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EVALUATION OF URANIUM ALIAYS

.

by

W. C. Erickson, G. E. Jaynes, D. J. Sandstrcsn,R. Seegmiller, and J. M. Taub

ABSTRACT

The oxidation resistance and mechanical properties of 23 uranium
alloys have been evaluated. The U-Ti alloys had good mechanical prop-
ertied, whereas U-Nb alloys had the beBt oxidation resistance.

I. INTRODUCTION

There are numerous application

um alloys mu8t have a combination of

inwhtch urani-

8tret@h and

ductility andbe re8i8tant to both oxidation and

atre88 COrr08iOn. The Los &Lsm08 SCk’kifi.C Labor-

atory (LASL)Materiala Technology Group initiated

a urenium-alloydevelopmentprogram to develop and

evaluate alloy8 to meet these requirements.

A review of the literature suggested several

alloys that warranted further evaluation. We used

unalloyed uranium as the standard for thi8 work,

though we found that by using a material that was

very low in carbon and 8ilicon,we obtained signif-

icant variation8 in mechanical propertlea. Mulberry

(U-7.5Nb-2.5zr) IS kn~ for its corro8ion reBi8-

t=ce, and WS8 u8ed a8 a ccsnpari80nin the corro8ion

teata. Alloys of the related U-Nb 8ystem are also

reputed to be corrosion reai8tant, and we evaluated

alloys containing2 to 6 W@ of niobium.

The Canadian Armement Research and Development

Establishment (CARDE)l has studied several uranium

alloys in a program whose objectiveswere (a) to

determine the minimum alloy addition that would

herden the alloy; (b) to determine certain mechani-

cal, physical, and chemical properties of the al-

loys; and (c) to investigatethe effect of heat

treatment on the properties obtained. We selected

two of these alloys, U-2Mo-2Nb and U-2Nb-2V, for

further evaluation and modified two others slightly

to yield naninal ccinpositionsof U-2Mo-3Nb and U-

2Nb-1.Zr.

The U.S. Army is working on development of a

StrUC’kUrEd uranium alloy. Work reported by the

U.S. Army Materials Research Agency2 haa involved

the U-Mo-Nb-Zr-Tialloy systen. One of these

alloys, u-1.5Mo-l.5Nb-l.5zr-O.5Tihad properties

that were of interest to L4SL, and we Included it

in the present study.

Several other alloys were evaluated in this

program. These include U-Ti alloys, U-O.5Ni,

U-O.5Cr, U-O.5Ni-O.5Cr,U-1.5Mo-O.5Ni-O.5Cr,

U-1.5M0, end U-2Nb-2Ti.

The alloys were evaluated in the as-cast,

homogenized,and wrought and heat-treatedconditions.

Evaluation of the as-cast and homogenizedmaterials

consisted of corrosion (oxidation)testing, hardness

t.eSti.I)g, and metallography. In addition to the8e

test8, for wrought materials the mechanical proper-

ties were also determined.

This report sunvnarizesthe mechanical proper-

ties, metallography,hardness data, end corrosion

#>4hasatieadytiedata for the alloys. Sandstr

a more detailed presentation of the data.

II. mocmuREs

Casting

The alloys investigatedwere inductionmelted

using a high-frequency (3000-cycle)power supply

and cast into 8- by 8- by l/2-in. plates. Graphite

crucibles flame-sprayed”with a Mo-Zr02 coating were

used for melting, and the molds were coated with a
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zirconium silicatemold wash to prevent carbon

pickup by the uranium alloys. All castingwas done

under a rough vacuum of --100K Hg.

Both elemental and prealloyed charges were

used. The uranium, zirconium,titeniuu, nickel, end

vanadium were added to the charge as the pure ele-

ment. Prealloyed charge materiala used were

U-6.5Nb, U-lCMO, and U-5Cr.

Roll-

A Bliss two-high rolling mill with 8-in.-diam

by 20-in.-wide rolls was used to roll the uranium

alloys. The rolls were preheated to--lOO°Cby

infrared lamps before rolling.

Alloys rolled in the alpha-phaserange at

625°C were rolled frcsaa6$ KC03-3~LiC05 salt

bath. This salt melts at 510”C and reacts very

little with the uranium. A fluid protective layer

forms on the metal when it is removed frctnthe salt

pot. This layer protects the uranium frap excessive

oxidation and ignitionwhen in contact with air.

Alloys rolled in the gamma-phaseregion

(&30°C)were heated ina Hoski.nselectric muffle

furnace with an argon atmosphere. To minimize oxi-

detlon and the chances of ignition, the plates were

preheated in the salt pot at 625°C before being

transferred to the muffle furnace. This was done

after each rolling pass.

Heat Treatment

The uranium alloys were annealed at 625°C in

salt end in vacumn and at 800”c in vacuum. The

KCO -Li~ salt previously describedwas used for
33

the 625°csalt anneals. For the vacuum cycles, the

uranium was canned in copper and a vacuum was pulled

continuouslydurl.ngthe heat treatment. The sem-

ples treated to 625°cwere alr cooled, end those

heated to 800”C were water quenched.

The effect of homogenizationtreatments on the

microstructurewas studied. The trea+anentdepended

on the alloy and was performed in a vacuum furnace.

The alloys were vacuum cooled.

MetallographicEvaluation

Unalloyed uranium samples were electropolished

and examined and photographedusing polarized light.

The alloyed samples were mechanicallypolished and

chemicallyetched using standardmetallographic

techniques.

Mechanical Testing

Mechanical testing was performed on an In.stron

tensile testing machine using en Instron clamp-on

strain-gaugeextensianeter. A cross-heat speed of

0.050 iri./minwas used. Gauge marks at I/b-in.

incrementswere scribed on the 8pecimensto deter-

mine elongation.

Flat tensile specimens--k in. long with a

1-1/8- by 3/8-in. reduced gauge length were used.

