 C the cooling rate was approximately 
1900°C/mino Differences in the latent and specific heats of 
aluminum and aluminum-uranium alloys would not affect this 
rate appreciably. 
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2.2 Hardness -
Hardness tests were carried out on the cast 

ingots using an Ames portable hardness tester with a l/l6-in.-
diameter ball indentor. For comparison with published data 
on other alloy systems a Vickers Pyramid Diamond Hardness 
conversion curve was constructed and all hardness results were 
reported in V.P.H. numbers. The results, reproduced as Figure 
1, showed that hardness was not a function of composition alone. 
2.3 Metallography -

The aluminum-rich end of the constitutional 
diagram for aluminum and uranium (10), with a later modifica
tion by Sailer et al (11) to the liquidus temperatures, is 
reproduced as Figure 2. From each alloy a section was cut 
for metallographic examination with the polished surface 
parallel to the ingot edge and l/4 in. from it - i.e. along 
the casting direction. 

Alloy structures corresponding to the compositions 
in Table I are shown in Figure 3» The 7-wt.% alloy possessed 
a typical hypo-eutectic structure with dendrites of aluminum 
surrounded by aluminum/UAlA eutectic (Figure 3a). The 13 wt.% 
alloy also contained considerable quantities of dendritic 
aluminum. It would appear from the constitutional diagram 
therefore, that the rapid cooling rate caused the eutectic 
point to move towards the UAl^ side of the equilibrium diagram, 
A photomicrograph at higher magnification, showing the lamellar 
form of the eutectic, is reproduced in Figure 4a. 

Primary, geometrically shaped crystals of ;UA1/. 
existed throughout the 21-wt»% alloy (Figure 3c) with consider
ably larger numbers at the centre of the ingot. Micro-
segregation had occurred in the 21-wt.% alloy with regions of 
aluminum often surrounding the primary UAI4 crystals (Figure 
4b). Non-equilibrium conditions also existed in the 30-wt.% 
alloy; UAI3 and UAl^ phases were observed to be present from 
an X-ray diffraction powder pattern of the alloy. Metallo
graphic examination showed crystals of UAI3 and UAl^, the 
former predominating, embedded in a matrix of eutectic and 
small aluminum dendrites (Figure 3d). The UAI3 and UAl^ 
intermetallic compounds could be identified (Figure 5) using 
the etching techniques described by Hill (12). 

3. PREHEATING* AND HOT ROLLING OF ALDMINUM-URANIUM ALLOYS; 

3.1J Preheating -
The alloys described in the previous section 

* - In the present text preheating signifies an annealing 
operation prior to hot rolling. 



FIGURE I 
THE HARDNESS OF CAST AND PREHEATED 

ALUMINUM-URANIUM ALLOYS 
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1600 h 

20 40 60 
URANIUM (WEIGHT % ) 

FIGURE 2 
PARTIAL CONSTITUTIONAL DIAGRAM FOR THE 

ALUMINUM-URANIUM SYSTEM (10,11) 
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a (7-wt.% U) X265 b (13-wt.% U) X265 

Light phase : primary aluminum dendrites 
Dark phase : Al/UAl^ eutectic 

. ' • .... .*r 
- ' ' V 

. ' • .... .*r 
- ' ' V 

. » A;} 

A 
j 

1 

•5 , ' - • | \ * 

c (21-wt.% U) X265 dr (30-wt.% U) X265 

Light phase : aluminum 
Background or lamellar phase : eutectic 
Isolated grey phase : intermetallic compound 

Figure 3 
As-cast Structures of Aluminum-Uranium Alloys 

Treatment: a, b, 2% JîaOH for 20 sec. at 20°C 
c, 1/2% HF for 10 sec. at 20OC 
d 1/2% HF for 3 sec. at 20°C 



a (13-wt.% U) X690 

Light phase : primary aluminum dendrites 
Lamellar phase : Al/UAl/^ eutectic 

b (21-wt.% U) X690 

Light phase : aluminum micro-segregate 
Lamellar phase : eutectic 
Grey phase : primary UAl/^ 

Figure 4 

As-cast Structures of Aluminum-Uranium Alloys 
Treatment: l/Zfo HF for 3 sec at 20OC 
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for 40 
20°C 

30-wt.% U X350 

Figure 5 

Identification of UAI3 and UAl^ Intermetallic Compounds 



were prepared for hot rolling by preheating for 2 hours at 
400°C. Hardness determinations on the alloys, after pre
heating, are reproduced in Figure 1. Slight softening had 
occurred but metallographic examination of the alloys revealed 
no changes in structure. Immediately prior to hot rolling the 
alloys were re-heated to 450°C, 
3 »2 Hot-Rolling Properties -

Hot rolling was carried out along the casting _ 
direction at 450°C. The ingots were reduced on a 5 x 8 in. 
mill in 0.012 in. steps from 0.5 to 0.24 in., a total reduction 
in thickness of 52%. After each pass the alloys were returned 
to the furnace for about 25 seconds. During rolling, particular 
attention was paid to the edge-cracking tendencies of the 
alloys as an indication of their rolling properties. The defect 
developed slightly with the 21 wt.% alloy and markedly with 
the 30 wt.% alloy, approximately l/l6" deep along the whole 
length, but was absent with the alloys of lower uranium content. 
The percentage reductions in thickness, corresponding to the 
start of edge cracking, are included in Table II (section 4.1)• 
3.3 Hardness - . 

Hardness determinations were carried out on the 
hot-worked alloys. These results were included in Figure 6 
as the initial hardness points on the work-hardening curves 
of the various alloys. A comparison between the hardness 
values of the preheated and hot-rolled materials showed that 
slight hardening had occurred while hot rolling the 7-, 13-, 
and 30-wt o% alloys whereas the 21-wt.% alloy had softened 
slightly. 
3.4 Metallography -

Metallographic sections, taken in the direction 
of rolling, were prepared for examination. With the hypo-
eutectic alloys the primary aluminum dendrites became 
elongated but the eutectic phase still preserved its lamellar 
morphology with no evidence of cracking in the UAlr platelets 
(Figure 7a). The hyper-eutectic alloys, hot-rolled under 
similar conditions, showed fracturing of the primary UAI4 
crystals (Figure 7b) but only rarely were primary UAI3 crystals 
in the 30-wt.% alloy observed to have fractured. 

COLD ROLLING OF ALUMINUM-URANIUM ALLOYS: 
4.1 Cold-Rolling Properties -

Cold rolling was carried out on a 5 x 8 in. 
mill in the same direction as the previous hot rolling. 
Throughout the rolling the reduction per pass was limited 
to 0.012 in. Various gauges were produced for the construc
tion of work-hardening curves, and the edge-cracking tendencies 
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PRIOR TREATMENT: PREHEATED, 2 H 400 °C 
HOT ROLLED 450°C, 5 2 % REDN. 

FIGURE 6 
EFFECT OF COLD ROLLING ON THE HARDNESS 

OF ALUMINUM-URANIUM ALLOYS 



(13-wt.% U) X1270 b (21-wt.% U) 

Light phase 
Lamellar phase 
Grey phase 
Black lines in 
intermetallic 

compounds 
Prior treatment 

aluminum 
eutectic 
UAl^ intermetallic compound 

fractures 
Preheated for 2 h at 400°C 
Hot rolled, 52% redn, at 450 G 

Figure 7 
Hot-Rolled Structures of Aluminum-Uranium Alloys 

Etching treatment: l/2% HF for 3 sec. at 20°C 
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of the alloys were noted. These results, reproduced in Table 
II, showed the edge-cracking tendency to be directly related 
to uranium content. The effect of casting condition, or any 
factor influencing intermetallic particle size, was not 
examined in the present work. However, ingots with coarser 
primary intermetallics would be expected to possess inferior 
rolling properties. 