The specimen thicknesswas 0.C60 to 0.080 in.

Spectienswith two surface conditionswere used.

The first were eloxed fran as-rolled and heat-

treated material. The eloxed surfaceswere then

ground to remove any damaged or embrlttledmaterial.

These specimensproved unsatisfactorybecause the

oxide film flaked. This prevented accurate measure-

ment of the specimen thickness md made determination

of elongation impossible.

Subsequent SpeCheK4S were also eloxed frcsnthe

sheet, and their eloxed surfaceswere ground. In

addition, the reduced section of these specimens

was milled to remove the oxide surface.

Corroalon Testin~

The resistance to oxidation of the uranium

alloys was tested at four different conditions;

260”c and atmospherichumidity, 120”C and atmos-

pheric hmnidity, 120”C end 0.5-atm water-vapor

pressure,,and 60”c and 1OC$ relative humidity. The

teata were performed In thermostaticallycontrolled

convection ovens. Distilled water was used to ob-

tain the 100$ relative-humidityatmosphere,end a

potassium acetate solutionwee used to maintain the

0.5-atm vapor pressure.

III. RESULTS

More than 20 uranium alloys, including unalloyed

uranium, were cast and evaluated to varying degrees.

The microstructure,hardness, and corrosion (oxida-

tion) resistance of all the alloys were evaluated.

Alloys that were predominantlytwo-phased and/or

that showed poor corrosion resistance to moist air

were not evaluated further. The mechanical proper-

ties of the renaining alloys were then determined.

Table I lists the alloys investigatedand gives

the analyses for the major alloying elements. The

results of the canplete spectrographicanalyses are

presented in the Appendix.

.

?
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TABLSI

NO}U3ULCO:@3SITIOU07U?.MIIUNALWYS

Itcm
Number

68165

52734

52712
52710
5271.1
52770

52702
52701
52ic+
52771
52705
51193

52714
52709
52733
52706

J!!AlloyContmt (wt
h!! Ti—_ _ —

Alloy
W&!

u

IJ-I’!O

u-Ti

U-wn
Binazy

U-h%
-Waw

~

.

2.2

t:
lb.7

z::

1.9
2.5

;:;
2.2
2.7

1.5

.

.

.

1.5
2.2
2.1
2.0

i.5

.

.

U
1.6
1.6

-

0.9

0.6

.

.

--

. .

. .

. .
-.
. .

. .
-.
-.
-.
.-
--

-.
1.7

l.k -
-.
-.
-.
1.0 -
2.7 -

.-
-.
. .
-.

-.

-.

-.
. .
. .
. .

. .

. .

.-
--
-.
.-

. .

. .

.-

. .

. .

. .
--
.-

2.0 -
2.2

::; ::;

●

h-Ca8t.52i72
52728
52708
52(8>

2.k
6.9 ...=+=..,,+.,”--. .

,.-:...
“<+!’::<+ _“;,
*, ., ,-.. . .

i

.

U-1{1-Cr-l.b52727
52729
s2698
52697

‘l’hedata are grouped according to the four

allOying systems investigated: U-Ti, U-Ni-Cr-Mo,

U-Nb, and polynary alloys based on the U-Nb base

alloy. The unalloyed uranium and U-1.5Mo data are

presented individually.

Unalloyed Uranium

A plate of unalloyed uranium was cast and used

as a referencebase. Uranium undergoes two phase

transformationswhile cooling frcm its melting tem-

perature. The first is the y-$ transformationat

772”C, and the second is the e+a transformation

at 662”C.

The cast material had a density of l&3.~2 g/cm3

and an as-cast hardness of 220 DPH. This hardness

decreased to 190DPH after hcanogenizationat 625°c

for 8 h =d vacuum cooling. The mlcrostruct~e of

this material was essentially single phase with what

appears to be some carbides present (Fig. 1).

The mechanical properties of wrought, unalloyed

uranium in five different conditions are shown in

Table II. Several values need further camnent.

First, the relative strengths and elongationsof

salt-annealedand va~uum-annealedmaterials are

typical, the effects noted being due to the

tent of the metal. Thl.sbehavior was previo?l~-

documentedby Hanks, Taub, and D011.5 We do not know

the reason for the relatively small elongation (la

Vacuum-annealedat 626°c for 8 h.

Fig. 1. Microstructureof cast unalloyed uranium,
100X.

TADLEH

JWSNANICALPSOFSNCTESC.FWROIXMT,USALXOYZDUSANIU?!

ultimate
Tensile

Strcn&h (ksi~

1k6.5
~ A

Yield
Strcn+y,h~k,i) ~=ion

%.0 27.5

42.0 11.0

Condition

As-mllcd

Snlt-m”ealedat 625°c
for l/2 h

Vacuum-annealedat 625°c
for 1/2 h

114.3 43.0 29.0

Va:er-qucnc!mdfrau850”c

Water-quenchedfrm 850”c

89.9

94.3
35.0 10.0
39.5 10.0

.M~ vacixm-annealedat
625-Cfor1 h

in l-in. gauge length) of the gamma-quenchedmateri-

al, though it may be caused by increased interstitial

content, increasedgrain size, or both. The 27.%

elongation of the as-rolled material seems extremely

high for uranium of the strengths repnted, and the

validity of these data must be questioned.

.
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Uranium-l@lybdenumA11OYS

The volubility of molybdenum in uranium is lim-

ited to 4.2 wt$ of molybdenum in alpha uranium at

room temperature. Uranium-richalloys undergo a

‘i-+ri+ 6 eutectoid reaction at 575”C, and an~~

transformationat -A60”c. AIIOYS containing less

than -.15wt$ of molybdenum are single phase Y at a-

bove -770”C. Because of the limited volubilityof

molybdenum in uranium, additions of -0.25 W@ Of

molybdenum are often used as a grain refiner In cast

uranium.