TABLE II 
Edge-Cracking Tendency of Aluminum-Uranium Alloys During 

Hot and Cold Rolling 

Start of Edge Cracking 
Composition 

Wto/o U 
Preheated at 400°C, rolled 
at 450°C o Hot rolled from 

0.5 in. 

Cold rolled from 
0 . 2 4 in. 

Thickness 
(in0 ) 

% Reduction Thickness 
( in. ) 

% Reduction 

o 
7 ! 

21 
30 | 

t 

<0.240 
COo240 
<0.240 

0.283 
0.308 

>52 
>52 
>52 
43 
38 

<0.048 
0.064 
0.075 
0.130 
0.150 

>80 
73 
59 
46 
38 

4 . 2 Hardness -
Hardness determination on the cold-rolled 

materials are reproduced in Table IIT and Figure 6. Super-
purity aluminum increased in hardness throughout the cold-
reduction range examined. The hardness of the 7-wt.% alloy 
became constant after about 70% reduction in thickness. With 
the 1 3 - , 2 1 - and 30-wt.% alloys, hardness peaks were reached 
at approximately 60, 45 and 35% reductions respectively; these 
alloys thereafter underwent softening. Of the five alloy 
compositions examined, super-purity aluminum underwent the 
greatest hardness increase. 
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TABLE III 

Hardness.of Rolled Aluminum-Uranium Alloys 
(VPH Numbers) 

Condition Alloy Composition -wt.% uranium 
0 7 ; 13 21 30 

Hot Rolled at 450° C 26 47 58.5 79.5 71 

Cold Rolled - 14% reduction 
in thicks 

ness 23 49 58.5 79 

it » 20% it •1 30 51 63 84.5 78 

tt tt 25% it •t 30 - - -
M it 46% it tt 36 57 67.5 91.5 78.5 

it it 60% it tt 42 56 68,5 85 69 

it it 73% it it 43.5 59 68 77 70.5 

»t it 80% tt » 40 57 68 74 72 

it « 83% M it 43 61 66 70.5 -
85% tt 44 55.5 62.5 ' 59 69 

The general rate of increase of hardness during 
cold rolling varied only slightly With alloy composition. 
Initial hardnesses..;.( i.e. in the hot-rolled condition) had 
the same relationship to composition as in the cast alloys; 
pure aluminum was the softest and the 21 wt.% alloy the 
hardest. This order persisted, throughout most of the work-
hardening range. However, during the later stages of cold 
rolling, the 21-wt.% alloy underwent a proportionately greater 
softening.. With the 21-and 30-wt.% alloys the final cold-
rolled hardnesses were softer than the corresponding hot-
worked or cast conditions. 
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4 . 3 Metallography of Cold-Worked Alloys -
Representative structures of the alloys taken in 

the direction of rolling are reproduced in Figures 8a and b. 
As observed during hot rolling, primary UAI3 crystals were 
more resistance to fracturing than primary ÛAI4 crystals. 
Voids often existed between the fractured parts of primary 
intermetallic crystals (Figure 8b), indicating the pronounced 
extrusion and relatively low compression effects developed 
during rolling. This is associated with the large value 
for the ratio of arc of contact to stock thickness that 
existed during rolling. 

4 . 4 Preferred Orientation in Cold Worked Alloys -
Samples of each alloy were examined for preferred 

orientation, after a cold reduction of 80%'in thickness, using 
the X-ray back reflection method. The 0-, 7- and 13-wt.% 
alloys snowed decreasing preferred orientation in the aluminum 
phase, whereas the 2 1 - and 30-wt.% alloys were completely random. 