The density of cast U-1.54M0 was determined to

be 18.6&+g/cm3. Its hardness in this condftion is

285DPH, and it is not appreciablychanged by vacuum

annealing at 1000”C for k h and at 105O”C for 4 h.

The microstructureof the as-cast and homogenized

material is shown in Fig. 2.

As-Cast.

The u-1.5M0 alloy was rolled at either 625 or

800”c. Rolling at these temperatures produced two

distinct microstructure as is shown in Fig. 3. The

structure of the material rolled at 800”c has been

recrystallized.

Annealing samples of this material at 850”c and

water quenching them produced the microstructure

shown in Figs. 3b end 3d. There are only slight

differencesbetween the as-rolled and heat-treated

microstructure of the samples rolled at 800”c,

though the differences in material rolled at 625”c

are considerable.

The effects of rolling temperatureand heat

treatment on the hardness and mechanical properties

are shown in Table III. The ultimate and yield

strengths of the 800”c as-rolled material are consid-

erably higher than those of the 625°c as-rolled al-

loy. There was a correspondingdecrease in elonga-

tion. These differences in properties are not seen

in data from material rolled at both temperatures

and subsequentlyy-quenched fran 80C”C. Work done

before this program showed that 125.1-ksi ultimate

strength, 54.k-ksi yield strength, and 2270elonga-

tion can be obtained in the as-cast U-1.5M0 alloy.

Uranium-TitaniumAlloys

Uranium-titaniumalloys have complete solid

volubilityabove -.%90”C,and the lowest-melting-

point constituentis uranium,whichmelts at 1130°C.

For uranium-richalloys, there is a eutectoid at

723°C and 0.8 wt$ (4 at.%). There is essentiallyno

solid volubilitybelw the w~~ transition tempera-

ture of 667”C.

The titanium alloys (U-O.7Ti,U-O.8Ti, and

U-1.5Ti) vere rolled in the alpha-phaseregion at

625°c and did not crack. After rolling, they were

heat treated at 625 or 800”c. Cast U-1.5Ti material

wa”salso homogenizedat 10~”C for k h and at 105O”C

for k h.

‘I’heas-cast density and hardness of the U-Ti

alloys in the conditionsdescribed above are listed

in Table IV. As can be seen, the hardness increases

with increasedtitanium content. Also, the 800”c,

water-quench,thermal treatment yields the highest

hardness for all alloys. No significantchange in

hardness was noted when the as-cast U-1.5Ti alloy

tiashomogenized.

.

J

Homogenized at 1000”C for k h and at 105O”C for J h.

Fig. 2. Microstructure of cast U-1.5M0 alloy, 250X.
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a. As-Rolled at 625°c. 25OX

c. As-Rolled at 800”c. 250x.

b. Rolled at 625°c and annealed at
850”c. Water-quenched. 5COX.

d. Rolled at 8CX3°Cand annealed at.
850”c.Water-quenched. 500X~-

Fig. 3. Microstructureof wrought U-1.5M0 alloy.

TASLE III

MECHANICAL PROPERTIES OF U-1.5M0

Ultimate 0.2$ Offset
Tensile Yield

Hardnes8
Alloy Strength

Condition
== (ksi)

u-1.5Mo As-rolled at 625”c 310 134.0 54.1
As-rolled at 800”c 345 155.4 88.9
Rolled at 600”c and y-
quenched fran 850”c 380 170.5 102.3
Rolled at 8CQ”C and y-
quenched frcsn850”c 100 177.4 93.4

Elongation
in 1 in. )

9.0

3.0

9.0

8.0

TABLE Iv

DENSITY AND HARDNESS OF U-Ti A.LIAYS

Cast
Dens ity

Comuositlon u
U-O.7Ti 18.654
u-o.8Ti 18.6(22
U-1.5Ti 18.229

Hardness (DpH)

As-Cest Homogenized As-Rolled 625”c, AC 800”c, WQ
285 395 315 415
310 320 335 435
39 380 400 310 615
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The met flography of the as-cast 0.8$ titanium

alloy is shown in Fig. 4. As can be seen, the alloy

composition is slightly hypoeutectoid. The as-

rolled structure is similar to that shown for the

material annealed at 625”c. Heating to 800”c re-

crystallizesthe wrought structure.

The homogenized structure of the 1.5$ titanium

alloy is shown in Fig. 5. There was essentiallyno

difference from the as-cast materiel. The wrought

1.5% titanium alloy was similar to the 0.8$ titenlum

alloy, with recrystallizationoccurring at 625”c.

An equiaxed structure containing a grain-boundary

precipitate ltke that shown in Fig. 5 was developed

by heating into the gamma-phase region at 800”c and

water quenching.

The properties of the U-Ti alloys can be el-

tered by aging. The harnesses of the near-eutectoid

alloys (0.7 end 0.8wt~Ti) were essentially identi-

cal and were considered the same for this discussion.

All alloys were water-quenchedfrom the gamma range

(800”c)before aging.

The hardness results of this aging study are

shown in F%g. 6. The maximum harnesses were

Aa-Caat.

Microstncture of cast alloy homogenized
at 105O”C maximum temperature.

625”c,air-cooled,wrought mteri.al.

800”c, water quenched,wrought material.

Fig. 4. Microstructure of u-o.8Ti alloy, 250x.

6

..-.
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..:..~,-~- =----
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Fig. 5.

Wrought alloy heat treated
800”C end water quenched.

Microstructure of U-1.5Ti

at

tilOy, 250X.
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F*. 6. Effect of aging time and temperature on the
hardness of U-Ti alloys.

recorded for the kIOOC aging treatments. Aging at

600”C produced an over-aged material, whereas 200”C

was insufficientto produce appreciableaging in up

to6h. At the 400”C aging temperature,the maximum

hardness waa reached in 2 to 4 h, depending on sUoy

content. The 1.5 W@ titanium alloy attained a hard-

ness of -&O DPH in 2 h, and the 0.7-0.8 wt$ titani-

um alloys attained a hardneea of 525 DFH in 4 h.