5. EFFECT OF PRIOR TREATMENT ON THE COLD-ROLLING PROPERTIES OF 
ALUMINUM - 30 WT.% URANIUM ALLOY; 
5 . 1 Rolling Characteristics -

The metallography of the cast alloys indicated 
that the mode of dispersion of the intermetallic phases 
influenced greatly their hardness and rolling properties. 
To check this, the cold rolling properties of the 30-wt.% 
alloy were examined in four conditionsî-

(a) Cast condition 
(b) Hot broken-down (preheated at 400°C for 2 h and hot-

rolled at 450°C) 
(c) Hot broken-down (preheated at 620°C for 17 h and hot-

rolled at 450°C) 
(d) Cast and spheroidised (annealed at 620°C for 17 h). 

The hardness measurements and edge-cracking 
tendencies are reproduced in Table IV. As expected, the 
alloy was particularly sensitive to edge cracking when rolled 
in the cast condition. As-cast alloys edge craeked at 15% 
reduction in thickness, whereas prior pre-heating at 400°C 
and hot rolling at 450°C delayed the onset of edge cracking 
to 38% reduction in thickness, but with no effect on the final 
hardness of the cold rolled alloy. Preheating at 620°C ' 
followed by hot rolling at 450°C allowed the alloy to be cold 
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ft , » . \ » . , 
Jk -t ?s* -' .-

a [7-wt.% U) X350 b (30-wt.% U) X430 

Light phase : aluminum 
Dark phase : eutectic 

Prior Treatment : 
( 1 ) Preheated 2 h at 400°C 
(2) Hot rolled, 52% radn. 

at 450°C 
( 3 ) Cold rolled, 80% redn. 

Light phase 
Lamellar phase 
Grey phase 
Black ragions 

aluminum 
eutectic 
primary inter
metallic compound 
fractures in 
intermetallic 
compounds 

Prior Treatment : 
( 1 ) Preheated 2 h at 400°C 
(2) Hot rolled, 52% redn, 

at 450°C 
(3) Cold rolled, 20% redn. 

Figure 8 

Cold Rolled Structures of Aluminum-Uranium Alloys 

Etching treatment: l/2% HF for 3 sec at 20°C 
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reduced up to 60% in thickness before exhibiting edge 
cracking. However, an alloy similarly heat treated showed 
equally good cold-rolling characteristics without the 
previous hot breaking-down stage. Heat treatment at 620 C 
had caused considerable softening which persisted throughout 
the cold-rolling operations. 

TABLE IV 
Effect of Prior Treatment on the Cold Rolling Properties 

of Aluminum - 30-wt.% Uranium Alloy 

Pre-Cold Rolled Condition Cold Rolling 
Characteristics 

Heat Treatment Hot Rolling Hardness V.P.H. Start 
Treatment Hard

ness 
VPH 

Treatment Hard
ness 
VPH 

20% Redn 80% Redn 
of 

Edge 
Crack
ing 

None (i.e0 

as cast) 
69 None (i.e. 69 

as cast 
77.5 70 ~ 1 5 % 

2 h 40C°C 66.5 52% redn 71.5 78 70 ^ 3 8 % 

17 h 620°C 52 52% " 40 66.5 60 .5 ~60% 

17 h 620°C 52 None (i.e. 52 
as pre
heated ) 

54o5 ^60% 

Insufficient data were obtained to construct work-
hardening curves for the various alloy conditions. However, 
the "work softening effect" noted in section 4.2 was observed 
again. 

From the above data it would appear that the 
advantages of hot rolling over cold rolling are limited to 
reduced rolling power requirements and, possibly, greater 
thickness reductions per pass, providing the alloy is fully 
spheroidised. 
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5 . 2 Metallography -
The metallography of the cast alloy was described 

previously (Figure 3 d). Preheating at 400 C followed by hot 
rolling at 450°C did not cause eutectic spheroidisation, but 
a partial phase change, primary UA1-,—*UA1/,, was observed 
(Figure 9aJ „ ^ * 

Heating the alloy at 620°C for 17 hours caused 
eutectic spheroidisation (Figure 9b) and completed the UAI3—*UA1^ 
phase change (13). Microscopic examination and X-ray analysis 
confirmed the completeness of the reaction. The improvement in 
rolling properties can be largely attributed to spheroidisation, 
but the reduced volume of intermetallic compound brought about-^ 
by the phase change (densities, UAI3 5.7 g/cm3, UA1, 6.7 g/cm ) 
would have some beneficial effect. 