The mechanical.prepertiea developed In the

wrought U-T1 alloys are 13.atedin Table V. The data

show that both the ultimate and yield strengths can

be significantlyincreased by aging the U-O.8TI al-

10YB at 4CO”C for 2 h. An accompanyingdecrease Ln

elongation occurs, but a minimum elongationof 10.5$

was still recorded. The average yield and ultimate

strengths for this alloy heat-trested at 400°C for

2 h were 153.3 and 221.6 kai, respectively.

Increasingthe titanium content to 1.5 wt% em-

brittled the material so that no yield strength

could be recorded for any wrought specimen. The

ultimate strength of the y-quenched and 200°C-aged

material remained the same, but that of the material

aged at 300”C decreaaed. The elongationswere

decreased to 1% in all.cases.

“ PZCK4NICJLLFROIZSTISSOF WSOilQITU-1’lALLOYS

ultimate
Tensile Yield

S1.rcngthE1.m@lon
1111111 , Condition .!%% a~lfi.(%1

u-am y-quenchedfr0in0800”C >76.5 85.1 18.0
and a.ydat 2000Cfor 2 h u’5.6 98.5
mdrwedat3m Cfor2h 178.T
and agedat kO”C for k h

94.5 $:
21.2.2 125.4

U-O.%M y-quenchedfmrn8CO”C 191.8 97.0 16.5
d wed at .2@”Cfor2 h 190.53 93.3 13.0
ard qvd at XM”C for 2 h 1*.9 14.0
andagedat kco”cfor2 h 221.6 & 10.5

u-1.5Ti y-quenchedfrom8CKI”C 192.0 1
and wed at2KI”cfor2 h lgk.1$ : 1
d ased at3LM”Cfor 2 h 187.9 - 1

Uranium-NiobiumBinary Alloys

Uranium-niobiumalloys have complete solid

solubi.lityabove +180”C. Alloys containing less

than -5 IT@ of niobium undergo a peritectoid reac-

tion at 663”C, whereas those containing -1 to +3

wt$ of niobium undergo a eutectoid reaction at

647°C; the eutectoid compsition is -6wt$.

Uranium-rich alloys at room temperaturehave essen-

tially no solid solubil.ity.

Uranium-niobiumalloys ranging from 2.2 b

6.owt$of niobium were cast and rolled at &M”C.

The as-cast U-k.71Vballoy was homogenized at a maxi-

mum temperature of 105O”C in attempts to *rove its

chemical homogeneity.

The hardness and density survey results are

reported in Table VI. The hardness of the aa-caat,

aa-rolled, and 625°c heat-treatedmaterials in-

creased with increasingniobium to ~ W@ of niobium

and then remained essentia3.3yconstant. The mate-

rial.annealed at 800”C decreased in hardness with

increasingniobium content. The increaalng hard-

ness for the as-cast, as-rolled, and 625°C air-

cooled materials Ls attributed b their Increased

abiltty to age during cooling. The effect of aging

trea~nts on the hardness of the 6 wt$ niobium sl-

I.oyia shown in Fig. 7.

Figure 8 shows typical structures developed in

as-cast; as-rolled, 625°C-annealed,and 8000C-an-

nealed alloys containingk to 6 wt% of niobium,

These photanicrographsshow the grain-boundarypre-

cipitate formed by aging during cooling in all but

the 8CO”C water-quenchedmaterial. The precipitate

is not so readily discernible i.nthe as-cast as

the wrought material.,but it is present. The

microstructuredeveloped in the aging studies

in

/
1
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DENSITY AND HARDNESS OF URANIUM-NIOBIUM

As-Cast
Density

Compo8ition m A!! .Homog’”i”d A’-Roll’d

u-2.2Nb 18.4~ 315

u-~.4Nb 18.199 3%

u-4.oNb 18.079 400

u-4.7Nb 17.811 boo

u-5.ONb 17.568 410

u-6.oNb

430

49

510

400

505

ALLOYS

625”c,AC

365

450

435

435

81x)0c,WQ

455

375
340

230

155*

%later-quenchedfrom 850”C.

There was little

o , 1 I 1 t

o 100 200 300 400 300 603

AGING TEMPERATLJRE,”C

Fig. 7. Effect of aging temperature
of U-6Nl alloys.

previouslymentioned is equiaxed and

grain-boundaryprecipitate like that

rolled material. Quenching fran the

on the hardness

contains a

in the as-

gamma-phase

region produces a single-phase,equlaxed structure.

Sane carbide particles are present.

One of the main problems encounteredin prepa-

ration of U-Nb alloys Is segregationof the niobium.

Metallographyshowed.this to occur on both the macro-

and microscale. Areas of what appeared to be ele-

mental niobium were found, in addition to single-

phase areas rich In niobium. The latter areas were

extremely difficult to etch.

Both parent-metaland cross-weldyield and ul-

timate strengths and elongationswere determined for

the U-hNb and U-m alloys (TableVII). Tensile

data were not obtained for any other U-Nb alloy.

8

difference in the strengths of

correspondinglyheat-treatedmaterials, though the

perent+netalultl.matestrengths of the U-5Nb alloy

tended to be slightly higher.

In all cases, increasingthe aging temperature

drastically increasedthe yield strength. Increases

in ultimate strengthswere also noted, but not of

the same magnitude. As expected, the elongations

decreased corres~ndingly.

Cross-weldproperties of electron beam-welded

sheet samples were obtained. In all cases, the weld

buildup was removed by machining. The ultimate and

yield strengthsactually increasedover the parent-

metal values, and a reasonable elongationwas also

retained in the welded U-4Nb samples. A slight de-

crease in ultimate strength of the U-5Nb alloy was

noted when comparing parent-metaland cross-weld

values; the yield strengthswere essentiallythe

same. However, the elongation of the U-5Nb alloy

was reduced considerablymore than that of the U-LNb

alloy. It is interestingthat in the cross-weld

samples, all failures occurred in either the parent

metal or at the parent metal-weld fusion line.

There were no failures in the weld metal itself.

Uranium-NiobiumPolynary Alloys

The niobium alloysgave definite promise of

corrosion resistance as shown later in this report.

However, it is advantageousto add a minimum quanti-

ty of alloying element to achieve this corrosion

protection. Therefore, we cast a series of alloys

containing a naninal 2 wt% of niobium plus additions

of titanium, zirccmium,molybdenum, and vanadium.

For reporting purposes, Mulberry (U-7.5Nb-2.5Zr)and

the Army alloy U-1.5Mo-l.5Nb-l.5Zr-O.5Tiare

included in this group.
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As-cast. As-Rolled.

Rolled and air-cooled at 625”c.

&./

\/ M53’-. \A/

Rolled and water-quenched at 800”c.

A- Heat Treatment

u-km y-quenched from 800”c

and aged at 200”C for 2 h

and aged at 300°C for 2 h

end aged at k(XIOCfor 2 h

and aged at 260”c for 80 h

u-5Nb y-quenched from 800”c

and aged at 200”C for 2 h

. and aged at 300”C for 2 h

and aged at 260”c for 80 h

Fig. 8. Microstructure of U-4.ONb alloy, 250X.

TABLE VII

MECHANICAL PROPERITES OF U-Nb ALLOYS

\ a.

b.
c.

Material welded in the y-quenched
cycle.
Failure always occurred in parent
As-welded condition.

Parent Metal
Ultimate
Tensile
Strength

._!l@--

163.7

158.7

187.1

237.0

186.2

154.1

157.8

182.8

182.3

Yield
Strength

-l&l

42.o

56.1

124.3

200.4

142.7

37.7

56.9

148.2

149.5

Elongation
in 1 in. 1

16

18

12

1

11

20

16

8

9

Cross Weld
a,b

Ultimate
Tensile Yield
Strength Strength Elongation

_@@_ Qinlin- )

167.2C 47.5 10
167.7 65.5 12
199.0 1~.o 5

195.8 164.0 7

147.2C 38.2 12
142.5 59.0 9

1%.o - 2

condition. The only postweld heat treatmentwas the indicated aging

metal or parent-metal-to-weld-metalfusion line.
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All the8e alloys except the u-6.m-2.7zr were

rolled at 800”c in the gamma-phaserange. The

U~. m-2.7Zr was used in this program only as an

oxidation-teststandard and was not rolled.

The harnesses of these alloys in various con-

ditions and their as-cast densities are shown in

Table VIII. The harnesses of the U-2.2Wb alloy are

included for comparison. The addition of titanium,

molybdenum, and vunadium and the Mo-Zr-Ti canbina-

tion decreased the hardness of the y-quenched mate-

rial. Only zirconium increasedthe hardness. A

hardness of l& DPHwas recorded for the U-2.7Nb-

2.CIKOalloy quenched fran 800”c. This was slightly

lower than the 190-DPH hardness recorded for un-

alloyed uranium vacuum-annealedat 625”c.

The oppsite trend was noted for the as-cast,

as-rolled, and 625”(!-annealedmaterial, whose hard-

ness increasedwith additions of alloying element.

The one exceptionwas the U-2.7Nb-2.U40alloy whose

harnesses were below that of U-2.2Nb in the as-

rolled and 625”C-anneal.edconditions.

We used the U-2.2Nb alloy as a base line for

cauparing the microstructure In the U-Nb-X alloys.

Figure 9 shows the U-2.2Nb microstructure. The re-

sults show that the coarse intergrsnularprecipitate

doea not form so readily as it does In the higher

niobium alloys. However, if a rapid quench is not

obtained after treating at &M”C, the precipitate

will form.

We developed a variety of as-cast microatruc-

tures for the U-2Nb-X alloys. The microstructure

in the U-1.9Nb-O.9’l’ialloy (Fig. 10) canbe

consideredtypical for additions of 1.7 wt~ of

vanadium, 1 wt$ of zirconium, and 0.9 wt% of tita-

nium to the U-Nb base alloy. The most noticeable

difference fran the U-2.2Nb is the absence of the

Widmenst’atten-typesecond phase at the grain

boundaries.

The as-cast microstructurecan be altered by

hanogenizingthe as-cast material at 950 to 105O”C

for 8 h. The types of changes resulting frcm hanog-

enization can best be sh~ using the U-2.2Wb-2.@b

alloy. Aa Fig. 11 shows, a microstructuremore

closely resemblinga single-phasestructure is de-

veloped, and some grain growth is apparent.

The microstructureof wrought alloys vacuum

annealed at 800”C and water quenched is uhown in

Fig. M?. It appears that additions of molybdenum,

vanadium, zirconiun,and titanium tend to stabilize

the gamma phase. Of these alloys, the U-l.~-

O.~i alloy has what might be consideredoptimum

single-phasestructure. A grain-boundaryprecipi-

tate was noted in the U-Nb-Mo alloy.

The microstructuredeveloped by heat treating

the wrought u-1.5Nb-l.5Mo-l.4zr-O.6Tialloy at 800”c

was identicalto that developed in the U-Nb-Ti alloy.

The as-cast, hanogenized,as-rolled, and 625”c-an-

nealed samples differed fran the other alloys in

this group in that a more definite grain structure

was present. Sane segregationwas noted metallo-

graphically.