ANNEALING: 
6 . 1 Cast Alloys -

The down runners of the castings described in 
Section 2 were used to establish the effect of annealing 
temperature on the hardness and metallography of cast aluminum-
uranium alloys. Due, presumably, to the higher cooling rate 
(smaller cross sectional area) the original hardnesses of the 
cast alloys were slightly higher than the corresponding 
determinations on the rolling ingots. These hardness changes 
were also accompanied by structural differences. The formation 
of primary, well-formed UAI4 crystals in the 2 1 -wt.% alloy 
had been completely suppressed, producing a highly refined 
eutectic structurée In the' case of the 30-wt.% alloy the 
UAI3 : UAI4 ratio had been increased. 

The relationship between annealing temperature 
and hardness was determined, and is reproduced in Figure 1 0 . 
Softening started at 300-400°C for the 7-, 1 3 - and 21-wt.% 
alloys but apparently was not completed after l/2 h at 620°C. 
A similar treatment caused less relative softening with the 
30-wt.% alloy, probably because only a small proportion of 
the intermetallics was present in eutectic or easily 
spheroidisable form. 

6 . 2 Rolled Alloys -
The prior treatments received by the rolled 

alloys were described in Sections 3 , 4 , and 5 . Hardness 
determinations and metallographic examinations were performed 
on each of the alloy compositions in the lightly and heavily 
rolled conditions after isochronal annealing treatments. The 
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a X1270 

Light phase : aluminum 
Lamellar phase : eutectic 
Intermetallic 

phase : partly trans
formed UAl-j 

Prior Treatment : 
Preheated at 400°C 
Hot rolled, 52% redn, 

at 450°C 

Light phase : aluminum 
Grey phase : UA1. 
Black regions : fractures in 

intermetallic 
phase 

Prior Treatment : 
Preheated at 620°C 
Cold rolled, 20% redn 

Figure 9 
Rolled Structures of Aluminum-30-wt.% Uranium Alloy 
Etching treatment: a) l/2% HF for 1 0 sec. at 20°C 

b) 1 /2% HF for 3 sec. at 20°C 
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110 

AS 100 2 0 0 3 0 0 400 500 6 0 0 
C A S T ANNEALING TEMPERATURE —*-°C 

T R E A T M E N T : 1 H A N N E A L I N G S , S E P A R A T E S A M P L E S 

U S E D FOR EACH T E M P E R A T U R E 

FIGURE 10 
EFFECT OF ANNEALING TEMPERATURE ON THE 
HARDNESS OF CAST ALUMINUM-URANIUM ALLOYS 
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hardness results showed that softening occurred at lower 
temperatures in the heavily worked condition,, No sudden 
decrease in hardness occurred at «~/300°C (a typical re-

, crystallization temperature for aluminum alloys); greatest 
softening occurred with a 30~wt„% alloy which had been 
previously spheroidised (Figure 1 1 ) , 

The recrystallised grain structure of the 
annealed alloys was not revealed by electrolytic polishing. 
An anodising treatment prior to examination under polarised 
light was also unsuccessful, X̂ -ray back reflection patterns 
of the 30-wt o% alloy cold rolled 80% in thickness showed 
that recrystallization of the aluminum matrix had commenced 
below 300 &C with material previously preheated at 620C£S ) where
as material preheated at 400°C showed the first evidence of re-
crystallization when annealed for l/2 hour at 400°C „' 

7. HEAT TREATMENT ,• 
Alloys in the cold-rolled condition were heat 

treated for 3 hours at 620°C o Softening and complete eutectic 
spheroidisation occurred. Hardness tests carried out over a 
period of 30 days revealed no subsequent hardening effect. 
Re-annealing at 1 0 0 , 200 and 300 C also produced no measurable 
increase in hardness. 