The U-6.9Nb-2.7Zralloy had a canpletelydif-

ferent microstructure,as shown in Fig. 13. Again

the effects of the M2Q0 to 105O”C homogenization

Alloy

u-2.2Nb

u-1.9Nb-o.9Ti

u-1.9Nb-2.2M

u-2.2Nb-2.Ow

u-2.7wb-2.ol.b

u-2.hb-l.7v

u-2.kNb-l.ozr

U-6.9Nb-2.7Zr

u-l.5wb-l.5lb-
l’.k&-o.6Ti

As-Cast
D&as

18.492

18.084

18.151

18.137

17.889

18.153

17.628

17.618

treatment are very evident.

TABLE VIII

DENSITY AND HARDMESS OF U-Nb-XALIOYS

Hardness, (DFH).

As-Cast Hosmgenized, VC As-Rolled 625”c,AC 800”c,w

315 430 365 455

440 590 435 335
430 460 375 245

42o 550

435 165to310 360 350 180
k25 445 510 425 315

335 500 425 520
42o 550

475 570 470 390 235

,

?

4
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Ih3-&8t. As-Rolled.

625°c for 3/4h, air-cooled. 8000C for 3/4 h, water-quenched.

Fig. 9. Microstructure of U-2.2Nb alloy, 250X.

Fig. 10. As-Cast microstructureof the U-1.9N’b-O.~i
alloy. 250x.
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As-Cast. 100X. Homogenizedat 1000”C for 4 h and at 1050°C for 4 h,
vacuum-cooled. 250x,

Fig. 11. Effect of homogenizationtreabnents on as-cast
microstructure of the U-2.2Nb-2.lMoalloy.

u-2.2Nb-2.CMo.

U-2.4Nb-l.OZr.

Fig. .12. Microstructureof
annealed at 800°C

—~.—— . .
--. .i-:, . -. .- .:%%:=- .- _c*-

-, — >’-’?

.. . ..-. \, ..- -... ! ~,t .;: ● _......”L–_“
I ,;:.07. . “’

“WyA#::’y ‘~.. . > “..4< . , . . .

u-2.41w-1.7v.

t...

=-Y ._

U-1.m-o. $n’i.

wroughtU-Nb-X alloys
and water quenched,250X.
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We determined the mechanical properties of five

of the U-Nb-X alloys. (See Table IX.) These alloys

were U-1.%b-O.9ri, U-1.9b-2.2Mo, U-2.7Nb-2.oMo,

u-2.4Nb-l.7v,and U-1.5Mo-l,5Nb-l.4Zr-O.5Ti. The

beat canbinationof strength and ductilitywas shown

by the U-1.5Mo-l.5~-l.4Zr-O.5Ti alloy that waa Y-

quenched and aged at 200”C for 2 h. The U-l,~-

0,~1 alloy had similar Btrengtha,but ita elonga-

tion waa lower by a factor of 2 in the aged

condition,

The U-2.7N0-2.OMO and U-1.~-2.2Mo alloya had

some ductility (8-% elongation)when aged, but

their yield and ultimate atrengthawere low cmnpared

to those of the above alloys. The opposite was true

for the u-2.4Nb-l.7v alloy which had the highest

strengths (207.8-ksiultimatestrengthand 158,0

yield strength),but essentially no ductility (1$

elongation).

We determined the cross-weldmechanical prop-

erties of three of these alloys. The welding proc-

ess did not lower the strengths or ductility of the

welded and aged U-1.9Nb-O.91Tiand U-2.7Nb-2.OMo

specimens. ‘Thisbehavior is very similar to that

of theU-Nballoys. This was not true of the u-Mo-

Nb-Zr-Ti alloy, The cross-weld yield and ultimate

strengths of this material were decreased signifi-

cantly, and its elongationwas somewhat less.

As-cast.100X.

Hanogenized at 1000”C for 4 h and at 105O”C for k h,
vacuum cooled. 250x

Fig. 13. MicrostructureofMulberryalloy
(U-6.9Nb-2.7Zr).

TABLE Lx

MEHANICAL FROF2STIES OF WROUGHT U-IOJ-XALIOYS

Cro6s Welda

ultimate
Tensile
Strength

*

Yield
Stren.tih Elongation

(ksi) inlin. (%~

Ultimate
Tensile
Strength

J&4_

184.#’
183.0

Yield
Strength

M

Elongation

~)Alloy

u-1.9Nb-o.9fi

u-1.5Nb-2.2M3

U-2.7Nb-2.O?.b

U-2.4Nb-l.7V

u-1.51.D-1.5Nb-
1.bZr-O.5Ti

Heat Treatment

y-quenched from 80G”c
andagedat 200”Cfor2 h
andagedet 26o”Cfor80 h

190.0
173.5
202.7

87.4 I.1
11608 3
159.3

15k.8
145.0

y-quenched from &x)”C
and aged at 200”C for 2 h
Vacuum-annesled at 625°c

42.2 8
60.0 9
1.1.1.3

137.2
134.2
167.8

125.5a
135.5

y-quenched from 8GO”C
and a~ed at 20C”C for 2 h
sndaged at 300”Cfor2 h
anda@ at 26dC for 80 h

142.0
137.1
lyj.1
172.3

34.5 8
51.0 9
103.7 6
1.25.8 6

33.8
64.5

-.

8
6

y-quenched fzvm 80C0C 207.8 158.0 1

y-quenched from 800*C
snd sged at 200”C for 2 h

157.2b
163.2

200.0
198.0

1C6.4 5
1.1o.5 7

67.3
73.3

a. Keterisl was welded in the y-quenched condition and ccivenmstweld aging treatments as indicated. The weld besd
was removed beforetesting.

-.

b. As-weldedvalues.
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Uranium-Chraniumand Uranium-NickelAlloys

Uranium-chruni.umalloys form a low-melting-

point eutectic at -859°c and 5 wt~ of chranium.

Subsequent solid-statetransformationsinclude eu-

tectoids at 752 and 640”c. The eutectoid COIUPOSi-

tions are less than 1 wt$ chranium;there is very

limited solid volubilityat roan temperature.

A.uranium-nickeleutectic forma at -3.2wt$ of

nickel and 7kO”C. Uranium-richalloys experiencea

peritectic reaction at 7Skl”Cand a eutectoid reac-

at -775”c, and undergo an IY-P phase transformation

at 670”c. Nickel in uranium has essentiallyno

solid volubilitybelow 600”c.

We tried to roll the U-2Ni alloy at 725”C, but

found severe edge cracking. Because of the low eu-

tectic temperature,we could not use higher

temperatures.

The U-2.2Cr alloy was rolled successfullyat

625°c fran the salt bath. We tried higher tempera-

tures, but this alloy is pyrophoric at &IOOC. Both

the U-O.5Cr-O.5Niand the U-O.5Cr-O.5Ni-l.5Moalloys

were rolled successfullyat 625”c. The harnesses

and densities of these alloys in various conditions

are shown in Table X.

The as-cast microstructure of all the alloys

in this group except the U-Cr-Ni-Mo alloy are typi-

cal of hypoeutecticalloys. The structuresdo dif-

fer in the amount of primary phase (in this case

transformed gamma), coring, and eutectic present.

Figure 14 shows typical microstructure of these

alloys. The U-Cr-Ni-Mo structuresmore closely

resemble the molybdenma-basealloys.

Results of Corrosion Tests

We tested the uranium alloys at 260, 1.20,and

60”c to determinewhether they could withstand up to

3 months’ exposure at these temperatures. Failure

was arbitrarilytaken at the point at which loose

corrosionproducts developed.

At 1.20and 260”c, the oxidationwas uniform and

flaking occurred after about 0.001 in. of metal had

been oxidized. Oxidation of O.(X31in. of metal in

90 days corresponds”toen oxidation rate of 0.C63

mg/cm2/day. Specimens testedat 60”c and lC@rel-

ative humidity did not corrode uniformly. Deep pits

formed on the surface, and the corrosionproducts

were light and fluffy. Thus a loose corrosionprod-

uct was formed when total corrosionwas much less

than that of the specimens tested at 120 and 260”c.

Corrosion at 260”c. The corrosion tests at 260”C

and ambient humidity revealed a definite effect of

both canpcsitionand material conditions. At this

temperature,only the hanogenizedU-6.~-2.7Zr al-

loy (Mulberry)had en acceptable corrosion rate.

An oxide layer-O.002 in, thick had formed on

tha surface after 5 month’s exposure. This corre-

sponds to an oxidationrate of 0.0186 mg/em2/day.

No as-cast Mulberry sample was tested.

None of the other alloys had oxidation rates

of less than 0.C63 mg/mn2/day. However, we noted

sane trends relative to material condition end

alloy content (TableXI). The data show the bene-

ficial effect of niobium additions and of procedures

(hcsnogenlzationand mechaicalworkbg) that tend

to produce a more hcsnogeneousmaterial. Thermal

treatments can be beneficial, if they do not produce

an over-aged structure.

Corrosion at 120”C. At 1.20”Cand ambient humidity,

the trends noted at 260”c becane more clearly de-

fined. The beneficial results of homogenizationend

mechanicalworking are clear, as is shown in Table

XII. Segregation of the niobium is evident in the

U-5.lNb alloy, two supposedly identical samples of

which had drastic variationsin oxidation rates.

TABLR x

DENSITY AND HARDNBSS OF U-Cr-Ni ALLOYS

As-Cast 800”c
Density 625°c Water-

Alloy ~i~) Ae<ast As-Rolled Air+2001ed Qwmhed
U-2.2Cr 18.418 385 270 250

u-2Ni 18.345 350

U-O.5Cr-O.5Ni 18.642 295 370 29 405

U-0.5Cr-0.5Ni-18.395 330 415 365 485
1.5M0

.

.

4
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I

As-cant U-O.5Cr-O.5Ni-l.5Mo. A8-Ca8t U-2.2Cr.

.

.

Alloy

u-5.lNb

u-4.oNb

u-2.7Nb-2.oMo

U-2.5Nb-l.7V

u-1.9Nb-2.2M0

U-1.gNb-O.$YPi

U-l.5Nb-l.5Mo-
1.4Zr-O.6Ti

A8-Rolled U-2.2Cr. Wrought U-2.2Cr annealed at 625°C in salt for 3~ h,
air cooled.

Fig. 14. Microstructure of U-Cr-Ni-Mo alloy system, 250X.

TABLE XI

OXIDATION OF URANIUMALHMSAT260”c
Oxidation rate (mg/cn?/day)

As-Quenched 2oo”c 260°c 3oo”c
As-Cast Homogenized As-Rolled 800”c 2h 80 h 2h Other—— .—

o.217 0.248 2.186 0.217 0.264

0.651 0.279 0.27~ - 0.310 1.21a

> 2.2 0.279 0.357 0.543 0.543 0.248 -

0.357 0.512

> 2.2 0.620 1.71 0.806 - 32 .6b

3.57 3 .I+4 4.26 2.44 -

1o.5 1.04 1.10

aAged at 400”C for 2 h.
b
Aged at 600”c for 45 min.
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TABLEXII

OXIDATION RATZS OF URANIUM ALLOYS AT 120”C
AwD AMBIENT RUMIDITY

oxidation Rate (%/ cm2/daY)

Alloy

u

U-1.5M

U-O.5Cr-O.5Ni

U-2.2Cr

u-2.OIU

U-1.5M0-O.5Cr-
0.5Ni

U-O.7Ti

u-o.8Ti

u-1.6Ti

u-2.2Nb

u-3.4Nh
U-4.Owb

u-5.m

u-1.9Nb-2.2Mc

u-2.7Nb-2.oMo

U-2.5Nh-l.7V

U-2.4Nb-l.OZr

u-l.5Nb-l.5Mo-
0.5T1-1.kZr

As-Cast

2.15

0.60

1.32

1.16

0.39

0.59

0.31

0.40

0.25

0.51

0.34

0.25

0.02-o.11

0.14

0.17

0.16

0.37

0.07

Homogenized

0.62

0.17

0.07

0.08

0.02

0.11

As-Rolled

0.37

nil

nil

0.19

nil

The wrought structure and increased hanogeneity

generated by hot-rolling is particularlybeneficial

in reducing the oxidation rate of niobium-containing

alloys. The three samples (U-k.~, U-5.lNb, and

U-2.51W-1.7V) for which essentiallyno oxidation of

the as-rolledmaterial was repmted were held at

temperature for 5 months.