8. DISCUSSION OF RESULTS ; 
8 . 1 Cast Alloys -

The structures of the cast alloys deviated 
markedly from those expected from the aluminum-uranium 
equilibrium diagram. Rapid freezing caused the eutectic 
composition to move towards the uranium-rich end of the 
diagram so that an aluminum - 13--wt,% uranium alloy possessed 
relatively large quantities of dendritic aluminum (Figure 3 b ) . 
Also, primary geometrically shaped crystals of UAI4, normally 
observed in hyper-eutectic alloys, could be suppressed completely 
to produce highly refined eutectic structure in an aluminum -
21-wt.% uranium alloy. 

Hyper-eutectic alloys were susceptible to micro-
segregation; regions of aluminum often surrounded ̂ the primary, 
intermetallic crystals (Figures.3d and 4 b ) . The aluminum - 30-wt.% 
uranium alloy studied in the present work consisted of 
primary crystals of UAI3 and UA1., the former predominating, 
embedded in a matrix of eutectic and aluminum dendrites. 
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AS 100 2 0 0 3 0 0 4 0 0 5 0 0 
ROLLED ANNEALING T E M P E R A T U R E - » - ° C 

T R E A T M E N T : j H A N N E A L I N G S , S E P A R A T E S P E C I M E N S 

USED FOR EACH T E M P E R A T U R E 

PRIOR T R E A T M E N T : P R E H E A T E D , 2 H AT 4 0 0 ° C 
P R E H E A T E D , 17 H AT 6 2 0 ° C 

A L L S P E C I M E N S HOT ROLLED (52 % REDINQ AT 4 5 0 ° C AND 
COLD R O L L E D , 20 % R E D N . 

FIGURE II 
EFFECT OF ANNEALING TEMPERATURE ON THE 

HARDNESS OF ROLLED ALUMINUM - URANIUM ALLOYS 
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Microsegregation, as observed in the 21-wt„% 
alloy (Figure 4b) could result from localised uranium 
depletion of the surrounding liquid by rapidly growing UAI4 
primary crystals. Dendrites of aluminum, as in the 30-wt„% 
alloy (Figure 3d), could be produced if general uranium 
denudation occurred as a result of the rapid growth of UAI3 
and UAI4 crystals so that the remaining liquid became hypo-
eutectic in composition. 

The present work showed that the structures of 
the alloys were sensitive to freezing rate, as evidenced by 
microstructural changes between the edge and centre of cast
ings. Consequently, it was difficult to access whether the 
aluminum-uranium system was susceptible to segregation. How
ever, extensive work by Thurber and Beaver (14) has shown that 
alloys, in the compositional range examined, were free from 
gravitational segregation but were prone to inverse segregation. 

The hardness of the alloys depended on both the 
quantity and mode of dispersion of the intermetallic phases. 
The relative softness of the 30-wt.% alloy compared with the 
21-wt.% alloy was attributed to the greater quantities of 
finely dispersed intermetallic compound, as a component of 
the eutectic phase, in the latter alloy. 
8.2 Rolled Alloys -

8.2.1 Malleability -
The malleability of the alloys was more closely 

associated with uranium content than alloy hardness; the 
21-wt.% alloy, while appreciably harder than the 30-wt.% 
alloy, underwent less edge cracking during both hot and 
cold roilingo Also, the susceptibility of a particular 
alloy composition to edge cracking was dependent on its 
history prior to cold-rolling. An as-cast 30-wt.% alloy 
exhibited edge cracking after 15% reduction in thickness 
whereas a fully spheroidised but otherwise identical alloy 
was free of the defect up to 60% thickness reduction. 
Therefore, the greatest.malleability for a particular alloy 
composition would be expected from a highly refined cast 
structure in the fully spheroidised form. 
8.2.2 Hardness Changes -