These three alloys plus the U-1.6Ti andU-

2.2Nb-2.lMo alloys were alao tested at 1.20”C and

0.5-atm water-vapor pressure. Both the U-1.6Ti and

U-1.9Nb-2.2Mo alloys caught fire after 2 weeks’ ex-

posure. In contrast, the U-k.~, U-5.lNb, andU-

2.5Nb-l.7V alloys experiencedessentiallyno oxMa-

tion (oxidationrate . 0.0031mg/cm2/day).

corrosion at 60”c. The niobium alloys again demon-

strated their superior corrosion reaiatance in the

tests conducted at 60”c and 100$ relative humidity.

After 5 months exposure, the U-4.ONb, U-5.lNb,

u-2.2Nb-2.lMo,U-2.5Nb-l.7V,and U-2.7Nb-2.~o al-

loys showed only slight corrosion. However, if

the8e alloys were used at this temperature in an

environmentwhere the water vapor could condense on

the surface of the uranium, corrosionwould be more

severe.

This was demonstratedby teats in which the

specimen;were set on a plastic grid. The grid ab-

mrbed moisture, and the apeckna corroded so much

that only the Mulberry could be reccasnendedfor use

under these conditions. Replacing the plastic grid

with a nonabmrbing Teflon grid gave the completely

different reeulta mentioned above. (Mulberrywas

not tested using the Teflon grid).

All alloya corroded at more nearly the same

rate than at higher temperature. We noted little

difference in the corrosion resistance of alloys

tested in various conditions (aa-caet,hancgenized,

as-rolled).

Iv. SUMMARY AND CONCLUSIONS

This report mnmsarizeauranium-alloywork per-

formedby the Materiala Technology Group of the ha

Alemos Scientific Laboratory. Typical Properties of

over 20 allOyS were prefiented. on the basia Of

these data, mane general obaervationacan be made.

.

b

1.

2.

3.

4.

5.

The hanogeneityof the caat material canbe im-

proved by thenual processing and mechanical

working. These treatsrnta significantlyimprove

the observsd properties.

Additions of less than 1 wt~ of titanium or

2 ut$ of molybdenum produce material with ”yield

strength in excess of 100,000 psi and with good

ductility (> ~ elongation).

The mechanical properties of the titanlom alloya

canbe controlledby aging. Optimum properties

were obtainedby aging at 400”C for 4 h.

Niobium additicxm are required to achieve corro-

sion (oxidation)resistance. Only the Mulberry

alloy could withstand exposure to temperatures

of 260”C, but binary alloya containing4 and

5wt% of niobium end the ternary alloy U-2.5Nb-

1.7V had excellent corrosion resistance at 120”C

when “hot-rolled.

The oxidation rate was drastically affected by

the condition of the material. Treatments that

increasedthe hanogeneity of the material signif-

icantly increasedthe corrosion resistance.
4
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APP2NDn

SESULTSOFCOMPLETSS~TIWORAFHICANALYSES

AlloyContent (m) unless otherwise noted

6s165

2
.
.

.?25

< 25
360
< 0.1
< 0.5

< 0.5
3
3
20
300

<50
10
3
50

10
<25
< 20
<1
<2

<1
10
<5

<1
<1

~
2

10
1.55Vt$
.

<25

210
< 0,1
< 0.5

c 0.5
<1
<1
20
300

< 100
<2
1
250
<5

6

<2

<1

<1

52732

< 10

10

?69 ti$

< 20

300
<1
<1

<1
10
5
< 10
70

< 100
70
10
200
<5

40

<1

<5

5

52710 52711

< 10 < 10
.

10 < 10
< 10 < 10
0.79Wt$ 1.60Wt$

<20 < 20
.

210 la
<1 <1
<1 <1

<1 <1
7 15
<5 <5
< 10 < 10
50 40

< 100 < 100
50 ‘lo

?&l %
< 10 <5

10

-
<1 <1

<5 <5

<5
<5

52770

1

;:
1.55Wt$

<1

is
< 0.1
< 0.1

< 0.1
<1
<1
< 10
50

< 200
<2
5
50

.?25
<2

<0.2

<1
<5
<1

1
<2

52702

:.20wt$
5

<2
.

95
<0,1
< 0.1

< 0.5
<1
<1
<5
70

<2
5
50
<1

2
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AIJ.OyContent (*) unless otherwise noted

Element

Cr
Nb
Ni
ha
‘H

v
Zr
c
Id
se

B

E
Al
Si

P
C8
h
Fe
co

m
Zn

E
cd

S1
*
m
T1
Pb
Bi

Element

K
Iii
lb
Ti

v
Zr
c
Li
Se

B
Na

E
Si

P
Ca
Ml
Fe
co

Cu
Zn

E
cd

Sn
s-b
Es
T1
PO
Bi

----- ----, ----- -----
x{ul

2
3.k3 W@
10

<3

140
0.2
< 0.2

<1
<2
<2
< 10
100

i
10
lCO
<2

10

y.-.(w

<2
b.ol *$
15

<4

G
< 0.2
<0.2

<1
< a.$
<2
<lo
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