From the rolling experiments it can•be concluded: 
(a) The quantity, dispersion and shape of the inter-

metallic particles influenced the general level of 
hardnesses before and after rolling but did not 
appear to affect appreciably the rate of work 
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hardening. Consequently, the 21~wt.% alloy, 
initially harder than the 30-wt.% alloy, maintained 
its hardness superiority throughout most of the 
work-hardening range. AlsoB a 30-wt.% alloy, 
spheroidised prior to cold rolling, never achieved 
hardness results comparable with a non-spheroidised 
alloy of similar composition. 

(b) The alloys possessed anomalous work-hardening 
properties; initially they underwent hardening but 
further work caused softening. Under similar rolling 
conditions, unalloyed aluminum showed no tendency 
towards softening. The thickness reduction required 
for the various alloys to achieve peak hardnesses 
varied directly with the volume of aluminum present 
in the structures. This relationship is shown in 
Table V, column 3, for alloys which were cold rolled 
after preheating at 400°C and hot rolling at 450°C -
i.e. for non-spheroidised structures. 

8.2.3 Work-Hardening Mechanism -

The rolling reductions for peak hardness were 
recalculated on. the assumption that only the aluminum 
phase underwent deformation and work hardening; these 
are included in Table V as "Modified % Deformation". 
The modified percentage for the various alloys were 
less, in all casess than the 85% reduction absorbed 
by the unalloyed aluminum without undergoing softening. 
Also, it will be observed from the work-hardening curves, 
Figure 6, that super-purity aluminum underwent the 
greatest increase in work-hardening. Both observations 
emphasize that the "roll softening" effect is either 
directly connected with the intermetallic phase or with 
an interaction between the aluminum and intermetallic 
phase. 

TABLE V 
% Cold Reduction for Peak Hardness 

Alloy Composition! 

wt.% U 

% Deformation 
for Peak Hard

ness, 
D P 

Volume % of 
Aluminum in 
Structure, 

VA 

Modified % 
Deformation 
D P/V A x 100 

0 - 8 5 100 ~ 8 5 

7 ~70 95 ~ 7 4 

13 ^ 6 0 91 ~ 6 7 
21 •̂̂ 45 84 ~ 5 1 
30 ^35 ^7 6 /^46 
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Two mechanisms can be proposed to explain the 
"roll softening" effect:-

(a) Softening occurred as a direct result of the 
break-up of the intermetaliic phase; a spheroidis-
ing anneal on cast alloys {see Table IV) illustrated 
the strengthening effect of intermetallic compound 
in the lamellar or primary crystal forms. 

(b) Softening occurred as a result of a recovery process 
in the aluminum phase; the presence of a hard, inter
metallic compound in a soft matrix may produce 
sufficiently high, localised deformation of the 
aluminum matrix to initiate recovery. 

Since roll softening was also observed with fully 
spheroidised structures (see Table IV) where very little 
intermetallic break-up occurred during rolling, the 
effect cannot be explained completely by intermetallic 
break-up. Furthermore, metallographic observations on 
heavily rolled hyper-eutectic alloys, which had received 
no prior spheroidising treatment, revealed a turbulent 
flow pattern, as evidenced by the stringing out of the 
eutectic phase (Figure 1 2 ) . Possibly similar turbulence 
existed on a small scale in the aluminum component surround
ing individual intermetallic platelets or remnants of 
platelets. 

Therefore, it is suggested that (1) the intense 
deformation produced by turbulent plastic flow accounted 
for the hardening up to the peak value, despite the soften
ing effect from intermetallic breakdown and (2) that the 
energy imparted by further deformation was sufficient to 
initiate local recovery even though the gross temperature 
did not exceed 80 C. These effects are shown schematic
ally in. Figure 1 3 * 

Line-width measurements from X-ray back reflection 
patterns taken on the 21-wt.% alloy after 20, 60 and 80% 
reductions in thickness showed that broadening was slightly 
more pronounced after 60% reduction. This tended to 
substantiate the recovery effect, but insufficient work 
was carried out for it to have much significance. 

Similar "work softening" effects during cold 
rolling have been observed by Hargreaves (15) with lead-
tin eutectic alloyss by McDonald (16) with magnesium 
alloys and by Jones (17) with aluminum-plutonium alloys. 
8.2.4 Random Orientation Mechanism -

Thurber (18) studying rolled textures of aluminum 
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X350 

Cold Rolled 80% Reduction in Thickness 

Figure 12 

«Turbulent Flow' In Rolled Aluminura-30-wt.% Uranium Alloy-

Etching Treatment: l/2% HF for 10 sec. at 20°C 
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FOR ALUMINUM-URANIUM ALLOY 
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alloys containing 0-, 5~ and 13~wt,% uranium observed 
a trend towards random texture with increasing quantities 
of dispersed phase» A mechanistic explanation was 
proposed by Thurber based on the "aligning of UAI4 
particles with the rolling plane so that areas of 
relatively undistrubed aluminum existed between these 
areas of high compound density. The aluminum is 
virtually extruded between the areas rich in UAI4", 

The present work confirmed qualitatively Thurber9s 
findings on preferred orientation. Back reflection 
patterns were prepared on aluminum-uranium alloys contain
ing 0-, 7-, 13-* 21- and 30-wt,% uranium cold reduced 80% 
in thickness (0,240 to 0,048 in,) after hot rolling at 
450°C, Preferred orientation was pronounced in the un
alloyed aluminumj, less marked in. the 7-wt,% alloy, almost 
non-existent in the 13-wt,% alloy, and no line-density 
variation was observed in the 21- and 30-wt,% alloy patterns, 
A more pronounced trend was observed with thinner, more 
heavily rolled specimens, using a transmission technique 
(19)o 

The present authors suggest that the observations 
on preferred orientation were directly associated with 
the anomalous work-hardening properties of aluminum-
uranium alloys. Referring again to Figure 12, it will be 
observed that in the turbulent regions the direction of 
flow during deformation can be almost normal to the roll-

-. ing direction. This, therefore^, could account for the 
reduced preferred orientation observed in aluminum-
uranium alloys, 

8 . 3 Annealed and Heat-Treated Alloys -
Alloys which had not undergone a previous 

spheroidising treatment appeared to soften during 
annealing as a result of a chemical diffusion process, 
finally becoming .spheroidised, Softening, from the re-
crystallization of the aluminum matrix, appeared to be ̂  
of minor significance. Also, the softening temperature 
of the alloys in this condition (> 400°C ) was appreciably 
higher than normally observed with aluminum alloys 
(250-300°C). However, a 30-wt,% alloy, spheroidized at 
an early stage in its fabrication history, softened at 
about 300°C; in this instance, the recrystallization of 
the aluminum matrix was probably the major softening 
factor. 

Other workers (15,16) on alloys exhibiting 
"roll softening" also reported slight hardening when 
annealing at low temperatures. The present work included 
23 annealing curves (not all referred to in the text) 
covering variations in alloy composition, percentage 
reduction in thickness and prior history. Ten of these 
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9. CONCLUSIONS: 
The experimental work has shown that aluminum-

uranium alloys, even containing up to 30-wt.% uranium, can 
be rolled satisfactorily, Hypo-eutectic alloys possessed 
normal rolling properties, whereas richer alloys initially 
work hardened then underwent a roll softening process. Heat 
treatment and ageing experiments indicated that aluminum 
possessed no solid solubility for uranium. 
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